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ARTICLE INFO ABSTRACT

Keywords: In this study, we present a novel multifunctional filler for protective coatings, highlighting its straightforward
Halloysite and rapid synthesis. This composite is based on halloysite nanotubes (HNTs), a naturally occurring clay mineral,
Kojic acid

covalently functionalized with kojic acid (K), a naturally occurring chelating agent. This unique combination
offers powerful antibacterial and anticorrosive properties. The kojic acid-functionalized halloysite nanotubes
(HNT-K) were then loaded with an ionic liquid (IL), leveraging synergistic interactions to effectively inhibit iron
oxidation and provide robust surface protection. The composite underwent comprehensive characterization
through Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Transmission
electron microscopy (TEM), and Linear Polarization Resistance (LPR) analyses, which unequivocally confirmed
successful functionalization and loading, along with a significant improvement in both corrosion resistance and
antimicrobial efficacy. The composite demonstrated remarkable enhancements in the corrosion resistance of
DD11 steel, notably reducing the corrosion rate from 0.34 mm/year to an impressive 0.12 mm/year. Further-
more, the material exhibited potent antimicrobial activity, especially against P. aeruginosa and C. albicans
(69.23 and 84.61) as % of inhibition respectively, underscoring its immense potential for eco-friendly and
sustainable applications in protective coatings. The utilization of halloysite and kojic acid, both sourced from
nature, emphasizes the inherent sustainability of our approach, providing a truly green solution for surface
protection with a powerful dual action: anticorrosive and antibacterial. We have thus successfully developed a
novel, entirely natural-origin filler for paints offering this extraordinary dual action, all achievable through a fast
and straightforward synthetic route.

Chelating agent
Sustainable material
Smart material

1. Introduction biomedical implants and durable coatings. We’re seeing exciting
breakthroughs, from ZnO/CuO composites that boast enhanced anti-

Research is forging ahead in creating multifunctional materials that bacterial action and corrosion resistance with good biocompatibility, to
offer a powerful one-two punch: corrosion protection and antibacterial Ti-Nb-N films on stainless steel that boost surface wetness, cut down
activity. These combined features are becoming essential for things like bacterial sticking, and even help cells grow—making them ideal for
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prostheses [1].

Another big leap comes with porous calcium titanate and silver
nanoparticles (AgNPs) on 3D-printed titanium, which are biocompat-
ible, fight common bacteria like Staphylococcus aureus and Escherichia
coli, and show great corrosion resistance, promising a lot for bone im-
plants [2]. For magnesium alloys, which usually corrode fast in the
body, multi-layered ~ NbyOs/NbyOs—Mg/Mg  coatings are
game-changers, vastly improving their strength, wear resistance, and
corrosion protection [3].

Then there are Ag-TiO5 and Cu-Ag-TiO; coatings that pack a punch
against viruses and microbes, all while being tough on corrosion [4].
Even graphene oxide (GO) composites are stepping up, providing both
anticorrosion and antibiofilm functions, partly by creating oxidative
stress that kills bacteria [5]. The polyaniline (PANI)-zirconium dioxide
(ZrO2) composite is another standout, showing synergistic antibacterial,
anticorrosion, and phosphate absorption properties, even passing salt
spray tests without rust [6].

Beyond coatings, Ti-Cu alloys, especially Ti-5Cu, are proving their
worth for dental implants with excellent flexibility, strong antibacterial
traits, and good corrosion resistance [7-9]. And clever designs like
superhydrophobic basalt scales coated with AgNPs are combining
reduced bacterial adhesion with a controlled release of silver ions to
slow down coating breakdown and stop biofilms [10-12]. All these in-
novations highlight a major shift: we’re increasingly designing materials
"from the surface inward," meticulously controlling their chemistry and
structure to achieve durable, high-performing combined properties.

The development of smart materials capable of performing multiple
functions simultaneously is at the forefront of modern scientific and
technological innovation. These advanced materials offer unprece-
dented opportunities to revolutionize industries ranging from healthcare
and energy to construction and environmental monitoring [13]. By
integrating versatility with adaptability, smart materials pave the way
for solutions that meet complex and multifaceted challenges in real time,
driving significant advancements in research and application domains
[14,15].

