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ABSTRACT

Nay zeolite, an ordered, large pore molecular sieve pertaining to the FAU zeolite structural group, was studied as
a novel matrix for the efficient preparation of a supported isothiazolinone-based biocide, and the results were
compared to those corresponding to mesoporous silicas. To analyze the possibility of reducing the biocide
ecotoxicity by encapsulation, a commercial biocide used for latex preservation (CMIT/MIT) was incorporated in
the NaY zeolite structure by using two different methodologies: equilibrium adsorption (Zeo/Bio sample) and
impregnation by total wetting (Zeo/Impreg sample). In the corresponding release tests, despite the large dif-
ference in the initial biocide amount released, the shape of the curve is nearly the same for both methods.
Microbiological tests against fungi and bacteria were performed. The obtained results were compared to those
previously obtained using mesoporous ordered silica SBA-15 and mesoporous foam MCF matrices (mesoporous/
biocide samples named SBA-15/Bio, SBA-15/Impreg and MCF/Bio and MCF/Impreg respectively). For the
Staphylococcus aureus the results from agar well diffusion assay shows that the inhibition zone is about 64 mm
for Zeo/Impreg and about 55 mm for Zeo/Bio. As regards all the other materials, the inhibition zone does not
exceed 46 mm. In the case of Escherichia coli, Zeo/Bio and Zeo/Impreg have an inhibition zone of about 43 and
37 mm, respectively. No one of the other materials shows an inhibition zone larger than 30 mm. Zeo/Impreg
showed a greater inhibition zone against fungi (47 mm versus Chaetomium globosum and 53 mm versus
Alternaria alternata, respectively) than SBA-15 and MCF impregnated with biocide.

1. Introduction

recurrence but only for relatively short periods of time. The release of
the biocide is frequently uncontrolled, resulting in short biocidal pro-

Biocides are antimicrobial agents incorporated in different coating
formulations used to prevent microbial deterioration of materials and
products such as plastics, paint, paper, textiles, hygienic surfaces and
floors. It is well known that, in coated surfaces, the presence of biocide
molecules inhibits the growth of microorganisms, thus preserving both
the performance of the substrate material and its aesthetic appearance.
The common way to prevent biological growth on coated materials is the
direct addition of the liquid biocidal substances to the coating formu-
lation. A drawback of this procedure is related to the fact that biocides
can eliminate the presence of microorganisms and prevent their
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tection and large emissions to the environment.

During a long period of time, a variety of substances have been used
as biocides and antifouling agents with excellent outcomes. Neverthe-
less, some of them adversely affect the environment. For example,
tributyltin, usually used in antifouling paints, leads to the appearance of
malformations in non-target organisms [1,2]. Moreover, copper com-
pounds, which are biocides commonly used for antifouling marine
coatings, bioaccumulates in the internal organs of many species [3]. As
biocides undoubtedly are harmful substances for human health and
environment, a sensible reduction of the used amount of the biocidal
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component in a coating formulation as well as a longer duration of the
biocidal action would be desirable.

Isothiazolinones are fast-acting biocides: in particular, the chemical
mixture 5-chloro-2-methyl-4-isothiazolin-3-one/2-methyl-4-isothiazo-
lin-3-one (CMIT/MIT) has been widely used as disinfectant additive
for manufacturing a variety of products, i.e., household cleaning and
personal care products [4-6].

Moreover, CMIT/MIT is commonly used in the paint industry for the
formulation of hygienic paints. CMIT/MIT is very effective for pre-
venting microbial growth (bacteria, fungi and yeasts), being also able to
control the development of biofilms. The most frequently used com-
mercial formulation of isothiazolinones (BIO) for the preparation of
waterborne paints consists of an aqueous solution containing 1.5 wt% of
CMIT and MIT in a CMIT/MIT = 3 wt ratio [7]. The CMIT/MIT mixture
can cause skin irritation and allergies [8-11] and could present envi-
ronmental risks [4], being its concentration in commercial products
strictly regulated to 15 ppm in the European Union and South Korea
[12-14].

