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A B S T R A C T

Hygienic paints are designed to control microbial growth by imparting antimicrobial activity both in-film and in- 
can. Biogenic compounds like terpenes in essential oils (EOs) have potential antimicrobial properties. Addi
tionally, modified montmorillonites (Mt) show promise as nanoscale carriers for these compounds. This research 
aimed to obtain a functionalized antimicrobial montmorillonite hybrid to be applied in the formulation of 
bioactive paints. The biogenic compounds evaluated were the essential oils of white thyme and mint, to be 
applied for the first time in hygienic coatings. A soybean derivative was used as an organic modifier of the clay 
mineral. The synthesized hybrids were characterized by Fourier-Transform Infrared (FTIR) spectroscopy, X-ray 
diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and energy disper
sive spectrometer (EDS). Bioassays were carried out against fungal strains including Cladosporium cladosporioides, 
Chaetomium globosum, and Aspergillus versicolor, as well as bacterial strains such as Staphylococcus aureus and 
Escherichia coli. White thyme was the EO with the higher antimicrobial activity. Added to this, white thyme oil 
managed to impart its antimicrobial activity to the synthesized hybrid. The formulated paints with 0.75 con
centration of pigment per volume (PVC) efficiently prevented in-can pollution.

1. Introduction

The proliferation of microorganisms in building materials poses 
significant economic, environmental, and health challenges. Microbial 
growth accelerates material degradation, leading to increased mainte
nance costs and compromised structural integrity (Cámara et al., 2022; 
Romani et al., 2022). Additionally, the proliferation of microorganisms 
compromised indoor air quality, affecting the health of occupants and 
increasing the risk of respiratory diseases (Felgueiras et al., 2022; 
Sánchez Espinosa et al., 2024). Waterborne paints, particularly those 
using acrylic resin and water as a solvent, are highly susceptible to 
microbial degradation due to carbon sources in the formulation that 
support microbial growth both in storage and after application 
(Kakakhel et al., 2019; Mardones et al., 2019). While bacteria dominate 
in aqueous environments like paint containers, fungi are the primary 
agents of in-film deterioration (Gillatt et al., 2015). Calcium carbonate 

deposition by environmental bacteria further exacerbates paint degra
dation, as it is a key component in many latex paints (Chen et al., 2022a; 
Chen et al., 2022b). These issues highlight the urgent need for effective 
antimicrobial strategies to preserve materials, protect public health, and 
reduce environmental impacts (Gámez-Espinosa et al., 2020b). Recent 
advancements in antimicrobial coatings focus on integrating bioactive 
and environmentally friendly biocides, such as biogenic compounds and 
nanomaterials, to enhance functionality and safety (Bellotti and Deyá, 
2020; Qiu et al., 2024). Nanomaterials, including bioinspired antimi
crobial peptides and capsaicin-derived polymers, have shown promise in 
medical applications (Majhi et al., 2019; Freitas et al., 2022; Zhou et al., 
2023). Similarly, plant extracts and EOs from Eucalyptus globulus, Mel
aleuca cajuputi, rosemary, cinnamon, and guarana exhibit notable anti
microbial activity in film and coating formulations (Bonilla and Sobral, 
2016; Andrade et al., 2018; Farina Farizan et al., 2024; Majeed et al., 
2024).
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EOs contain terpenes, many of which are even approved for use in 
the food industry by the Food and Drug Administration (FDA), and 
generally recognized as safe (GRAS) for specific uses (Chen and Viljoen, 
2022; Zhuang et al., 2023; U.S. Food and Drug Administration-FDA, 
2024). Terpenes are a diverse group synthesized through the iso
prenoid pathway and are classified based on the number of isoprene 
units in their structure. For example, monoterpenes (C₁₀) are made from 
two isoprene units, sesquiterpenes (C₁₅) from three, and diterpenes (C₂₀) 
from four isoprene units (Câmara et al., 2024). These compounds are 
known for their distinctive aromatic qualities and various biological 
activities, including antimicrobial, anti-inflammatory, and antioxidant 
properties (Mamusa et al., 2021; Mangalagiri et al., 2021). Some ter
penes, such as thymol, carvacrol, and eugenol, are particularly noted for 
their antibacterial effects and are often found in essential oils used in 
medicinal applications (Raut and Karuppayil, 2014; Guimarães et al., 
2019).

However, the volatility of EOs and their terpene components limits 
their effectiveness in long-term applications, necessitating strategies like 
encapsulation or incorporation into solid supports such as clays to 
enhance stability and sustained release (Liu et al., 2021; Fattahi et al., 
2023). Various strategies are being explored to efficiently integrate 
these compounds into formulations through encapsulation or incorpo
rating them into natural solid supports, such as clays, which are cost- 
effective and highly suitable for coating formulations (Gonçalves 
et al., 2017; Ryu et al., 2018; Fernández et al., 2020).

Clays such as montmorillonite (Mt), kaolinite (Kaol), and bentonite 
(Bent) possess extensive surface areas and porous structures, offering 
numerous active sites for adsorption (Nagy et al., 2013; Hendessi et al., 
2016; Hossain et al., 2023). These properties enable clays to act as stable 
matrices for controlled release systems, protecting bioactive compounds 
from degradation and ensuring prolonged antimicrobial efficacy (de 
Oliveira et al., 2022). This approach has been shown to improve the 
stability and effectiveness of bioactive agents in coatings, as highlighted 
in studies on clay-based nanocomposites used in various antimicrobial 
applications (Fernández et al., 2020; Mamusa et al., 2021; García- 
Guzmán et al., 2023).

