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In this study, a series of new epoxy/clay nanocomposites (ECN) has been prepared and characterized in order to investigate
the properties and compare the effect of the unmodified Moroccan clay on the structure and properties of the composite
materials. Five natural clays have been used to reinforce the neat epoxy resin with 1% wt and 5% wt achieving the clay
dispersion only through strong milling and mechanical stirring without previous organic modifications of the clays. The
quality of clay dispersion in the epoxy matrix and the morphology of nanocomposites have been studied by transmission
electron microscopy (TEM), environmental scanning electron microscopy (ESEM), and X-ray diffraction (XRD). The
mechanical and thermal properties have also been investigated. The antimicrobial activity of the nanocomposites has been
tested against E. coli and S. aureus in order to evaluate their applicability as advanced antimicrobial materials. The results
showed that the epoxy/crude clay nanocomposites exhibited a high inhibition action attending 99% against both bacteria

in the case of the clay labeled A5.

1. Introduction

In recent years, one of the most intriguing topics concerning
polymer nanocomposites is the design and preparation of
materials exhibiting improved and/or new properties for a
variety of applications [1]. There has been enormous interest
from industries for the manufacturing and commercializa-
tion of nanocomposites for applications in aerospace [2],
automotive [3], packaging [4, 5], electronics [6], and other
industrial sectors [7, 8]. These materials also showed a
potential use as solution for energy and environmental issues

[9]. Nanocomposites are materials based on the combination
of a selected matrix and nanodimensional phases. Thus,
different materials have been used for their preparation.
Among them, polymer nanocomposites containing inorganic
nanoscale particles homogeneously dispersed into selected
polymer matrices have been extensively investigated and
used [10]. The typical nanofiller is clay, but graphite, single-
and multiple-wall nanotubes, nanoscale silica [11], and
titania [12] have also been investigated. Epoxy resins, exten-
sively used in a wide variety of industrial applications, exhibit
weak mechanical properties, thus requiring support through
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TaBLE 1: Mineralogical, chemical composition, and physical properties of the clay samples.
Al A2 A3 A4 A5

Mineralogical Qz, Kaol, Qz, Kaol, Qz, Kaol, Qz, Kaol, Qz, Kaol,
composition Chl, II/Musc, Chl, 1I/Musc, Chl, 1I/Musc, Musc, I, 1,

1I/Sm, Py, Cal 11/Sm, Py, Cal Py, Cal Feld, Cal, Dol Goe
Chemical composition (% wt)
Sio, 54.50 53.60 53.60 42.60 62.70
TiO, 0.85 0.84 0.87 0.44 0.79
ALO, 27.4 26.5 26.00 11.00 21.30
Fe,0, 4.89 5.61 5.95 2.32 4.95
MnO 0.07 0.13 0.12 0.04 0.11
MgO 1.76 2.05 2.19 3.29 0.84
CaO 0.31 0.69 1.02 18.80 0.33
Na,O 1.24 1.50 1.68 0.82 0.87
K,O0 1.92 2.10 2.06 1.30 1.67
P,0; 0.23 0.18 0.17 0.24 0.06
L.O.L 6.65 6.58 6.15 18.70 6.12

Qz: quartz; Chl: chlorite; Il/Musc: illite/muscovite; Kaol: kaolinite; Py: pyrophyllite; Fld: feldspars; Cal: calcite; Dol: dolomite; Goe: goethite; I1/Sm: illite/smectite.

nanoscale blending with other synthetic polymers, fibers, or
inorganic materials [13]. However, the improvement of
epoxy/clay nanocomposite (ECN) properties depends not
only on the concentration of clay but also on its dispersion
quality and adhesion in the polymer matrix [14]. Only a
few hydrophilic polymers such as poly(ethylene oxide) and
poly(vinyl alcohol) can be miscible with clay nanolayers
[15]. Therefore, clays are usually organically modified with
cationic-organic surfactants [16] in order to make them
compatible with organic polymers and to improve their dis-
persion into the matrix. Clays can be intercalated with several
organic and inorganic species [17, 18] including ethylenedia-
mine [19], ammonium [20], or phosphonium ions [21, 22].
Other authors studied different dispersion methods using
an ultrasonic mixing procedure or mechanical blending
[23-25]. The dispersion of a sufficient quantity of nanoclays
can significantly improve the mechanical properties of the
material compared to those of the neat epoxy polymers in
pristine form [26-28] and increase heat resistance achieving
a combination of new optical, electrical, thermal, and biolog-
ical properties [29].