Beyond functionality, their environmental impact has become a
critical consideration. The growing need for sustainable solutions
highlights the importance of designing smart materials that are high-
performing and eco-friendly [16-18]. Natural resources such as clays
and polysaccharides have emerged as promising candidates due to their
inherent renewability, low toxicity, and compatibility with green
manufacturing processes [19-21]. By leveraging such sustainable ma-
terials, researchers aim to address the dual challenge of performance
and eco-consciousness, thereby contributing to a more sustainable
future for materials science and its numerous applications.

Among these materials, halloysite (HNT: Al,Si;Os(OH)4e2H50), a
naturally occurring clay, stands out. Its unique tubular structure and the
ease with which it can be functionalized have garnered significant
attention. As a type of two-layer aluminosilicate, similar to kaolin, HNT
is characterized by hollow, tube-like structures composed of alternating
layers of alumina and silica [22-25]. Its applications span environ-
mental remediation, pharmaceutical delivery systems, and catalysis
[26-29], making it an ideal platform for developing multifunctional and
sustainable smart materials. In particular, there has been a significant
amount of recent work reported in the literature featuring HNT as a
major player in the fight against bacteria and for anticorrosive appli-
cations [25,30-34]. The important properties of this material reside, in
addition to its shape, mainly in its surface due to the active Si-O func-
tional groups, which contribute both to the antibacterial activity and the
electrocatalytic properties of the derivatives [35,36].

In this work, we present a truly novel multifunctional filler for pro-
tective coatings, highlighting its straightforward and rapid synthesis, as
well as the exclusive use of natural-origin materials. This study aims to
significantly improve and expand the functionality of a halloysite-based
material by covalently functionalizing it with kojic acid and incorpo-
rating an ionic liquid. The resulting filler, due to its unique composition
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and ease of production, was seamlessly integrated into a protective
coating that exhibits exceptional dual antibacterial and anticorrosive
properties. The synergistic chelating properties of both kojic acid and
the ionic liquid play a crucial role in its efficacy [37-39]. They act
powerfully to inhibit iron oxidation, providing an innovative and sus-
tainable approach to efficient surface protection. Crucially, this
iron-chelating ability also actively inhibits bacterial growth by seques-
tering iron, an essential nutrient for bacterial proliferation. This dual
mechanism of action, which is both anticorrosive and antibacterial
through iron deprivation, is a key innovation.

This combination of easy synthesis, the natural origin of its compo-
nents, and its dual application positions our material as a more envi-
ronmentally and industrially sustainable filler compared to current
alternatives. This “green” filler provides robust, multifaceted surface
protection while minimizing environmental impact and promoting a
circular economy within the coatings industry.

2. Materials and methods
2.1. General information

All the required chemicals were purchased from Merck and VWR.
Tricationic ionic liquids (IL) were synthesized as reported in the litera-
ture (1H NMR is reported in Fig. S1) [40]. Precoated aluminum sheets
(silica gel 60 F254, Merck) were used for thin-layer chromatography
(TLC) and visualized under UV light. H NMR spectra were recorded at
300 K on Varian UNITY Inova using CDCl; as the solvent at 500 MHz for
'H NMR. Chemical shift (5) values were given in ppm.

2.2. Synthesis of smart materials

2.2.1. General procedure for the synthesis of HNT-K

The procedure (Scheme 1) was performed as in our previous work
[26]. In a 10 mL round-bottomed reaction flask with 2 mL of DMF, 400
mg of halloysite (HNT), 1 eq., 1.36 mmol, and 1.89 mL of triethylamine
(EtsN) were added. The mixture was then agitated for 30 min at room
temperature. Chlorokojic acid (K) (1.30 g, 6 eq, 8.16 mmol) was added,
and the reaction mixture was stirred overnight at 80 °C. After filtering
the precipitate, it was thoroughly cleaned with acetone (5 x 10 mL) and
dried in an oven set at 65 °C overnight, yielding 1.58 g of pure product.

2.2.2. Loading of IL in HNT-K

10 mg of tricationic ionic liquids (IL) was dissolved in 1 mL of water,
and 100 mg of HNT-K was added. The resulting mixture was sonicated
for 30 min and shaken overnight at room temperature. After agitation,
the mixture was centrifuged, and the supernatant was removed. The
remaining solid was dried under vacuum to obtain HNT-K-IL (Scheme

1).