This study focuses on developing bioactive clay hybrids with 
biogenic compounds for antimicrobial paint formulation. The biogenic 
compounds tested were EOs of: white thyme (EW) and mint (EM), 
extracted from Thymus masticina L. and Mentha sp. L., respectively. 
Thyme EO is rich in thymol and carvacrol (terpenes) which are the main 
antimicrobial agents and are commonly found in EOs from other plants 
(Walentowska and Foksowicz-Flaczyk, 2013; Gonçalves et al., 2017). 
Mentha spp. are well-known for their medicinal properties (anti-in
flammatory, anti-emetic, antispasmodic, analgesic, antidiabetic, etc.), 
with reports suggesting some antimicrobial and antioxidant effects of 
their EOs (Eftekhari et al., 2021). In a previous study, clay was modified 
with a terpene compound, citronellol, to be applied in antimicrobial 
coatings (Fernández et al., 2020). The present work expands on this 
concept by utilizing a mixture of terpene compounds, as the EOs, instead 
of a single, pure biogenic compound. As a novelty, this approach le
verages chemical diversity to broaden the potential for antimicrobial 
activity.

Mt. sourced from Río Negro, Argentina, was employed in this study. 
This clay is abundant and cost-effective, offering a promising material 
for various applications, including catalysis, adsorption, and environ
mental remediation (Barraqué et al., 2018; Ciğeroğlu et al., 2024). 
Moreover, Mt. has been extensively studied as an adsorbent and has 
proven effective in removing heavy metals and organic compounds 
(Mendonça et al., 2019; Capelezzo et al., 2023). Its layered structure, 
large internal surface area, and high cation exchange capacity render it a 
promising material for applications such as functional antimicrobial 
material (de Oliveira et al., 2022; Wang et al., 2023).

EW and EM were evaluated as potential antimicrobials for water
borne paints. Soy lecithin (SLe) a natural and low-cost surfactant, served 
as an organic modifier for Mt. (Nagy et al., 2013; Fernández et al., 2020). 

SLe is positively charged at acid pH due to its amino groups; this allows 
the Mt. modification through the exchange with the corresponding Na+

ions, which allows obtaining the hybrid with hydrophobic characteris
tics that can integrate biogenic compounds such as essential oils and 
terpenoids (Nagy et al., 2013).

The bioactivity of EO, Mt. hybrids, and coatings was assessed 
through conventional agar plate assays. Fungal strains, Aspergillus ver
sicolor (MG725821), Cladosporium cladosporioides (MG731215), and 
Chaetomium globosum (KU936228), were isolated from biodeteriorated 
walls in previous research (Gámez-Espinosa et al., 2020a). Bacterial 
strains, Escherichia coli (ATCC 11229) and Staphylococcus aureus (ATCC 
6538), were selected for their ubiquity and potential as pathogens 
(Weber et al., 2016). The synthesized Mt. hybrids were characterized 
using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 
(XRD), thermogravimetric analysis (TGA), and zeta potential (ZP).

2. Materials and methods

2.1. Materials

High-purity Na-montmorillonite (>99 %) used in this study was 
sourced from the Lago Pellegrini deposit in Río Negro, Argentina, and 
provided by Castiglioni Pes and Cia with the following composition: 
SiO2 51.10 wt%, Al2O3 19.25 wt%, Fe2O3 4.83w%, Na2O 2.31 wt%, CaO 
1.39 %, MgO 1.32 %, TiO2 0.24 wt%, K2O 0.18 wt% (Magnoli et al., 
2008). The purification method performed was based on fractionation 
by sedimentation to remove the majority of impurities (Bergaya and 
Lagaly, 2013). Its main properties were cation exchange capacity (CEC) 
= 82.5 mmol (100 g)−1 determined by the Cu-triethylenetetramine 
method (Czímerová et al., 2006); specific surface area (SSA) was 34.0 
m2g−1 obtained by N2 adsorption applying the BET equation, which 
represents the external specific surface area (Gamba et al., 2015).

Granular food-grade soybean lecithin (SLe) was obtained from Melar 
S.A., Buenos Aires, Argentina. The essential oils of white thyme (EW) 
and mint (EM) were supplied by Alfredo Francioni S.A., Buenos Aires, 
Argentina.

2.2. Antimicrobial activity of the biogenic compounds

To assess the antimicrobial activity of the commercial EOs (EW and 
EM) a screening of the antimicrobial potentialities was carried out by 
macrodilution method to determine the minimum inhibitory concen
tration (MIC) within the range of evaluated concentrations (Stupar et al., 
2014; Fernández et al., 2020). For the fungal strains C. globosum, 
A. versicolor, and C. cladosporioides, 20 μL of a 105 spores/mL suspension 
was inoculated at the center of each malt extract agar (MEA) plate and 
incubated for 12 days at 28 ◦C. Radial growth was recorded by 
measuring the corresponding diameters. For the bacterial strains E. coli 
and S. aureus, the decrease in the number of colony-forming units (CFUs) 
was evaluated on Luria Bertani (LB) agar with different concentrations 
of the oils under study at 30 ◦C for 24 h, starting from a 106 CFU/mL 
culture. The same procedure was carried out with controls without any 
biocides. The assays were performed in triplicate. The most active EO 
was selected to be used in the hybrid clay synthesis.