Inorganic materials with antibacterial properties attracted
significant attention for application in biomedical devices or
in antimicrobial packaging and items in daily use [30]. There-
fore, the preparation of epoxy/clay nanocomposites with
antimicrobial activity can be of interest [31, 32]. Recently,
the antibacterial activity of polymer nanocomposites with dif-
ferent fillers has been studied. For instance, the addition of
Na-montmorillonite in some composites, such as chitosan/P-
VOH films, resulted in 40% growth inhibition of E.coli [33]
while epoxy resin nanocomposites with copper-modified
clays exhibited antibacterial activity against both Gram-nega-
tive and Gram-positive bacteria [34-36]. In general, this
activity was found in nanocomposites containing modified
clays with cationic systems [37] or metal ions such as copper
[35] and silver [38, 39].

To our knowledge, even if it was reported that some raw
clays have bactericidal activity against both Gram-positive
and Gram-negative bacteria [40-44], and against antibiotic-
susceptible and antibiotic-resistant bacterial pathogens [45],
no publications on the antibacterial activity of epoxy/clay
nanocomposites with unmodified clay have been reported.

In this study, new epoxy/clay nanocomposites containing
1% wt and 5% wt of natural clay with a sufficient dispersion
were prepared, although in the absence of organic modifica-
tions and only through strong milling and mechanical
stirring.

The mechanical and thermal properties of the composites
together with the antibacterial activity have been studied in
order to evaluate their applicability as advanced antimicro-
bial materials.

2. Material and Methods

This section is aimed at describing the materials used in the
experimental program, their preparation, and the methods
used for the characterization of their mechanical and antimi-
crobial properties, which were carried out following the
methods used in Ref. [35], where the antibacterial activity
of multifunctional Cu”*-montmorillonite/epoxy resin nano-
composites was studied.

2.1. Materials. With the aim of the valorization of some local
raw materials from Morocco, five clay materials noted as A1,
A2, A3, A4, and A5 from different regions and with different
compositions were collected to be used as filler in the
preparation of epoxy nanocomposites. Before their use, the
clays were dried at 60°C, crushed and sieved at 80 ym, and
characterized by different techniques [46]. The data concern-
ing the chemical composition are reported in Table 1. A
diglycidyl ether of bisphenol A epoxide (DGEBA, Elan-tech
EC157) and the mixture of cycloaliphatic amines (Elan-tech
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W 152LR), both supplied by Elantas, have been used as
polymer precursors.

2.2. Preparation of Epoxy/Clay Nanocomposites. The nano-
composites using the sieved fraction were prepared through
mechanical dispersion by mixing the epoxy resin with the
unmodified clays. Specifically, epoxy formulations contain-
ing 1 and 5% by weight of clay were considered. Initially, a
measured amount of unmodified 80 ym sieved clays (Al,
A2, A3, A4, and A5) was added to the diglycidyl ether of
bisphenol A epoxy in a flask. The dispersion process was
performed at room temperature under constant magnetic
stirring (900 rt/min) for about 18hrs until the dispersion
was homogeneous. Then, the curing agent (the mixture of
cycloaliphatic amines) was added under magnetic stirring
according to the stoichiometric ratio from the supplier’s
datasheet (3 :1 = epoxide/amine wt/wt). The reacting mixture
was degassed for 20 min after the addition of the hardener to
remove the air trapped within the blend. Finally, the obtained
mixture was casted onto open silicon molds to be cured at
room temperature for 24 hours and then in an oven at 60°C
for 6 hours. The samples of epoxy clay nanocomposite have
been identified as ECp,, where E was the epoxy, C referred
to the clay, and P was the percentage of used clay.