Recent studies on the encapsulation of biocides in nanoporous
inorganic materials and their use in the formulation of coatings indicate
that this procedure could be suitable to obtain a long-term protection of
those components of the paints susceptible to microbiological attacks.

When the liquid CMIT/MIT biocide solution is directly added to the
paint formulation, three mechanisms for the transport of biocide mole-
cules in exposed painted surfaces have been suggested, being the control
exerted by the diffusion through the water-filled pores [15]. In the case
of the CMIT/MIT biocide mixture, its low hydrophobicity and high
water solubility (compared to those shown by the different biocides used
nowadays) are the most important parameters that favor leaching. For
this reason, biocide encapsulation inside inorganic porous matrices of-
fers the possibility of an additional barrier that could effectively retard
leaching. This fact also implies the controlled antimicrobial action of the
adsorbate, avoiding the presence of high initial concentrations of
biocide [16-20]. As a consequence, reducing the quantities of biocide
needed to obtain an efficient antimicrobial effect has the added benefit
of reducing the amount of chemicals released into the environment and
thus any potential hazardous unwanted consequences.

In a previous work, we achieved the encapsulation of commercial
biocides in mesoporous materials such as SBA-15 and MCF [17,21].
These inorganic silicas were selected because of their successful use as
matrices for the controlled delivery of pharmaceutics [22-24]. On these
grounds, the addition to paint formulations of a commercial biocide
encapsulated in the aforementioned mesoporous matrices was success-
fully carried out and the corresponding biocidal activity was tested
against different microorganisms [25]. According to the obtained re-
sults, mesoporous silicas represent a promising approach to encapsulate
antimicrobials that enable long-lasting, controlled leaching. However,
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despite the excellent properties of these materials, their manufacturing
cost is usually high. On this basis, and taking into account the sizes of
CMIT and MIT molecules, i.e., 0.577 x 0.378 nm and 0.521 x 0.378 nm,
respectively (Fig. 1) [21], it can be inferred that such biocide com-
pounds could be adsorbed within the pore structure of zeolites such as
those belonging to the FAU type.

In such zeolitic structure, each unit cell contains eight supercages,
eight sodalite cages and 16 hexagonal prisms (Fig. 2). The diameters of
the 6-ring windows of the sodalite cages and of the 12-ring windows of
the supercages are about 2.4 A and 7.4 A, respectively. According to the
aforementioned dimensions and regarding the zeolite structure as a
molecular sieve, water molecules have no steric hindrance for entering
both the supercages and the sodalite cages, while CMIT/MIT molecules
may only be accommodated in the supercages. On this basis, this paper
reports the use of NaY zeolite as a cost-efficient matrix for supporting the
BIO commercial biocide, and its performance was evaluated both in
terms of biocide adsorption/desorption processes and antimicrobial
activity against bacteria (i.e., Staphylococcus aureus and Escherichia

) Supercage
Hexagonal prism

b

Sodalite cage

Fig. 2. Structure of faujasite, showing the structure of the supercage, the so-
dalite cage and the hexagonal prism.
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Fig. 1. 2D appearances of biocide molecules with relative dimensions.



L. Mardones et al.

coli) and fungi (i.e., Chaetomium globosum and Alternaria alternata). A
comparison with the efficiency shown by mesoporous materials in
similar conditions is also reported.

2. Materials and methods
2.1. Synthesis of zeolite Y

The hydrothermal synthesis of zeolite NaY was carried out in a closed
polypropylene vessel, at 100 °C, without agitation. The raw materials
used were NaOH (CarloErba, analytical reagent), commercial sodium
aluminate (36.5% w/w Al;03, 29.6% w/w NayO, 33.9% w/w Hy0),
sodium silicate (9.2% Na»O, 26.8% SiO,, 64% H,0) and distilled water.
The synthesis of the zeolite was carried out following the procedure
described by Robson [26]. The formula unit of the synthesized material
is Nasg[AlsSi1360384]: 250 H20. The obtained solid was labeled as
ZeoY.