2.3. Obtaining bioactive Mt. hybrids

The modified Mt. hybrid was obtained following a reported pro
cedure by Fernandez et al. (Fernández et al., 2020). SLe, a positively 
charged organic surfactant at pH ≈ 2, was used to modify Mt. through 
ion exchange. This modification enhances its hydrophobicity, facili
tating the integration of EO (Nagy et al., 2013). An ethanolic dissolution 
of SLe was prepared, and pH was adjusted to 2.3 by adding HCl 0.1 M. 
SLe was commercially obtained with food quality. The bioactive EO was 
mixed with the SLe dissolution in a 20 and 40 % wt concentration. The 
mix was incorporated into a recipient with the Mt. (pre-swollen) under 
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constant stirring, the ratio was 1:0.33 (Mt:SLe). Finally, Mt. hybrids 
were separated by centrifugation, dried and labeled as MtEW2 (Mt/EW/ 
SLe 20 % wt) and MtEW4 (Mt/EW/SLe 40 % wt). The system compo
sition to prepare the hybrids can be seen in Table 1.

2.4. Characterization

The FTIR spectra were obtained by using a Perkin Elmer (Spectrum 
ONE) FTIR spectrometer in the 4000–500 cm−1 spectral range. The 
analysis was performed directly on the sample using ATR (Attenuated 
Total Reflectance) with the U-ATR (Universal ATR Accessory) from 
PerkinElmer. The analysis was carried out with 16 scans, and the de
tector used was a TGS detector.

X-ray diffraction (XRD) was performed to obtain crystallographic 
data of the samples with a Philips 3710 diffractometer using Cu Kα ra
diation 40 kV, 40 mA, Ni filter and patterns collected from 3 to 12◦ (2θ). 
Diffractograms were obtained in the 2θ range of 3–70◦ with a step size of 
0.02◦ and a step time of 0.5 s. Un-oriented samples were scanned and 
maintained at a constant relative humidity of 0.47 for 48 h to improve 
the precision of the peak values (Barraqué et al., 2018).

Thermogravimetric (TGA) analysis was carried out using a Rigaku 
Thermo plus EVO instrument, with alumina as reference. The temper
ature was increased at a constant rate of 10 ◦C/min. Pt crucibles were 
used to hold the samples and maintain at air atmosphere throughout the 
heating period, with a temperature range from 0 to 1000 ◦C. The tem
perature of each loss weight on the TGA was determined thorough the 
derivative TGA curve as a function of temperature (DTGA).

Zeta potential (ZP) was determined using the Brookhaven equipment 
(Zeta Potential function), at a constant ionic strength of 10−3 M KCl. 
Samples were prepared at different pH and equilibrated for 24 h by 
dropwise addition of HCl or KOH solutions. Electrophoretic mobility 
was converted into zeta potential values using the Smoluchowski 
equation (Fernández et al., 2020). For each determination, 40 mg of 
sample were dispersed in 40 mL of a 10−3 M KCl solution, the slurry was 
stirred, and pH was measured, and its value was labeled as natural pH.

Observations by scanning electron microscopy (SEM) to assess 
morphological aspects of the samples were carried out using Philips FEI 
SEM Quanta 200 under high vacuum conditions. The SEM was coupled 
to an EDS detector to analyze the elemental composition of the sample 
surfaces.

The antimicrobial activity was assessed by the agar diffusion well 
assay adapted from the Clinical and Laboratory Standards Institute 
(CLSI) method (CLSI et al., 2019; Fernández et al., 2020). Petri dishes 
were prepared by introducing 15 mL of culture medium (MEA for fungi 
and LB for bacteria) and inoculating them with 105 spores/mL and 106 

CFU/mL suspensions, respectively. Subsequently, 7 mm diameter (D) 
wells were performed, and they were filled with 20 mg of the tested 
hybrid solids. Three replicates were performed for each case. All the 
plates were incubated at 28 ◦C for fungal strains and 30 ◦C for bacterial 
strains. After 24 and 48 h, respectively, the diameters of the inhibition 
zones were measured. In this regard, samples with D < 7 mm were 
inactive, while those with D > 7 mm were considered active. In the case 
of fungal strains, partial activity was considered, when D = 7 mm due to 
their characteristic invasive growth.

2.5. Formulation, preparation and characterization of paints

Paints were formulated with different concentrations of pigment per 
volume (PVCs) at 0.65, 0.75, and 0.85, as shown in Table 2. Control 
paints were prepared without biocide and labeled, CP6, CP7, and CP8. 
Mt. was incorporated at 5 % by weight, replacing an equivalent amount 
of talc in the paint formulations. The paints containing the clay hybrid 
(Mt/EO/SLe) were prepared using the same formulations, each with the 
same %wt of Mt. These were labeled, PW6, PW7, and PW8, corre
sponding to the different PVCs. The paint elaboration was carried out in 
the pilot plant of CIDEPINT using a high-speed disperser (Gámez-Espi
nosa et al., 2022).

The viscosity was determined at a controlled temperature of 25 ±
1 ◦C following the guidelines established by the IRAM 1109 A13 stan
dard (April 2017 version). For this purpose, a 500 mL container was 
used, filled up to 0.2 cm from the edge with a digital Stormer Krebs 
Viscometer. The vane-type rotor measures 9 cm, in length and ends with 
two blades, each 2.7 cm long.

Water vapor transmission was assessed following ASTM D 1653, 
where the paints were applied to filter paper with a dry film thickness of 
149 μm (calculated by measuring the difference in thickness between 
the uncoated and coated paper using a Schwyz coating thickness gauge). 
Non-corroding containers with silica gel, used as perm cups, were placed 
in a 100 % humidity chamber for 144 h. The weight change was 
measured using a scale, with the exposed area being 24 cm2. The water 
vapor transmission was tracked by weighing the panels over a period of 
336 h. The experimental data reported represents the average of three 
measurements for each sample. As a control, a paper filter without paint 
was also tested. Water vapor transmission is crucial because the paint’s 
high permeability to water can negatively impact adhesion by disrupting 
the bonds between the substrate and the resin.