2.3. Characterization and Mechanical Properties of
the Nanocomposites

2.3.1. Fourier Transform Infrared Spectroscopy. FTIR spectra
of the clay powders were obtained on a Nicolet Avatar 320
spectrophotometer as KBr pellets. For each sample, 32 scans
were recorded in the range 4000-400cm™ in the transmit-
tance mode with a resolution of 4cm™. ATR-FTIR spectra
on the polymeric materials were collected with a Nicolet
Nexus 5700 instrument at 23°C and 35-45% RH (10 reflec-
tions, ZnSe crystal).

2.3.2. X-Ray Diffraction. Powder and nanocomposite XRD
analyses were carried out with a PANalytical X'Pert Pro
diffractometer equipped with a Co X-ray tube (operating at
40kV and 40 mA) and a real-time multiple strip (RTMS)
detector (X’Celerator). The diffraction profiles were collected
over the 20 range of 2.6-85°, with a virtual 20 step size of
0.017° and a counting time of 100 s/step.

2.3.3. Environmental Scanning Electron Microscopy. The
microanalysis and morphology of the samples have been
studied by ESEM (Quanta 200 FEI-XRF embedded). The
samples have been observed directly on cross sections
obtained by brittle fracture at the temperature of liquid
nitrogen.

2.3.4. Transmission Electron Microscopy. The morphology of
the nanocomposites was studied by transmission electron
microscopy (TEM) with a JEM 2000 EX-II (Jeol, Japan)
microscope, at 120kV. 120nm thick films were obtained
by cutting the samples with a PT-PC Power Tome
ultramicrotome at room temperature (RMC Boeckeler
Instruments, USA).

2.3.5. Mechanical Properties. Tensile tests on dog-bone (DB)
specimens were carried out taking advantage of a MTS809
servo-hydraulic machine equipped with a 2.5kN load cell
using a crosshead speed equal to 2mm/min and with a
MTS 632.29F-30 extensometer. The specimen geometry
was chosen according to the ISO 527-2 suggestions [47]. Five
specimens were tested for each clay content in order to obtain
statistical representative results. In all cases, failure took place
in the gauge length of the specimens. Fracture tests were car-
ried out on compact tension (CT) specimens of which the
geometry and size comply with ASTM D5045-99 suggestions
[48]. According to previously reported procedures [49-51],
after demoulding, specimens were precracked by manual
tapping, obtaining artificial short cracks. Then 10 mm long
cracks were obtained by loading the tapped samples with
some zero-to-tension fatigue cycles. For each composite, five
specimens were tested. Experimental results were rearranged,
and for each test, the value of K|~ was determined starting
from the crack length and the fracture load, according to
ASTM D5045 [48].

2.3.6. Thermogravimetric Analysis. TGA were performed on
a TGAQ 5000 thermogravimetric analyser, TA Instruments,
under air atmosphere: 15-20 mg of the samples were heated
from 25°C to 900°C under air atmosphere with a heating rate
of 10°C/min.

2.3.7. Zero Surface Charge Determination. By using the solid
addition method [52], the zero surface charge characteristics
of the epoxy/clay nanocomposites were determined. In a
series of 50 ml of 0.1 M KNOj; solution, the pH,, values were
adjusted to 2, 4, 6, 8, and 10 by adding either 0.1 M HCI or
0.1M NaOH. Then, one gram of crushed specimens was
added to each flask. The suspensions were then manually
shaken and allowed to equilibrate for 48 h with intermittent
manual shaking. The final pH values of the supernatant lig-
uid were noted. The difference between the initial pH (pH,)
and the final one (pHy) values (pH = pH,, — pH;) was plotted
against the pH,,. The point of intersection of the resulting
curve with abscissa, at which pH =0, gave the pH,,.