2.2.3. General procedure for loading of filler (HNT-K-IL) in paint

HNT-K-IL filler was incorporated into a commercial white water-
based paint (Natural Pigments, Inc., ZnO as pigment, Gum Arabic as
binder) using a 3 % wt and 9 % wt formulation for anti-corrosion testing
and a 9 % wt formulation for antibacterial testing. Specifically, HNT-K-
IL filler was added to the water-based paint in the ratios 3 % wt and 9 %
wt, and they were mixed with a glass rod until a homogeneous system
was formed. Then to carry out the anti-corrosion tests, the paint was
spread on a substrate of DD11 steel foil (HarrisSteels, Ltd., of 20 x 20
mm and 1.5 mm thickness with the following composition % wt: C 0.12,
Mn 0.6, P 0.045, S 0.045, Fe balance), forming a homogeneous layer of
paint covering an entire face of the substrate above by adding a small
amount of water to facilitate the coating. Then the paint was left to air
dry for 48 h before undergoing to anti-corrosion studies.
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Scheme 1. Preparation of filler HNT-K-IL.

2.3. Experimental setup

2.3.1. General procedure for antibacterial and antifungal test

The antibacterial and antifungal activity of paint formulations was
tested against four bacterial strains (S. aureus, S. marcescens, P. aeru-
ginosa, and E. coli) and the fungal strain C. albicans. Bacterial suspen-
sions were prepared to a 0.5 McFarland standard (OD 0.180-0.200 for
bacteria, OD ~0.150 for fungi), corresponding to approximately 1.5 x
108 CFU/mL. Two serial dilutions (1:10) were performed to achieve a
final 10~® CFU/mL concentration. For each strain, 1 mL of the diluted
suspension was inoculated into sterile test tubes with white caps.

Nitrocellulose filter paper squares (6 mm x 6 mm) were prepared in
triplicate for each condition. 400 mg of each paint formulation were
mixed with 600 pL of sterile water to create liquid formulations. The
filter paper squares were impregnated with the paint solutions, dried at
room temperature for >24 h under sterile conditions, and added to the
test tubes containing bacterial or fungal suspensions.

Sterile test tubes were prepared as follows: 15 tubes for base paint,
15 for paint with filler, 15 for positive controls, and 6 for negative
controls (3 in Mueller-Hinton broth for bacteria and 3 in RPMI medium
without red phenol for fungi). For the positive control, tubes were
treated with a standard antibacterial or antifungal agent. On the
experimental day, additional red-capped tubes were prepared for each
strain, using Mueller-Hinton broth (for bacteria) or RPMI medium (for
fungi). Each test condition was performed in triplicate. Serial dilutions
of the bacterial and fungal suspensions were prepared, and 100 pL of
each dilution were plated on pre-warmed agar plates: Plate Count Agar
(PCA) for bacterial strains and Sabouraud Dextrose Agar (SAB) for
fungal strains. Plates were incubated overnight at 37 °C for bacteria and
33 °C for fungi. The following day, colonies were counted from the
plates to assess bacterial and fungal growth inhibition. This setup
allowed the evaluation of the antimicrobial efficacy of the base paint
and the paint with filler compared to controls.

2.3.2. General procedure for anticorrosion test

Electrochemical tests were performed by immersing the DD11 steel
foil in a NaCl 3 % wt water solution. A screen-printed carbon electrode
(SPCE), consisting of a carbon working electrode, a carbon auxiliary
electrode, and an Ag/AgCl reference electrode, was used for the present
measurements performed in air. Cycle Voltammetry (CV), Open Circuit
Potentiometry (OCP), and Linear Polarization Resistance (LPR) mea-
surements were performed with a DropSens pStat 400 potentiostat using
the Dropview 8400 software. CV tests were performed at a scan rate of
50 mV/s in the —0.4-1.0 V potential range. A 1.0 mM potassium
ferricyanide standard stock solution (K3[Fe(CN)g]) was used to get a
calibration curve. OCP tests were conducted by monitoring the potential
change over time for 250 s. LPR tests were performed using a 0.001 V
potential step (Estep), a 5 s preconditioning time (tprecond), and a scan rate