2.6. Bacterial resistance liquid paint test

The prepared paints (CP6, CP7, CP8, PW6, PW7, and PW8) together 
with a commercial paint (SW) and control paint (PVC = 0,8) without 
biocides and any clay (CP) were assessed for the bio-resistance to the 
bacterial growth in-can. The procedure followed was based on the ASTM 
D2574 standard. The strain used was Pseudomona aeruginosa (culture 
collection of the Department of Biological Sciences of the UNLP) which 
is recommended by the standard. P. aeruginosa culture incubated for 18 
h at 30 ◦C in tryptic soy broth (TSB) medium was used to obtain the 
inoculum (OD = 0.1 at 600 nm). The assay was performed in sterile 24- 
well flat-bottom culture plates. In each well, 300 μL of inoculum in 3 g of 
paint were introduced, to achieve 106 CFU/g of final concentration. 
Triplicates were made for each sample. After the incubation period of 7 
days, streaks in Petri plates with TSA were made for each well. All plates 
were incubated for 36 h at 30 ◦C. After this time, the plates were eval
uated, and photographic registers were taken. The ASTM D2574 stan
dard was used to rate the performance of the samples: 0 (no bacterial 
recovery); 1 (trace of contamination 1–9 colonies); 2 (light 

Table 1 
Designation and amounts (wt%) of Mt., LSe, and EO (EW) used to prepare Mt./ 
EO/SLe hybrids.

Sample

Mt (g) LSe (g) EO (g)

Mt-SLe 10 3.3 –
MtEW2 10 3.3 2
MtEW4 10 3.3 4

Table 2 
Paint composition (% by weight).

Compounds CP6 CP7 CP8

Water 36.56 39.35 41.68
Q 202 (Antifoaming) 0.20 0.20 0.22
Mt 5.02 5.01 5.02
Polyacril D40 (Dispersant) 0.20 0.21 0.22
AMP-95 (Co-dispersant, neutralizing amine) 0.06 0.07 0.06
Triton 80 (Surfactant) 0.10 0.10 0.11
Sodium hexametaphosphate (Antisedimentant) 0.10 0.10 0.11
Talc 24.60 26.46 28.00
TiO2 14.56 15.67 16.60
Resin (Thyosil, 1:1) 17.15 11.25 6.31
White spirit (Coalescent) 0.97 1.04 1.11
Butyl glycol (coalescent) 0.49 0.52 0.55
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contamination, 10–99 colonies); 3 (moderate contamination, higher 
than 100 colonies) and 4 (heavy contamination, colonies indistin
guishable) (ASTM D2574-16, 2020).

2.7. Fungal resistance coating test

The paints were applied on slide glasses and cured for 15 days under 
normal laboratory conditions and the same procedure reported in pre
vious published research was followed (Bellotti et al., 2015). Three 
coating samples were disposed to each plate with minimum mineral 
medium and each one was inoculated with 50 μL of spore suspension 
(105 spores/mL). Six samples for each paint (CP6, CP7, CP8, PW6, PW7 
and PW8) were assessed. The plates were incubated during a month at 
28 ◦C. The same strains were used: A. versicolor, C. cladosporioides and 
C. globosum.

Biofilm growth was rated using the reference scale proposed by 
ASTM D5590 standard specification. The area covered by the fungal 
growth was referred to percentages (%): none, 0 %, trace, <10 %, light, 
10–30 %, moderate, 30–60 %, and heavy, 60–100 % corresponding to a 
scale between 0 and 4, respectively (ASTM, 2001).

At the end of the bio-resistance test, coatings were observed by ste
reoscopic microscope, Leica S8 APO, and photographic records were 
taken by Leica MC 170 HD digital camera.

3. Results and discussion

3.1. Antimicrobial activity of the biogenic compounds

Fungal and bacterial inhibitory activity of the EW and EM were 
assessed, and the MIC was determined. The determined MIC values are 
presented in Table 3. Total fungal inhibition (100 %) was achieved with 
0.3 and 0.6 mg/mL in the case of EW while concentrations equal to or 
greater than 1.2 mg/mL of EM were necessary to achieve complete in
hibition. S. aureus was the most sensitive bacteria with a MIC of 0.15 
mg/mL for both essential oils, while E. coli exhibited higher resistance, 
requiring a higher concentration of 1.2 mg/mL for complete inhibition 
for part of EW. Therefore, considering these results EW was the higher 
active EO and was chosen for the modified Mt.

The determined MICs for the studied EW, ranging from 0.15 to 1.2 
mg/mL, demonstrate significant antimicrobial potential. This is consis
tent with findings from other studies involving similar fungal strains and 
the same plant species. Investigations into Thymus leptobotrys have 
highlighted its potent antifungal properties, with both its EO and 
chloroformic extract showing complete inhibition of fungi such as 
Penicillium digitatum, Penicillium italicum, and Geotrichum candidum 
(Lagrouh et al., 2017). Notably, the chloroformic extract achieved 100 
% fungal growth inhibition at a concentration of 3 mg/mL, while the 
essential oil exhibited a maximum fungistatic effect at 1.2 mg/mL 
(Ameziane et al., 2007). These results were obtained through in vitro 
antifungal activity.

On the other hand, considering bibliographic information on com
mercial biocides, a comparison can be established with the natural 
products studied. For instance, Benzalkonium chloride and Preventol 
R80, which are widely utilized as antimicrobial agents, have reported 
MIC values in the range of 1.56 to 6.25 μL/mL against fungal strains as 
indicated in bibliographic data (Marco et al., 2020). This suggests that 

the studied compounds demonstrate comparable efficacy in microbial 
inhibition.