2.4. Antimicrobial Activity

2.4.1. Antimicrobial Activity of the Raw Clays. The antimicro-
bial activity of clays has been determined against Escherichia
coli (E. coli) TCC 8739 and Staphylococcus aureus (S. aureus)
ATCC 6538P, selected as examples of Gram-negative and
Gram-positive bacteria as recommended by ISO 22196 [53]
following the procedure previously reported [35]. Both bac-
teria were cultured overnight at 35°C onto Tryptic Soy Agar
(TSA) before use and diluted in Nutrient Broth (NB) 1:500
with distilled water in order to obtain suspensions containing
10°-10® cells/ml, suitable for the experiments. Sterilized clays
(1 g) were introduced into 800 yl of NB containing the initial
pathogen inoculum, and the mixtures were incubated at 35°C
for 24h. Positive controls for growth of bacteria in the
absence of clays were carried out together with each series
of experiments. In addition, negative controls were per-
formed in order to ensure that the clay samples maintained
sterilization during storage. After incubation, the mixtures



were subjected to successive 10-fold dilutions in distilled ster-
ilized water and quantitatively cultured in duplicate onto
TSA plates to determine the number of viable bacteria. Viable
cell counts are expressed as log;,cfu per 800 pl.

2.4.2. Antibacterial Activity of the Nanocomposites. The
surface biocidal capacity of the nanocomposites has been
evaluated against E. coli ATCC 8739 and S. aureus ATCC
6538P according to ISO 22196 and OECD guidelines [53,
54] and following the procedure previously described [35].
Each strain microbial testing was performed in triplicate: 6
specimens of neat epoxy resins were used as control (3 for ¢
=0 and 3 for t = 24 hours) and 3 samples of each nanocom-
posite were tested. The samples were treated with a sterilizing
UV irradiation, then an area of 4cm?® was coated with 50 ul
(12.5 yl/cm®) of suspension of diluted bacteria in NB con-
taining 10°-10 cells and incubated for 24 hrs at 35°C. The
bacteria were recovered by adding 10ml of soybean casein
digest with lecithin and polysorbate neutralizer broth
(SCDLP) and 10-fold serial diluted in phosphate-buffered
physiological saline solution. Then, 1 ml of each dilution
was put into Petri dishes with 15ml of Molten Plate Count
Agar (PCA) and incubated at 35°C for 40 hrs (all the platings
were performed in duplicate). Results were expressed as the
number of units forming colonies (cfu) per cm?, and the
percentage of inhibition was calculated with the equation
established in the standard test method ASTM E2149-01
[55] comparing data with reference samples.

3. Results and Discussion

3.1. Natural Clay Characterization. The fractions below 80
um of unmodified clays used as raw material have been firstly
characterized to obtain an overview of their characteristics
and properties [46]. The results, collected in Table 1, revealed
their mineralogical and chemical composition. All the sam-
ples contained quartz, kaolinite, micas (mainly illite and/or
muscovite), and expansible minerals (such as mixed layers,
smectite, or vermiculite) associated with other clays and non-
clay minerals. For A1, A2, and A3, chlorite, pyrophyllite, and
calcite were also present; A4 contained feldspars, calcite, and
dolomite while A5 had goethite. The chemical compositions
of the five Moroccan clays showed that the powders had a
high content of silica due to the presence of quartz and other
silicates, together with alumina. K,0, MgO, and Na,O were
present in small quantities, and their amounts were associ-
ated with the occurrence of illite, chlorite, feldspars, and
mixed layers in agreement with the mineralogical composi-
tion. Iron can be incorporated into clays minerals as oxides
and hydroxides, as observed for AI, A2, A3, and A5. Only
A4 contained an important amount of CaO (18.80% wt)
and the highest content of MgO, according to the occurrence
of calcite and dolomite. A5 was characterized by the highest
content of SiO, (62.70% wt) and the lowest amount of
MgO, which explained the high quartz content and the
absence of chlorite. It should be noted that Al and A4 have
been recently used to prepare geopolymers [56].
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FiGURE 1: XRD spectra of clays A2 and A4 and of the corresponding
nanocomposites EA2,, and EA4,,,. chl: chlorite; mica: illite and/or
muscovite; pyr: pyrophyllite; ka: kaolinite; mix-1: mixed layers.

3.2. Epoxy/Clay Nanocomposite Characterization. A few
publications described the preparation of epoxy/clay nano-
composites with the incorporation of unmodified clay [57]
or minerals [58]. Herein, we studied the dispersion of some
natural clays in the absence of organic modification within
the epoxy resin matrix and described the chemical and phys-
ical characterization of the nanocomposites.