of 1 mV/s in the —0.3-0.3 V potential range. The LPR Tafel parameters
(R} = polarization resistance of DD11; R, = polarization resistance of
DD1-HNT-K-IL; I.o;r = current at the intersection of cathodic and anodic
Tafel lines; Jeorr = corrosion density current; beta, = anodic slope; beta.
= cathodic slope; corr. rate = corrosion rate) were evaluated using the
extrapolation method [41]. Each test was performed in triplicate.

2.4. Characterization

2.4.1. Infrared spectroscopy

FTIR-ATR analyses were conducted using an FTIR Agilent Cary 630
equipped with an ATR sampling module. Thin films of all samples were
placed on the ATR crystal and pressed. The results were derived from 16
scans acquired in the 4000-500 cm ! range with a resolution of 2 cm™*
at room temperature.

2.4.2. Thermogravimetric analysis

TGA analysis was performed with a TGA TA instrument Q500 ac-
cording to the following method: heating under a nitrogen blanket from
30 °C to 300 °C at 10 °C/min, isothermal step at 300 °C for 15 min,
heating to 550 °C at 20 °C/min, isothermal step for 15 min, heating to
900 °C at 10 °C/min, isothermal step for 3 min, shift from nitrogen to air,
final isothermal step for 30 min.

2.4.3. Transmission electron microscopy coupled with energy-dispersive X-
ray spectroscopy

Transmission electron microscopy (TEM) was done using a probe-
corrected JEOL JEM ARM 200F equipped with a cold field emission
gun (C-FEG) and a Centurio large-angle silicon drift detector (SSD) for
energy dispersive X-ray spectroscopy (EDS). Images were acquired in
scanning mode (STEM) at 200 kV acceleration voltage.

HNT-K-IL was dispersed and ultrasonicated in ethyl acetate and then
drop-cast on a copper TEM grid with a lacey film supporting an ultrathin
film (<3 nm) of amorphous carbon [26,42].

2.4.4. X-ray photoelectron spectra (XPS)

X-ray photoelectron spectra (XPS) were measured at a 45° take-off
angle relative to the surface sample holder with a PHI 5000 Versa
Probe II system (ULVAC-PHI, INC., base pressure of the main chamber 1
x 10"8 Pa) [43,44]. Samples were excited with the monochromatized Al
Ko X-ray radiation using a pass energy of 5.85 eV. The instrumental
energy resolution was <0.5 eV. The XPS peak intensities were obtained
after Shirley’s background removal [43,44]. Spectra calibration was
achieved by fixing the Ag 3ds,» peak of a clean sample at 368.3 eV [45,
46]. The atomic concentration analysis was performed by considering
the relevant atomic sensitivity factors. Some XP spectra were fitted using
the XPSPEAKA4.1 software by fitting the spectral profiles with Gaussian
envelopes after subtraction of the background. This process involves
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data refinement using the least squares fitting method until the highest
possible correlation between the experimental spectrum and the theo-
retical profile is achieved. The residual or agreement factor R, defined by
R = [Z(Fops — Fcalc)z/E(FobS)z]l/ 2, after minimization of the function
2 (Fobs — Feald)? converged to the value of 0.03.

2.4.5. Evaluation of mean particle size, polydispersity index, and zeta
potential

To evaluate the mean particle size (Z-ave), polydispersity index
(PdI), and Zeta potential (ZP) of HNT, HNT-K, IL, and HNT-K-IL, they
were solubilized/suspended in water (1 mg/mL) and analyzed using
Photon Correlation Spectroscopy (PCS) with a Zetasizer Nano S90 in-
strument (Malvern Instruments, Malvern, UK). The instrument was set
with a detection angle of 90 °C and a 4 mW He-Ne laser operating at 633
nm, at a temperature of 25 °C. Three sets of measurements were used in
the sample analysis, and the mean size + standard deviation (SD) was
the reported result. The Smoluchowski equation, which incorporates the
average values of particle mobility and has a constant of 1.5, was uti-
lized by the software to calculate the ZP values. The mean of three sets of
up to 100 measurements is used to report ZP values.