Furthermore, commonly used biocides to control in-film biodeteri
oration such as Carbendazim, 3-iodo-2-propynylbutylcarbamate (IPBC), 
and 2-n-octyl-4-isothiazolin-3-one (OIT), exhibited MIC values against 
comparable fungal strains, such as Cladosporium cladosporioides, Chae
tomium globosum, and Aspergillus niger in the range of 0.5 to 10 μg/mL 
(equivalent to 0.0005–0.1 mg/mL) (Adan and Samson, 2011). There
fore, the MIC values of the studied compounds were approximately one 
order of magnitude higher than those reported in the literature for these 
commercial biocides.

Additionally, isothiazolinones, frequently employed for in-can 
preservation of waterborne paints, also serve as a benchmark for com
parison. For example, 5-chloro-2-methyl-4-isothiazolin-3-one (CMIT) 
and 2-methyl-4-isothiazolin-3-one (MIT) require concentrations be
tween 0.1 and 1 mg/mL to eliminate viable Pseudomonas aeruginosa 
cells, particularly those isolated from biofilms in paint tank environ
ments (do Daulisio and Schneider, 2020). The MIC values of EO studied 
fall well within this range, highlighting their potential as effective 
antimicrobial agents for comparable applications. Unlike iso
thiazolinones and other commercial biocides, which are associated with 
significant ecotoxicological concerns, including harm to aquatic envi
ronments, cross-reactivity, and allergenic potential, biogenic com
pounds are not associated for now with decomposition into toxic 
byproducts under environmental conditions although this requires more 
research (Ferraz et al., 2022; Romani et al., 2022).

3.2. Characterization of Mt. hybrids

FTIR of Mt., Mt-SLe, MtEW2 (Mt/SLe/EW2) and MtEW4 (Mt/SLe/ 
EW4) spectra are presented in Fig. 1. The modified Mt-SL, MtEW2 and 
MtEW4 presented new peaks such as 2928 cm−1, 2855 cm−1, 1730 
cm−1, 1470 cm−1 compared with the Mt. which correspond with C–H, 
C––O, and N–H groups (Chen et al., 2019). These functional groups 
founded in soybean lecithin remain after EW was added to the system. 
The modified Mt. hybrids and Mt. presented a peak 1630 cm−1 due to 
O–H stretching corresponding to the structural groups presented in the 
mineral (Nagy et al., 2013). The broadband region at 3400 cm−1, which 
corresponds to O–H groups, was observed in all samples. Mt. exhibited 
peaks at 1039 and 914 cm−1, corresponding to the stretching vibrations 
of Si–O and Al-O-Al, respectively (Giannakas et al., 2017; Xiao et al., 
2024). The peak at 3639 cm−1was attributed to the asymmetric 
stretching vibrations of OH bonded to Al and Si in Mt. (Xiao et al., 2024). 
In the case of modified Mt., the peak shifted to lower wavenumbers, 

Table 3 
Minimum inhibitory concentration (mg/mL) of EO against microbial strains.

White thyme Mint

A. versicolor 0.6 > 1.2
C. cladosporaides ≤ 0.3 > 1.2
C. globosum 0.3 1.2
E. coli 1.2 > 1.2
S. aureous 0.15 0.15 Fig. 1. FTIR spectra: Mt, Mt-SLe, MtEW2 and MtEW4.
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specifically from 3639 to 3627 and 3628 cm−1 in Mt., Mt-SLe, and 
MtEW4, respectively. This shift would be induced by the migration of 
ions from the interlayer due to ionic exchange (He et al., 2020). The 
characteristic peaks corresponding with O–H and C–H were more 
intense in MtEW4 than in MtEW2 which could be related to a higher 
amount of EW retained in the mineral. The observed shift of the Si–O 
stretching bands to lower wavenumbers (from 1039 to 1009 cm−1) in 
the hybrids could be due to chemical interactions or bonding between 
the Mt. framework and the modifying agents (SLe/EW). These in
teractions, which may involve hydrogen bonding or electrostatic forces 
(de Oliveira et al., 2022), would reduce the bond strength of Si–O as the 
modifiers introduce additional forces within the lattice structure 
(Madejová, 2003). A weaker bond vibrates at a lower frequency, leading 
to the observed downward shift in the FTIR spectrum. Additionally, 
some studies have associated the dehydration of Mt. with a downward 
shift of the Si–O stretching band (Lindholm et al., 2019). In this context, 
organic compound incorporation increased the hydrophobicity of the 
material, which promoted the expulsion of water molecules from the 
interlayer.

X-ray diffractograms of Mt., Mt-SL, MtEW2, and MtEW4 samples are 
presented in Fig. 2. Mt. sample exhibited a reflection peak d (001) plane 
at 1.26 nm (7◦ 2θ), indicating the structural predominance of a single- 
layer hydrate in the interlayer space. (Lagaly et al., 2006). The incor
poration of the organic compounds expanded the interlayer space in 
0.13 nm (to 1.39 nm) for the Mt-SLe sample. Considering that the basal 
spacing of dehydrated Mt. was reported as 0.97 nm the interlayer space 
thicknesses of Mt-SLe must be 0.42 nm which pointed out a bilayer 
arrangement of the SLe molecules (Barraqué et al., 2018). The basal 
spacing depends on the packing density of the surfactant within the Mt. 
interlayer space (He et al., 2006). The incorporation of EW further 
expanded the interlayer space by 0.18 nm (to 1.44 nm) and, as it was 
observed in the FTIR spectra, this corroborates the incorporation of the 
EW into the mineral structure. Considering previous research that 
evaluated the incorporation of one terpene, they obtained a higher 
expansion of the interlayer, ranging between 0.35 and 0.50 nm (Nagy 
et al., 2013; Fernández et al., 2020). This difference could be attributed 
to a more efficient arrangement of the antimicrobial agent when only a 
single type of terpenoid was used, as opposed to a mixture like EO.