2.2. Preparation of the biocide loaded samples

Two methods for preparing the biocide/support composite were
used.

2.2.1. Adsorption at equilibrium

Batch equilibrium tests were carried out for CMIT/MIT adsorption on
the prepared zeolite under stirring. Sample fractions of the liquid phase
were withdrawn at different times and then re-added to the batch in
order to precisely determine the residual concentration at the sampling
time and avoid any perturbation that could influence the equilibrium
conditions at the end of the experiments. The CMIT/MIT initial con-
centration was fixed at 200 mg/mL, whereas other parameters such as
adsorbent mass (0.2 g), stirring rate (120 rpm), solution volume
(100 mL) and solution temperature (25 °C) were kept constant. At the
end of the adsorption run, the biocide-loaded zeolite was dried at 25 °C
for 24 h. Dry solid product (sample Zeo/Bio) was then stored until
further use, whereas the collected eluate containing non-adsorbed
biocide was used for the estimation of biocide loading content of the
zeolite by using an UV-Vis spectrophotometer (PerkinElmer Lambda
35). The collected eluate containing non-retained biocide was scanned
at 274 nm, i.e., the characteristic absorbance wavelength of CMIT/MIT.
The amount of CMIT/MIT adsorbed at equilibrium, q. (mg/g), was
calculated by:

ge = (Co — Co)VIW

where C, is the initial concentration of biocide in the solution
(expressed in mg/mL), C, is the solution concentration of biocide at the
equilibrium (in mg/mL), V is the solution volume of the batch (in mL)
and W is the adsorbent weight (expressed in g).

2.2.2. Incipient wetness

CMIT/MIT was added dropwise to the sample, until total wetting of
the solid. The impregnated sample was dried at room temperature. The
resulting solid was called Zeo/Impreg.

2.3. Characterization

The synthesized NaY zeolite was characterized by X-ray diffraction
(XRD) using a Philips PW 1732/10 equipment (CuKa radiation, scanning
speed: 2°/min). The size and morphology of the zeolite particles were
observed by scanning electron microscopy (SEM) using a Philips 505
instrument. The material employed for sputter coating SEM samples was
Au. Nitrogen adsorption-desorption isotherms were determined with a
Micromeritics ASAP 2020 instrument at the temperature of liquid ni-
trogen (—196 °C). Before adsorption, samples were outgassed by heating
at 100 °C in vacuum (pressure lower than 3 x 1072 mm Hg) for 12 h.
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The models employed for calculating the specific surface area were the
Langmuir and the Brunauer-Emmett-Teller (BET) ones. The total pore
volume was calculated by the Gurvich’s rule at p/py = 0.9, while the
micropore volume was calculated by the t-plot method using the
thickness equation defined by Kruk, Jaroniec and Sayari [27]. Fourier
transform infrared (FT-IR) spectra were obtained with a Shimadzu
IRAffinity-1 spectrometer: samples were pelletized in KBr, and the
measurements were performed in the 400-4000 cm™! wavenumber
range.

2.4. Biocide release experiments

The release kinetics measurements of CMIT/MIT from Zeo/Bio and
Zeo/Impreg were performed in aqueous media at 25 °C. For this pur-
pose, 0.2 mg of the biocide-loaded adsorbent was soaked in 100 mL of
water under stirring.

Once the release test was completed (biocide concentration kept
constant in the release medium), the solid was recovered by filtration
and dried at room temperature. Then, the obtained samples (Zeo/Bio2
and Zeo/Impreg2) were put again in a biocide-free liquid medium, in
order to measure the feasibility of a further biocide release.

In all cases, the corresponding released concentration as a function of
time was determined by UV-Vis spectroscopy (PerkinElmer Lambda 35)
at 274 nm.