3. Results and discussion
3.1. Synthesis

The HNT-based filler was synthesized following a recently reported
method [26], exploiting the hydroxyl groups on the HNT surface for
covalent functionalization with chlorokojic acid (K), a kojic acid de-
rivative known for its chelating properties [28] (Scheme 1). Subse-
quently, an ionic liquid (IL), synthesized according to literature
protocols [40], was loaded onto the surface of the nanocontainer.

The IL, featuring three imidazole groups, enhances interaction with
iron [17], working synergistically with the naturally derived chelating
agent K to efficiently chelate iron. This dual action imparts the natural
nanofiller with antibacterial and anticorrosive properties, reinforcing its
potential for protective applications.

3.2. Characterizations

The degree of functionalization ( %f) was determined by thermog-
ravimetric analysis (thermogram is shown in Fig. S2), following the
method reported in our previous work [26], yielding a %f of 53 % for
HNT-K. In particular, we note three most significant temperature ranges:
at T < 150 °C, where the loss of free interlayer water occurs [47]; 150 °C
< T < 550 °C, where the degradation of the organic component, i.e. K,
occurs, thanks to which we calculate the degree of functionalization [26,
48]; and finally at T > 550 °C, dehydroxylation occurs (condensation of
the hydroxyl groups of the inner aluminum sheets), and SO, is released
due to the thermal decomposition of sulfides (as impurities) or alunite,
as recently reported in the literature [49]. FTIR analysis was conducted
to confirm the presence of IL and the functionalization of HNT-K. Fig. 1
presents the FTIR spectra of IL (red line) and HNT-K-IL (black line). In
addition to the typical bands of HNT-K previously reported [26,28] and
shown in the figure, two distinct bands at 840 and 1170 cm™, corre-
sponding to vibrational modes and C—N stretching, respectively, were
observed [50,51]. These features, highlighted by dashed lines in Fig. 1
(black spectrum), confirm the successful presence of IL onto the HNT-K
surface.

The particle size and surface charge of HNT, HNT-K, IL, and HNT-K-
IL solutions/suspensions were analyzed using PCS (Table 1). The results
confirmed that HNT exhibited a size in the micrometer range (1328 nm),
consistent with literature reports [52]. Additionally, the nanotubes
carried a negative surface charge (—37.8 mV) due to deprotonated
silanol groups, which are crucial in ensuring good colloidal stability by
preventing aggregation and promoting dispersion in solution [52,53].
Functionalization with K led to an increase in size (2446 nm), a decrease
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Fig. 1. Stacked FT-IR spectra of IL (red line) and HNT-K-IL (black line).

Table 1
Mean size (Z-ave), polydispersity index (PdI), and zeta potential (ZP) of HNT,
HNT-K, IL, and HNT-K-IL.

Sample Z-ave (nm) +SD PDI +SD ZP +SD (mV)
HNT 1328 + 215.3 0.623 + 0.14 —37.8 £ 1.50
HNT-K 2446 + 345.0 0.470 £ 0.14 9.7 +£ 0.24

1L 1568 + 140.1 0.902+0.17 17.6 +1.77
HNT-K-IL 453.4 +£7.5 0.276 + 0.11 41.7 + 0.36

in polydispersity (from 0.623 to 0.470), and a slight shift to a positive
charge (9.7 mV), suggesting that functionalization with K neutralizes the
negative charges of the HNT by binding most of the hydroxyl groups on
its outer surface [54,55]. Loading IL onto HNT-K resulted in a significant
increase in ZP (41.7 mV), confirming the successful presence of IL onto
the HNT-K surface with typical electrostatic interactions [55,56].
Furthermore, HNT-K-IL exhibited a notable size reduction (453.4 nm),
likely due to the enhanced solubility of HNT-K in aqueous solution
facilitated by IL [57]. This is further supported by the low PdI (PdI
<0.5), indicating the improved particle uniformity and homogeneity
[58]. Particle size and PDI are considered indirect indicators of a com-
pound’s solubility and colloidal stability: smaller particle sizes and
lower PDI values are typically associated with better solubility and
reduced aggregation [59]. In our case, the observed improvements
suggest that the presence of IL increased the aqueous solubility of
HNT-K. This hypothesis is consistent with findings reported by Domi-
nguez-Delgado et al [59], who demonstrated that the use of more polar
solvents led to nanoparticles with reduced size and PDI, directly corre-
lating with improved polymer solubility. Therefore, the enhanced sol-
ubility of HNT-K in our system may be attributed to a similar mechanism
driven by the polar nature of the IL.