The TGA analysis in Fig. 3 shows the weight loss % related to the 
modified Mt. (Mt-SLe, MtEW2, and MtEW4) and Mt. at different tem
peratures. The weight loss values are presented in Table 4. The TGA 
curves of Mt. and Mt-SLe indicate a mass loss between 20 and 100 ◦C of 
13.1 % and 2.4 %, respectively. This mass loss was attributed to the 
evaporation of water adsorbed on the surface and within the interlayer 
space (Fernández Solarte et al., 2019). At temperatures above this range, 
the mass loss observed in Mt. corresponded to residual surface-adsorbed 
water and the dehydration of hydroxyl groups. In contrast, the greater 
mass loss in Mt-SLe at 100–700 ◦C was associated with the 

decomposition of organic compounds (Fernández et al., 2020). The 
integration of the organic mix (EW/SLe) increased the mass loss of 
MtEW2 and MtEW4 in both temperature ranges (20–100 ◦C and 
100–700 ◦C) compared to Mt-SLe from 19.9 to 24.9 and 28.8, respec
tively. This confirmed the successful incorporation of EW. This com
parison gives us an idea of the amount of actual EO incorporated into the 
clay hybrid.

The ZP analysis (pH = 6.5) revealed that the external surface charge 
was modified by adding the SLe and EO, as indicated by the values 
determined to Mt-SLe (−26.04 mV), MtEW2 (−17.14 mV) and MtEW4 
(−27.17 mV), which tend to be less negative compared to the Mt. 
(−34.24 mV) used to the synthesis. The loading of SLe and EW increased 
the surface charge of Mt. related to the cations exchange. The adsorbate 
interacts with the adsorbent surface by hydrogen bonds and electro
static/hydrophobic interactions. The hydrophobic interaction may 
appear between the terpenes in the EO and the hydrophobic lecithin 
molecules adsorbed in the clay (Nakhli et al., 2018). The increase in EW 
concentration from 20 % to 40 % in the mix (EW/SLe) used in the 
synthesis while maintaining the Mt.:SLe ratio, likely enhanced the de
gree of terpene incorporation but potentially hindered Mt. surface 
interaction with the surfactant and led to less positive values for MtEW4 
relative to MtEW2.

SEM micrographs and EDS analysis from Mt. and MtEW4 can be seen 
in Fig. 4a-d. Both samples showed micrometer-sized particles. MtWt4 
presented greater agglomeration than the Mt. which could be corrobo
rated in Fig. 4a and b. EDS spectra and semiquantitative analysis in 
Fig. 4c and d revealed the presence of the elements: O, Si, Al, C, Fe, Na, 
and Mg, each with a concentration exceeding 1 % by weight. The 
presence of O, Si, Al, Fe, Mg, and Na corroborates the chemical structure 
of the clay. The C detected on Mt. was attributed to the carbon tape used 
for sample mounting. The increase in the wt% of C element in MtWt4 
sample (Fig. 4d) in comparison to Mt. (Fig. 4c) from 6.9 % to 36.0 % was 
attributed to the organic compounds incorporation (EW/SLe) by the 
functionalization.

The antimicrobial activity of the samples (MtEW2 and MtEW4) was 
assessed by the agar well diffusion test, in Table 5 the diameters of the Fig. 2. XRD patterns: Mt., Mt-SLe, MtEW2 and MtEW4.

Fig. 3. TGA analysis: Mt., Mt-SLe, MtEW2 and MtEW4.

Table 4 
Weight loss values of Mt. and hybrids determined from TGA curves.

Sample Weight loss (%) at different temperature range (◦C)

20–100 100–700 700–1000

Mt 13.1 6.9 2
Mt-SLe 2.4 19.9 ≤2
MtEW2 2.9 24.9 ≤2
MtEW4 3.8 28.8 ≤2
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inhibition zones can be seen (data are expressed as mean ± SD of three 
experiments). In Fig. 5 photographs registers can be seen from plates at 
the end of the assay. The results showed that MtEW4 was active against 
all the strains tested while MtEW2 was active against three of them. 
C. globosum was the most resistant fungus, while E. coli was the most 
resistant bacterial strain. MtEW4 showed a clear positive antifungal 
activity with inhibition zones higher than 18 mm as can be corroborated 
in Fig. 5. Mt. was not active against all the samples. Considering that 
MtEW4 was the modified clay with the higher bioactivity, it was selected 
to integrate the formulation of the experimental waterborne paint.

Therefore, the incorporation of EO was corroborated by FTIR, XRD, 

TGA analysis, ZP, and SEM/EDS showed a higher amount of EO incor
porated by MtEW4 related to MtEW2. This was evidenced by the greater 
range of antimicrobial activity exhibited for MtEW4 as shown in Table 5
and Fig. 5. Considering these results MtEW4 was selected to formulate 
the antimicrobial paints.

3.3. Characterization of paints

The viscosity of the control paints was 140 UK (PVC = 0,65) and 90 
(PVC = 075) while that higher PVC was out of range. In this case, water 
was added before the application to obtain acceptable rheology prop
erties. As stated before, all paints contain 5 % by weight of Mt., which 
due to its absorbent properties affects the viscosity of the paints, which is 
why the amount of Mt. that can be incorporated into the formulations is 
limited and, as has been seen, PVC also affects this (Tracton, 2006).

The water vapor transmission results are presented in Fig. 6. These 
indicate that vapor transmission depends not only on the PVC but also 
on the presence of MtEW4. Mainly for the control paints permeability 
was higher than for the paints with the Mt. hybrid at the same PVC. This 
difference may be attributed to the increased hydrophobicity due to 
organic modifier incorporation (EW/SLe) into the clay (Nagy et al., 

Fig. 4. SEM micrographs (1000× magnification): a) Mt. and b) MtEW4; EDS spectra from c) Mt. and d) MtEW4.