The FTIR spectra (Figure SI.1) resulted in being slightly
modified with respect to the spectrum of the pristine epoxy
resin (the strong absorptions of Vecuromatio Vecoo Yono
and Vo ethers and v oxirane were present at 1508,
1239, 1104, 1032, and 827 cm', respectively) along with an
increased broad band at 3392cm™ of the OH stretching of
Si-OH and Al-OH and of the hydroxyl groups present in
the epoxy matrix [35, 36]. Only in the case of EA4 was a
broadening of the signal at 1450 cm™ observed due to the
presence of a strong and broad signal in A4 at 1430cm™ of
calcite.

In Figure 1, selected XRD spectra (Figure SL2) of the
nanocomposites have been reported. The spectra exhibited
the signals corresponding to the crystalline phases of the
original clay. No clear evidence of the presence of
intercalated systems could be observed, reasonably due to
the use of raw clays, without previous pretreatment with
organic components.
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FiGure 2: ESEM images of the fracture surfaces of epoxy/clay nanocomposite specimens with 5% wt clay content (scale bar 50 ym).

ESEM analyses of the fracture surfaces (Figure 2)
revealed a homogeneous distribution of the clay in all epoxy
resin nanocomposites even with 5% wt of clay content with
some agglomeration of the particles, which were distributed
along the brittle fracture surface up to a size of few microns,
particularly in the EA2 and EA4 samples. Micrographs
showed the silicate layer penetration in between the epoxy
network, as well as the different paths of the crack, particu-
larly for EA3 where the higher amount of phyllosilicates
[46] could lead to a better intercalation in the composite.
The clay particles reasonably acted as obstacles causing the
crack. Liu et al. [59] reported that more than one toughening
mechanism usually occurs in the epoxy/clay system such as
shear yielding of the matrix, crack deflection (evidenced in
the EAI, EA2, EA4, and EA5 samples), micro voiding, and
debonding between the clay and epoxy (as observed for
EA3) [60].

TEM analyses (Figure 3) showed some exfoliated and
intercalated structures (in particular for the samples bearing
5% of clay) together with a bigger stack of platelets dispersed
inside the epoxy matrix. Composite EA3.,, displays the smal-
lest clay agglomerates with exfoliated fragments compared
with the other samples, in agreement with the suggested
effect of the higher phyllosilicate content on the intercalation.

3.3. Thermal Stability of the Nanocomposites. In Figure 4, the
thermograms of the nanocomposites have been shown, and
in Table 2, the onset temperature of thermal degradation
and the percentage of residue after thermal degradation have
been reported. It could be observed that the incorporation of
unmodified clays decreased to some degrees (from 319°C to
about 315°C) the thermal degradation onset in the presence

of 1% of clay and about one degree more in the presence of
5% wt for AI-A4. In the case of A5, an increase up to 325°C
was observed for 1% of clay, but a decrease to 310°C for
5%. This behavior could be in principle explained by the
low level of intercalation within the nanocomposite and by
a catalytic effect on the thermal degradation of the epoxy
matrix of the metal oxides (in particular iron oxide) in the
clays [61].

3.4. Mechanical Properties of the Nanocomposites. The effect
of the weight content of nanoclay on the nanocomposite
strain to failure (ey), tensile strength (og), and Young’s
modulus (E) is shown in Figure 5. In particular, it was evident
from Figure 5(a) that the addition of 1% wt of nanoclays to
the epoxy resin always resulted in an increase of the strain
to failure. Such an increase was limited, in the case of A2
and A3, whereas it was pronounced for Al, A4, and A5. A
reverse trend could be noted, instead, in the case of 5% wt
clay nanocomposites, which exhibited a strain to failure
almost equal or lower than that of the neat polymer. Similar
to the results for the strain to failure, as reported in
Figure 5(b), the incorporation of a low amount of unmodi-
fied clay (1% wt) allowed the tensile strength o, to be
considerably improved (from 59.99 to 68.77, 67.60, 70.51,
and 76.10 MPa in the case of EAI,,, EA2,,, EA4,,, and
EA5,,, respectively, when compared to neat epoxy resin).
The increase of the weight content (from 1% to 5% wt) gave
a decrease of o for AI, A2, and A3, whilst nanocomposites
EA4,, and EA5;, still preserved an enhanced tensile
strength. The decrease of the tensile properties while increas-
ing the clay loading (5%) was in agreement with the results
previously reported for epoxy resins in the literature [35,
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F1Gure 3: TEM images of selected nanocomposites containing 1% wt and 5% wt of clay loading.
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F1GURE 4: TGA of neat epoxy and epoxy/clay nanocomposites with (a) 1% wt and (b) 5% wt of clay loading.