The XPS survey spectra of HNT-K and HNT-K-IL (Fig. S3) reveal the
presence of Al, Si, and O, consistent with the halloysite composition and
some adventitious carbon in the HNT-K. K and IL within the nanotubes
contributed additional signals (Fig. S4). In the HNT-K-IL sample, addi-
tional peaks were observed at 401.7 and 198.7 eV, corresponding to the
N 1 s and CI 2p levels, respectively, confirming the successful surface
functionalization of HNT-K with the ionic liquid (Fig. 2). Deconvolution
of the 401.7 eV N 1 s peak using two Gaussian components revealed
contributions at 400.6 eV (attributed to the four tertiary nitrogen atoms
in the IL structure, 55 % relative intensity) and 402.2 eV (corresponding
to the three quaternary nitrogen atoms, 45 % relative intensity). These
values align well with the expected electronic environment of the IL,
further supporting its presence. Experimental atomic concentration
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Fig. 2. Al Ka-excited XPS spectra of the HNT-K-IL samples in the: a) N 1 s
binding energy region: dark cyan and magenta lines refer to the 400.6 and
402.2 eV Gaussians components, respectively, the blue line represents the
background, and the red line superimposed on the experimental black profile
refers to the sum of the Gaussian components; b) Cl 2p binding energy region.

analysis confirmed the presence of 1.7 % nitrogen in the HNT-K-IL
sample, consistent with the nominal composition of the ionic liquid.

Fig. 3 shows a STEM image of the HNT-K-IL composite, acquired
using a medium-angle annular dark field (MAADF) detector, which
allowed us to visualize the nanotube morphology. The observed nano-
tubes exhibit their characteristic dimensions of approximately 500 x
100 nm (length x diameter) [26].

EDS and TEM analyses confirm the composite composition, consis-
tent with the XPS findings (Figs. S5 and S6).

3.3. Antibacterial activity

The antimicrobial efficacy of the two paint formulations, base paint
and paint with filler (HNT-K-IL), was assessed against four bacterial
strains (S. aureus, P. aeruginosa, S. marcescens, and E. coli) and one
fungal strain (C. albicans). The results, summarized in Table 2, show
varying degrees of inhibition across different microorganisms. Base
Paint: the base formulation showed moderate antimicrobial activity,
with percentage inhibition ranging from 15.87 % (S. aureus) to 62.30 %
(C. albicans). The activity was notably weaker against bacterial strains
compared to the fungal strain.

Paint with filler (HNT-K-IL, 9 % wt): incorporating the HNT-K-IL

Fig. 3. MAADF STEM image of HNT-K-IL.
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Table 2
Percentage inhibition of microbial growth for paint formulations.
Sample S. P. S. E.coli C.
aureus aeruginosa marcescens albicans
Base Paint 15.87 30.76 46.15 21.05 62.30
Paint with 63.49 69.23 61.53 47.36 84.61
HNT-K-IL

significantly enhanced the antimicrobial efficacy of the paint. The per-
centage inhibition was markedly higher for all microorganisms, ranging
from 47.36 % (E. coli) to 84.61 % (C. albicans). The filler addition
substantially improved, particularly against P. aeruginosa (69.23 %) and
C. albicans. Overall, the paint with filler consistently outperformed the
base paint across all tested strains, indicating its superior antimicrobial
properties. These findings highlight the potential of incorporating fillers
to enhance the functional properties of paint formulations for inhibiting
microbial growth. In addition, the presence of IL on HNT-K enables a
synergistic effect, broadening the spectrum of biocidal action, which
represents a notable improvement compared to previously reported
formulations [28].