2.5. Antimicrobial activity

Agar well diffusion method was performed in order to assess the
antibacterial and antifungal activity of the prepared biocide-loaded
samples [28]. The investigated bacterial strains were Staphylococcus
aureus (ATCC 6538) and Escherichia coli (ATCC 11229), while the
investigated fungi were Chaetomium globosum (KU936228) and Alter-
naria alternata (KU936229). For comparative purposes, other porous
materials besides Zeo/Bio and Zeo/Impreg samples were evaluated. The
same two methods for incorporating biocide molecules as described in
Section 2.2 were used for SBA-15 and MCF mesoporous silicas samples.
The latter materials have already been microbiologically tested in a
previous work by using a different methodology [25]. The mesoporous
silica samples were named SBA/Bio and MCF/Bio whereas the biocide
was incorporated by the equilibrium adsorption method, while the
solids submitted to biocide impregnation by incipient wetness were
named SBA/Impreg and MCF/Impreg. Pristine porous supports that
were not loaded with biocide (ZeoY, MCF and SBA-15) were also tested.
In all cases, triplicates of each sample were performed. 7 mm diameter
wells were built in seeded agar plates and filled with 20 mg of the tested
samples. The culture media used for bacteria and fungi were Luria
Bertani Agar (LBA) and Malt Extract Agar (MEA), respectively. The
inoculum was adjusted to 106 UFC/mL for bacterial strains and to 105
spores/mL for the fungi. The plates were incubated for 24 h at 30 °C for
bacterial strains and for 48 h at 28 °C for fungi. Eventually, inhibition
zone diameters were measured: diameters <7 mm were considered
indicative of the absence of antibacterial and antifungal activity. Di-
ameters > 7 mm were considered indicative of the presence of anti-
bacterial and antifungal activity, while diameters around 7 mm were
considered only indicative of the presence of antifungal activity.

The corresponding statistical parameters were calculated using the
Infoestat program. Statistical analysis of the results was carried out
using a parametric method of analysis of variances (ANOVA) with
o = 0.05 and the Tukey test for comparison of means.

3. Results and discussion
3.1. Characterization

Fig. 3a shows the XRD pattern of the synthesized zeolite: the
diffraction peaks corresponding to NaY zeolite as reported in the
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Fig. 3. X-ray diffraction patterns of (a) ZeoY, (b) Zeo/Bio and (c) Zeo/impreg.

literature are clearly observed [29]. All the same peaks appear in the
biocide-loaded samples (Fig. 3b and c). In the latter case, no additional
peak is detected. However, a decrease in intensity of almost all peaks is
observed after biocide incorporation.

Fig. 4a shows a SEM image of the synthesized zeolite, where the
typical morphology of this material can be observed, consisting of par-
ticles of about 0.3-0.5 pm originating from compenetrating tetrahedral
crystals [30]. Fig. 4b and c show the SEM image of Zeo/Bio and
Zeo/Impreg, respectively. It can be observed that, with respect to ZeoY,
there is no change in morphology.

ZeoY, Zeo/Bio and Zeo/Impreg were analyzed by FTIR (Fig. 5). The
characteristic bands of FAU structures are observed in the spectrum of
ZeoY [29]. Moreover, in the spectra corresponding to loaded materials
(Zeo/Bio and Zeo/Impreg), the absorption bands of the isothiazolinone
structure are clearly detected. Indeed, bands at 2940, 2890 and
886 cm ™! (assigned to the C-H stretch vibration), in the range of
1450-1390 cm ™! (attributable to the C-H flexion) and at 600 cm ™! (i.e.,
the band corresponding to the stretching of C-Cl) can be observed [17,
25,31]. These results prove that biocide molecules retain their chemical
integrity after being adsorbed.