36,49-51]. The obtained results showing that a small amount
of unmodified clay (1%wt) allowed the improvement of
strain to failure and tensile strength of the nanocomposites
indicated a good dispersion of the clays, in particular in the

case of A5. This effect could be attributed to the large interfa-
cial interaction between the matrix and the clay, the aspect
ratio of the dispersed clay particle, and the nanometer scale
clay particle dimension. It is noteworthy that here an
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TaBLE 2: Residue of neat epoxy and epoxy/clay nanocomposites after thermal treatment until 900°C.

Sample Neat epoxy resin EAI,, EAl.,

FA2,, EA2,, EA3,, EA3., EA4,, EAd4,, EA5,, EA5,,

Onset of thermal degradation (°C) 319.36 315.24 314.25 314.19 313.85 315.13 315.44 316.60 315.01 325.24 310.80
Initial weight (mg) 17.73 21.06 1766 2329 16.81 20.14 17.03 21.52 22.72 17.67 21.13
Residue (mg) 0.076 0.275 1.200 0.349 0.826 0.073 0491 0.131 0903 0.773 0.771
Residue (% wt) 0.48 1.31 6.80 1.50 491 0.36 2.89 0.61 3.98 3.38 4.65
14
~ 12 9,74 :
g 78 = 0 76,10
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FIGURE 5: Strain to failure (a), tensile strength (b), and Young’s modulus
wt loading of A1, A2, A3, A4, and A5 clays.

improvement of mechanical properties was observed at a
lower value (1% wt) of clay content with respect to the
amount often considered necessary for a reinforcement of
the nanocomposite (3%) [61, 62]. It should be noted that
comparable results have been reported for the epoxy/clay
nanocomposite bearing an interpenetrating PEO network,
where the best mechanical properties have been obtained
with 1% wt clay (MMT) content [63].

As evident from Figure 5(c), the addition of unmodified
clays had a detrimental effect on the elastic modulus, E
except for EA4,,,.

>

3.5. Fracture Tests. As far as fracture tests are concerned, 5
CT specimens were used for each material configuration
and the results for K, in terms of average values are reported
in Figure 6. It is noteworthy that, different from tensile prop-
erties, the mode I fracture toughness presented a monotonic

(c) of neat epoxy and epoxy/clay nanocomposites with 1% wt and 5%

increase with the filler content increase (except for the A5
nanoclay), in agreement with the behavior reported in the
literature [64]. Based on the experimental results, the most
effective toughening clay was A3, which allowed the epoxy
resin fracture toughness to be increased from 0.96 MPam®~
(neat polymer) to about 1.22 for filler content of 1% and up
to about 1.35MPam’’ with a weight fraction of 5% of
nanoclays.

3.6. Point of Zero Charge (pH,,.). The point of zero charge is a
very important characteristic that allows to determine the pH
at which the material has net electrical neutrality. In Figure 7,
the plots of ApH (pH,-pHs) vs. pH, are reported. The point
of zero charge for neat epoxy was found to be 6.2 and that of
epoxy/clay nanocomposites prepared with 1% of A1 (EA1,,,),
A4 (EA4,,,), and A5 (EA5,,) were 6.9, 7, and 6.7, respec-
tively, whereas those of EA2,,, and EA3,,, had approximately
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F1GURE 6: Effect of the nanomodification of the epoxy resin on the
fracture toughness. The mean value and the scatter band of the
values for neat epoxy is given by the black solid and dashed lines,
respectively.