3.4. Anticorrosion test

To assess the ability of our HNT-based paint to prevent iron ions
leakage, we performed CV measurements after immersing DD11 steel
foils in a 3 % wt NaCl solution. The measurements were performed
shortly after immersion, as described in previous studies [60]. Fig. 4a
shows the CV profiles of DD11 steel foil, DD11 cover with paint
(DD11-P), DD11 cover with paint incorporating the HNT-K filler
(DD11-P-HNT-K), DD11 cover with paint incorporating 3 % wt and 9 %
wt of  HNT-K-IL, respectively  (DD11-P-HNT-K-IL3  and
DD11-P-HNT-K-IL9). The anodic peak (0.18 V) corresponding to the
oxidation of Fe**/3* and the cathodic peak (0.04 V), related to the
reduction of Fe>*/2%, clearly indicate iron leakage in the NaCl solution
(Fig. 4b). The iron leakage decreases in the sequence of DD11 steel foil,
DD11-P, DD11-P-HNT-K, DD11-P-HNT-K-IL3 and DD11-P-HNT-K-IL9,
suggesting that the filler effectively inhibits it.

Furthermore, using a calibration curve derived from a standard so-
lution of K3[Fe(CN)g], we were able to calculate the released amount of
Fe ions (Fig. 5). By analyzing the anodic oxidation peaks (Ipa) for DD11
steel foil, DD11-P, DD11-P-HNT-K, DD11-P-HNT-K-IL3, and DD11-P-
HNT-K-IL9, the corresponding iron concentrations were found to be
70, 65, 50, 20 and 17 pmol/L ions, respectively. These results demon-
strate a >70 % reduction in the iron release in solution for the HNT-K-IL-
treated samples, indicating the filler’s effectiveness in inhibiting the
corrosion process.

The Tafel curves, obtained by the LPR analyses of the same solutions,
allowed for the calculation of polarization resistance (Rp) values: 316,
221, 726, 1701, and 665 kQ for DD11, DD11-P, DD11-P-HNT-K, DD11-
P-HNT-K-IL3, and DD11-P-HNT-K-IL9, respectively. It is known that an
increase in metal resistance corresponds to a decreased corrosion ten-
dency (rusting) [60]. The highest R, value was observed for the
DD11-P-HNT-K-IL3 sample. Based on the Rp data from the Tafel curves,
we calculated the corrosion inhibition efficiency ( %)ngs, using Eq. (1)
[45], resulting in 81.4 %.

RO
(%) s = (1 77})) x 100 0
Rp
Next, each sample was immersed in a 3 % wt NaCl solution for 24 h to
simulate the corrosion process [61]. After this period, we performed
OCP and LPR measurements over time. The OCP curves of DD11,
DD11-P, DD11-P-HNT-K, and DD11-P-HNT-K-IL3 (Fig. 6a) shifted to-
wards lower potentials. This behavior suggests that the HNT-KIL mole-
cule affects the cathodic reactions and acts as a cathodic inhibitor. The
constant OCP trend observed after 24 h of immersion for DD11 and
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1.2 {DD11-P-HNT-K-IL9

DD11-P-HNT-K-IL3
1
1

DD11-P-HNT-K

1
1
1
1
1

1
1
1
1

1

|
|
|
|
|
|
|
|
|
|
|
|
|
1
(]

0'()I T T T T T T T T
0 20 40 60 80 100 120 140 160

Conc. Fe ions (uM)

Fig. 5. Quantification of Fe®" released from samples in a NaCl solution (3 %
wt) after 10 s immersion; Black dots refer to the current measured for different
(K3[Fe(CN)g]) concentrations. Red dots refer to the current measured with the
SPCE for NaCl (3 % wt) water solutions containing DD11 steel foil, DD11-P,
DD11-P-HNT-K, DD11-P-HNT-K-IL3, and DD11-P-HNT-K-IL9, respectively.
The green calibration line superimposed on the experimental dots refers to
the fitting.

——DD11 steel foil

1]
-

——DDI11-P
500 4 ——DDI11-P-HNT-K
—— DD11-P-HNT-K-IL3
400 - —— DD11-P-HNT-K-IL9
% ————— e
8
5
S 200
~
1001 !
0 T T
150 200 250
Time (s)

DD11-P-HNT-K-IL3 implies that no further material dissolution occurred
in the solutions [62,63].