Table 5 
Agar well diffusion test: diameters of inhibition zone (mm).

MtEW2 MtEW4

A. versicolor 14 ± 1 18 ± 1
C. cladosporaides 7* 22 ± 1
C. globosum ˂7 24 ± 3
E. coli 7* 10 ± 1
S. aureous 16 ± 0.3 17 ± 1.2
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2013).

3.4. Bacterial resistance of emulsion paint test

As shown in Fig. 7A, the control paints, CP7 and CP8, showed heavy 
contamination (continuous growth with indistinguishable colonies) 
rated (R) as 4. The same was observed with CP, while the commercial 
paint (SW) and the paint with PVC = 0,65 (CP6) presented a total in
hibition of bacterial growth (R = 0). Therefore, differences in the bio- 
resistance of the paint depending on its PVC was found. In this sense, 
lower PVC resulted in more resistance to bacterial growth. The paints 
with MWt4 were more resistant to bacterial growth with a total inhi
bition (R = 0) to PWt7 and PWt6 while the paint with the higher PVC 
(PWt8) resulted in less efficiency (R = 4). This is shown in Fig. 7. 
Therefore, PWt7 (PVC = 0,75) was efficient in preventing bacterial 
growth unlike what happened with the control paint without modified 
Mt. (CP7) with the same PVC. These results corroborate the antimicro
bial activity obtained in preliminary assays with MICs ranging from 0.15 
to 1.2 mg/mL that were comparable with in-can commercial biocides (e. 
g. CMIT and MIT) that require similar concentrations to eliminate viable 
Pseudomonas aeruginosa cells from biofilm paint tanks (do Daulisio and 

Schneider, 2020).
The bioactivity of the hybrid material may result from its interaction 

with various targets within microbial cells. The activity of EW compo
nents can primarily be attributed to their terpene, terpenoid, or phenolic 
constituents. Although the specific mechanisms of action for terpenoids 
were not fully established, several modes of action have been proposed 
for natural phytochemicals. These include disruption of bacterial cell 
membranes, modulation of efflux pump activity, inhibition of biofilm 
formation, and alteration in oxidative phosphorylation (Barbieri et al., 
2017). Additionally, evidence suggests that both carvacrol and thymol 
can disrupt the outer and cytoplasmic membranes of Gram-negative 
bacteria, leading to their disintegration (Mahizan et al., 2019). A 
postulated general mechanism of antimicrobial in-can activity of the 
hybrid is presented in Fig. 7B.

3.5. Fungal resistance coating test

Fungal resistance test of paints (CP6, CP7, CP8, PWt6, PWt7, and 
PWt8) was performed by four weeks test in plates, including a com
mercial paint (SW). Images from the stereoscopic microscope can be 
seen in Fig. 8. The control paints (CP6, CP7 and CP8) inoculated with 
A. versicolor, C. cladosporiodes, and C. globosum presented moderate to 
above moderate (heavy) growth, rated (R) as 3 and 4. Unlike what 
happened with the P. aeruginosa resistance liquid paint test, no differ
ences were observed in the performance of the control paints against the 
fungal strains in-film with different PVC.

SW showed total inhibition for all strains. The coatings with MtEW4 
(PWt6, PWt7 and PWt8) presented moderate to heavy growth. The re
sults showed that the tested formulations failed to prevent fungal growth 
efficiently. MtEW4 failed to impart its bioactivity to the coatings at the 
concentration used. The ineffective antifungal activity of the coatings 
against the studied strains may be due to the abrupt release of the EO 
retained in the support material or its interaction with other chemical 
compounds present in the system, which hinders the inhibition of 
ergosterol synthesis. EO can inhibit the synthesis of ergosterol, a natural 
component of fungal mycelial membranes essential for maintaining 
cellular integrity, viability, and active growth (Abdi-Moghadam et al., 
2023).

In this sense, as previously highlighted, commercial biocides used to 
control in-film biodeterioration, such as Carbendazim, IPBC, and OIT, 
exhibit lower MIC values (0.5 to 10 μg/mL) than the studied EW against 
similar fungal strains (Adan and Samson, 2011). Furthermore, 

Fig. 5. Antimicrobial assay: agar well diffusion test, plates after incubation at 28 ◦C with Mt., MtWt2 and MtWt4.

Fig. 6. Water vapor transmission of the paints (CP6, CP7, CP8, PW6, PW7, and 
PW8) applied to filter papers (NP refers to not painted paper).
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isothiazolinones such as OIT are commonly employed in coating for
mulations at concentrations exceeding 0.5 % (5000 ppm) in most 
commercially available products (Romani et al., 2022). Consequently, 
for the effective application of the studied EW-based biocide in similar 
formulations, its concentration would need to exceed 0.5 %. However, 
the amount of modified clay in the paint cannot be increased beyond 5 % 
wt, as higher levels negatively affect the viscosity and applicability of 
the paint (Fernández et al., 2020). This presents a limitation if increasing 
the amount of bioactive agent in the coating is necessary. In the case of 
the coatings studied, and considering the hybrid (MtEW4) character
ization, the organic fraction (EW/SLe) in the formulation was 1.1 %wt. 
Therefore, EW concentration was insufficient to inhibit fungal 

development. In previous research by Fernández et al. (2020), a clay 
hybrid with Citronellol achieved 100 % fungal inhibition in coating 
formulations. However, a single terpenoid was used to modify the clay in 
that study. In the present research, EO was employed, containing a 
combination of phytochemicals (e.g., terpenes, terpenoids, and phenolic 
compounds), leading to lower individual concentration.