the same pH,,, of neat epoxy. By increasing the concentra-
tion of clay particles from 1 to 5% wt, the pH,,. remains in
the same order with a variation of 0.1 units. It was observed
that pH,. of neat epoxy was lower than that of EA4 nano-
composites, and it was higher than that of EA1 nanocompos-
ites. This variation in pH, could be related to the difference
in the surface functional groups of the materials, in particular
OH and NH on the epoxy resin. They can interact in different
ways and extent with the complex mixture of metals present
in the raw clay materials, thus depending on their composi-
tion. It should be noted that in the case of EA4 composites,
bearing a higher carbonate content, pH,,. resulted in an
increase in comparison with the neat epoxy resin.

3.7. Antimicrobial Activity of Clays and Nanocomposites. The
emergence of an increasing number of antibiotic-resistant
strains of bacteria has significantly boosted the research for
new antibacterial materials. In particular, some intriguing
studies have been recently reported concerning natural clays
[38-44]. As for natural clays AI-A5, the data concerning
their activity against E. coli and S. aureus have been collected
in Figure 8. We observed that all clays under investigation did
not show bacteriostatic or biocidal activity against E. coli,
while a biocidal activity corresponding to a reduction of
22% of units forming colonies was observed in the case of
Al and A3 and 24% for A2 against S. aureus. The activity
resulted in being lower (7%) in the case of A4, while for A5,
the reduction was significantly higher (42%).

The antibacterial activity of the epoxy polymer loading
natural clays has been established by measuring the growth
inhibition of selected bacteria in comparison with the con-
trols. The results have been collected in Table 3. The presence
of clays AI, A2, and A3 in the epoxy clay nanocomposites did
not induce any bacteriostatic activity against E. coli either at
1% wt or 5% wt compared to neat epoxy resin; on the con-
trary, a moderate antibacterial activity could be observed
against S. aureus in the case of A2 and A3. EA4 showed an
antibacterial activity against either E. coli or S. aureus
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depending on the clay amount: the killing percentage of
EA4,,, against S. aureus was 99.88%. The highest antibacte-
rial activity against E. coli was observed for EA5,, and
EA5,,, whereas against S. aureus, EA4.,, EA5,,, and
EA5.,, registered the highest effects (killing percentage of
EA5,,, against E. coli and S. aureus raised up 99.86% and
99.99%, respectively).

For nanocomposites loaded with AI, A2, and A3, our
hypothesis is that the presence of chlorite and a high amount
of AL,O; and Na,O could cause the antibacterial activity in
particular against S. aureus, which has a much less compli-
cated cell wall structure than Gram-negative bacteria and
lower dimension than E. coli [65], thus being more sensible
to biocidal systems (reported diameter of S. aureus 0.5-
1 pm; length of E. coli 1.5-2 ym). As for the biocidal activity
of nanocomposites containing A4 and A5, it could be
explained with the high content of calcium (for A4) and iron
(for A5), in agreement with the data reported in the literature
[41, 66]. The occurrence of low-ordered iron mineral phases
(goethite) in A5 enhances the solubility of iron compared to
silicates and crystalline oxides. The improvement of the
activity of nanocomposites with respect to the free clays
could be explained with the availability of a support for bac-
teria adhesion which could improve the contact with bacteri-
cidal clays and the surface. The EA5 surface had also the
farthest pH value with respect to the nutrient broth (6.8),
enhancing possible electrical interaction with the negative
cell wall of bacteria, whereas for EA4, the nutrient medium
sustained carbonate dissolution and then Ca, Mg (possibly
also Fe®") solubilisation. The results are in agreement with
some observations previously reported concerning nano-
composites exhibiting antimicrobial activity for which two
mechanisms are proposed: activity of surfactant release from
the clay and the action of the solid surface [67, 68].

It is noteworthy that the biocidal activity of the nanocom-
posites described here is comparable with the data reported
for nanocomposites loading silver ions, which are the most
used bactericidal agents [69, 70]. As an example, TiO,/Ag"
exchanged montmorillonite in polyacrylic latex coatings pro-
duced an antibacterial effect at 1% wt content [69], and a sim-
ilar effect was reported for silver-embedded epoxy/clay
nanocomposites at 2.5% wt content [38].