Inspection of Fig. 6b, which shows the LPR data for DD11 and DD11-
P-HNT-K-IL3, reveals a 60 mV decrease in E¢q for DD11-P-HNT-K-IL3
compared to DD11. The shift of E. to negative potentials indicates
that DD11-P-HNT-K-IL3 primarily acts at the cathode. The values
extrapolated from the Tafel curves, presented in Table 3, show a
decrease in the corrosion density current (jcorr) from DD11 to DD11-P-
HNT-K-IL3, indicating a reduction in the corrosion phenomenon in the
presence of HNT-K-IL3. The corrosion rate of DD11-P-HNT-K-IL3 (0.12
mm/year) is significantly lower than that of DD11 (0.34 mm/year) [64,
65], indicating a substantial improvement in corrosion resistance.

4. Conclusions

This study demonstrates the potential of halloysite nanotube (HNT)-
based composites functionalized with kojic acid and loaded with an

Table 3
Polarization parameters for DD11 and DD11-P-HNT-K-IL3 corrosion.
Samples Teorr Jeorr (MA/ ba (mV/ be (mV/ Corr. rate
(mA) cm?) dec) dec) (mm/year)
DD11 3.65 29.20 180 390 0.34
DD11-P-HNT- 1.30 10.40 40 150 0.12
K-IL3
b) 200
100
0
>
£ -100
I
= —200
2
) DD11
A 300
———eo o004 93 0000
400 4 o
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Log current (pA)

Fig. 6. a) OCP versus time curves in NaCl solution (3 % wt) for DD11 steel foil, DD11-P, DD11-P-HNT-K, DD11-P-HNT-K-IL3, and DD11-P-HNT-K-IL9; b) Polarization

curves of DD11 steel foil and DD11-P-HNT-K-IL3.
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ionic liquid as a multifunctional additive for sustainable protective
coatings. The composite material effectively combines antibacterial and
anticorrosive properties, making it a promising candidate for various
industrial applications that require enhanced surface protection, such as
the automotive, marine, and construction sectors. The dual functionality
is achieved through the synergistic interaction between the naturally
derived components: kojic acid, which provides chelating properties to
inhibit iron oxidation, and the ionic liquid, which enhances the mate-
rial’s stability and resistance to corrosion.

The study confirmed that the HNT-K-IL composite offers superior
protection compared to conventional coatings, with significant re-
ductions in the corrosion rate of DD11 steel from 0.34 mm/year to 0.12
mm/year, highlighting its effectiveness as an anticorrosive agent. The
results also show that the composite possesses enhanced antimicrobial
activity, particularly against P. aeruginosa and C. albicans, further
expanding its utility in preventing microbial growth on coated surfaces.
The synergistic effect between the ionic liquid and the chelating agent is
crucial in providing broad-spectrum activity, which outperforms previ-
ously reported materials in terms of antimicrobial efficacy.

Furthermore, the use of halloysite and kojic acid, both naturally
sourced materials, emphasizes the sustainability of the developed
composite. This eco-friendly approach aligns with the growing need for
greener and more sustainable alternatives to conventional synthetic
coatings that often involve harmful chemicals and have a higher envi-
ronmental impact. By leveraging the unique properties of natural clays
and biomolecules, this work contributes to the development of sus-
tainable materials that do not compromise performance.

Looking ahead, there is significant potential to optimize the scal-
ability of this composite material for large-scale applications while
maintaining its functional efficacy and sustainability. Future research
efforts could explore applying this approach to a broader range of sub-
strates and operational environments, including those in extreme
weather conditions or highly corrosive environments. Additionally,
expanding the range of microbial strains tested will provide deeper in-
sights into the antimicrobial spectrum of the composite, potentially
improving its effectiveness against a wider array of pathogens.

Ultimately, this study positions HNT-K-IL composites as a versatile,
green, and cost-effective solution for surface protection—an essential
step towards advancing the field of innovative materials with a focus on
sustainability, multifunctionality, and environmental compatibility.
Through continued research and development, these materials could
play a pivotal role in addressing global challenges related to corrosion
prevention, microbial contamination, and eco-friendly technologies.
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