Several studies support the potential of natural products in coatings. 
For instance, Majeed et al. (2024) demonstrated that incorporating 6 g 
of Eucalyptus globulus extract into 200 g of water-based acrylic plastic 
emulsion paint (3 %wt) achieved effective antimicrobial activity 
(Majeed et al., 2024). Similarly, Elkady et al. (2024) reported the 
incorporation of bioactive compounds such as 8-epi-sarcophinone and 

Fig. 7. A) Bacterial resistance liquid paint test against Pseudomona aeruginosa, plates incubated for 36 h at 30 ◦C with the inoculated paints (CP, CP6, CP7, CP8, PW6, 
PW7, PW8, and SW); B) possible antimicrobial activity mechanism of the hybrid (MtEW4): (1) disruption of the cell membrane, (2) modulation of efflux pump, (3) 
inhibition of oxygen uptake, (4) alteration in oxidative phosphorylation, (5) reduction of cell adherence ability and suppression of bacterial biofilm development.
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entsarcophine extracted from Sarcophyton glaucum, and Gorgosterol 
from Sclerophytum leptoclados, into paint formulations at a concentration 
of 0.1 %wt (Elkady et al., 2024). These coatings demonstrated superior 
antifouling performance (in short-time immersion trials) compared to 
commercial paints. In another study, Gómez de Saravia et al. (2018)
incorporated eugenol, thymol, and guaiacol into exterior waterborne 
paint at a concentration of 2 %wt, achieving total inhibition of algae 
growth according to ASTM standard D5589–97 (Gómez de Saravia et al., 
2018). Similarly, Gómez de Saravia et al. (2021) reported that carvacrol 
and isoeugenol, incorporated separately into exterior waterborne paint 
at a concentration of 2 %wt, exhibited total inhibition of algae growth 
(Gómez de Saravia et al., 2021). However, these results are from short- 
term trials incorporating natural products in free form. Therefore, 
optimizing the concentration of bioactive compounds and ensuring their 
stability and efficacy within complex formulations by encapsulation or 
using support materials remain critical to their broader application.

On the other hand, many EOs and their components were classified 
as GRAS for specific applications. These compounds have gained sig
nificant attention for their incorporation into functional materials, 

particularly in the development of antimicrobial coatings, packaging, 
and biomedical devices, owing to their broad-spectrum antimicrobial 
activity (Burt, 2004; Raut and Karuppayil, 2014). However, the large- 
scale application of EOs or their derivatives raises concerns about 
their environmental impact (Ferraz et al., 2022). The ecological risks 
associated with their use, particularly the introduction of residues into 
aquatic ecosystems and their potential effects on non-target organisms, 
remain insufficiently studied. Therefore, further studies are required to 
assess the toxicity of EOs to ensure their integration into antimicrobial 
materials aligns with sustainability principles, thereby reinforcing the 
hypothesis of their safety (Ferraz et al., 2022; Mariotti et al., 2022).

4. Conclusions

This study demonstrates the antimicrobial potential of white thyme 
essential oil-modified montmorillonite (MtEW4) as an innovative addi
tive for waterborne paint formulations. The incorporation of EO into Mt. 
was successfully characterized through FTIR, XRD, TGA, and SEM/EDS 
analyses, confirming its effective retention and interaction with the clay 

Fig. 8. Photographic register obtained from the stereoscopic microscope (80×) of fungal resistance coatings test, t = 30 days and T = 28 ◦C.
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matrix. MtEW4 exhibited significant antimicrobial activity, particularly 
against bacterial strains, making it a viable alternative to conventional 
biocides like isothiazolinones. However, its fungal inhibition efficacy in 
paint formulations was limited, emphasizing the need for optimization 
strategies.

The antimicrobial paints with MtEW4 showed promising in-can 
bacterial resistance, particularly at lower PVC levels, but their fungal 
resistance was insufficient for in-film applications under the conditions 
tested. This limitation underscores the challenges of incorporating nat
ural products like EO into complex formulations. Strategies such as 
increasing the concentration of bioactive agents, using single active 
compounds instead of mixtures, or enhancing the release control 
through advanced encapsulation techniques could improve their 
performance.

Despite these challenges, the results highlight the potential of natural 
biogenic compounds as environmentally friendly alternatives to com
mercial biocides, aligning with the growing demand for sustainable and 
more eco-friendly solutions in coatings. Future research should focus on 
addressing formulation challenges, long-term stability, and scalability to 
enable their practical application in protective coatings.
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Organo-montmorillonite with biogenic compounds to be applied in antifungal 
coatings. Appl. Clay Sci. 184, 105369. https://doi.org/10.1016/j.clay.2019.105369.

Ferraz, C.A., Pastorinho, M.R., Palmeira-de-Oliveira, A., Sousa, A.C.A., 2022. Ecotoxicity 
of plant extracts and essential oils: a review. Environ. Pollut. 292, 118319. https:// 
doi.org/10.1016/j.envpol.2021.118319.

Freitas, E.D., Bataglioli, R.A., Oshodi, J., Beppu, M.M., 2022. Antimicrobial peptides and 
their potential application in antiviral coating agents. Colloids Surf. B: Biointerfaces 
217. https://doi.org/10.1016/j.colsurfb.2022.112693.

Gamba, M., Flores, F.M., Madejová, J., Sánchez, R.M.T., 2015. Comparison of imazalil 
removal onto montmorillonite and nanomontmorillonite and adsorption surface sites 
involved: an approach for agricultural wastewater treatment. Ind. Eng. Chem. Res. 
54, 1529–1538. https://doi.org/10.1021/ie5035804.
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