4. Conclusion

The data described here showed that it is possible to obtain
epoxy resin nanocomposites even when using suitable
unmodified natural clays, if strongly milled and using exclu-
sively the thinner fraction. TEM analysis indicated that par-
tially intercalated systems could be achieved. The most
intriguing results have been represented by the improvement
of the mechanical properties in the presence of 1% wt of clay
and of the onset temperature of thermal degradation in the
case of 1% wt of A5.

Furthermore, biocidal activity against S. aureus was
observed for all the nanocomposites, and in the presence of
A4 and A5, the antimicrobial action was evidenced also
against E. coli even in the presence of a low amount of clays.
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FiGure 8: Biological activity of the natural clays AI-A5 against E. coli and S. aureus.
TaBLE 3: Antibacterial activity of epoxy/clay nanocomposites against E. coli and S. aureus.

Ech Control EAI EA2 EA3 EA4 EA5

: 1% 5% 1% 5% 1% 5% 1% 5% 1% 5%
E. coli
cfu/50 ul 1.6+ 10° 5.5%10° 5.8%10° 1.5%10° 2%10" 18x107 6.7%10° 1.9%10* 1.1=x10* <10  2.24 % 10
cfu/fem®  4%10* 1.4%10° 1.5%10° 3.8%10° 5%10° 45%10° 1.7%10° 4.75%10° 2.7 % 10° <10 56
% kill — — - - - - - 88.12 93.12 99.99 99.86
S. aureus
cfu/50ul  1.9%10° 1.5%10° 105%10° 2.9%10° 73%10° 3.1%10° 3.1x10° 8.9%10° 228x10° 1.9%10° 1.9 10
cfu/em®  4.8%10° 3.8%10° 3.8%10° 7.3%10"° 1.8%10° 7810 7.8%10* 2.24%10° 5.7 % 10 47.5 47.5
% kill — 20.83 20.83 84.79 62.5 83.75 83.75 87.78 99.88 99.99 99.99

These results suggest further investigating the direct
influence of the single components of the natural clays on
the thermal, mechanical, and biocidal properties of the com-
posite, in order to analyse the metal ion release kinetics and
verify the antimicrobial effect at a longer term with the aim

to modulate the characteristics of the nanocomposites for
practical and industrial application, paying particular atten-
tion to the preparation of new antimicrobial materials, pro-
viding an alternative to surface modification or coating
technologies.
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Data Availability

The FTIR spectra of the neat epoxy resin, and EA4,, and
EA5., nanocomposites together with the XRD spectra of
Al, A3, and A5 clays and the corresponding nanocomposites
(5% wt) used to support the findings of this study are
included within the supplementary information file(s).
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Supplementary Materials

The FTIR spectra of the nanocomposites resulted in being
slightly modified with respect to the spectrum of the pristine
epoxy resin (Figure SI 1 A: the strong absorptions of V.
matic’ VCCOC’ VCN’ and vCOCethers and vCOCoxirane were present
at 1508, 1239, 1104, 1032 and 827 cm’’, respectively) along
with an increased broad band at 3392 cm™ of the OH stretch-
ing of Si-OH and AI-OH and of the hydroxyl groups present
in the epoxy matrix [35, 36]. In the case of EA4.,, a small
broadening of the signal at 1450 cm™ was observed due to
the presence of a strong and broad signal in A4 at 1430 cm™
of calcite (Figure SI 1 B). FTIR spectra of raw epoxy resin
and of EA5,,, are quite similar to each other. In Figure SI 2,
the XRD spectra of A1, A3, and A5 and of the corresponding
nanocomposites EAl,,, EA3,,, and EA5.,, are reported. The
spectra exhibited the signals corresponding to the crystalline
phases of the original clay. No clear evidence of the presence
of intercalated systems could be observed, reasonably due to
the use of raw clays, without previous pretreatment with
organic components, and to the presence of a low amount of
phillosilicates in the raw clays. (Supplementary Materials)
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