The Ny adsorption-desorption isotherms of ZeoY and Zeo/Bio are
reported in Fig. 6 (for the Zeo/Impreg sample, the N, adsorption-
desorption test was not significant because the pores were entirely fil-
led with biocide molecules). Both isotherms, as can be expected from
microporous zeolitic structures, fall into the IUPAC Type I classification
[32]. The textural characteristics of the prepared solids are summarized
in Table 1. The Langmuir specific surface area values were 525 m?/g for
ZeoY and 441 m?/g for Zeo/Bio, while the corresponding BET specific

surface areas proved to be 473 and 386 m2/g, respectively. The total
pore volume of ZeoY is 0.194 cm®/g, whereas it is 0.162 cm®/g for
Zeo/Bio. Actually, loading ZeoY with biocide molecules caused a
decrease of the total pore volume of about 0.03 cm®/g. Contextually, the
micropore volume of ZeoY decreased from 0.177 to 0.143 cm®/g, i.e.,
the loading procedure with biocide molecules also lowered the micro-
pore volume of about 0.03 cm®/g. This can be considered an indirect
proof that biocide molecules are specifically loaded inside the micro-
pores of the zeolitic support.

3.2. Adsorption and controlled release

After adsorption, different biocide amounts were found in the sam-
ples. For Zeo/Bio, the percentage of adsorbed biocide turned out to be
24.2% of the amount initially present in the solution, while the biocide
content present in the Zeo/Impreg sample is 1.9 g per gram of zeolite.

The percentages of adsorbed biocide (adsorption at equilibrium) by
the mesoporous materials reported in a previous work were 18% and
27% for SBA-15 and MCF, respectively [25]. As both materials are quite
similar in nature (pure silica networks), their dissimilar adsorbed
quantities were attributed to differences in textural properties [17]. In
the case of the Zeo/Bio, the percentage of adsorbed biocide is 24.2%,
although the pore diameters are smaller than those present in meso-
porous silicas. The higher amount of biocide adsorbed by the zeolite
with respect to those adsorbed by the examined mesoporous materials
seems to be related to the corresponding surface areas. For comparison,
the more important textural properties of the latter materials and their
biocide adsorption capacity are summarized in Table 2.
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Fig. 4. SEM micrographs of (a) ZeoY (magnification x 10,000), (b) Zeo/Bio (magnification x 10,000) and (c) Zeo/Impreg (magnification x 10,000).
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Table 1
Fig. 7 shows the biocide release profiles for Zeo/Bio and Zeo,/Impreg Textural properties of ZeoY before and after biocide adsorption.
samples over a period of 15 days. The biocide amounts released from the Sample  Spangmuir SpET Total Pore Vol. t-plot Microp. Vol.
two samples are significantly different. An initial, steep release of (m?/g) m?/g) (em®/g) (em®/g)
biocide from both samples occurred at short times (<1 h), while the ZeoY 525 473 0.194 0.177
percentage of released biocide after 15 days is 51 wt% for Zeo/Impreg Zeo/ 441 386 0.162 0.143
Bio

and 8 wt% for Zeo/Bio. Despite the large difference in the released
biocide amount, the shape of the curve is nearly the same for both
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Table 2
Textural properties of mesoporous materials before and after biocide adsorption.
Sample Sper (M%/g) Total Pore Vol. (cm®/g) Loaded %
SBA-15 578 0.48
MCF 713 0.71
SBA/Bio 247 0.34 18
MCEF/Bio 261 0.73 27
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Fig. 7. Biocide release profiles from Zeo/Bio and Zeo/Impreg.

samples. As the biocide loading is different in the two samples, the
adsorbate fraction remaining weakly adsorbed to the solid in the Zeo/
Impreg sample should be notoriously higher than that in Zeo/Bio, which
would account for the dissimilarity in the amounts of biocide released by
both samples at the beginning of the delivery.

Analyzing the biocide release profiles of Zeo/Bio2 and Zeo/Impreg2
(Fig. 8), a behavior similar to that shown by the first release test is
observed, although the amounts released by Zeo/Bio2 and Zeo/Impreg2
are considerably lower than those released by Zeo/Bio and Zeo/Impreg.
Nevertheless, the supposedly exhaust carriers prove themselves to be
able to release an additional fraction of their payload once put again in a
biocide-free liquid medium.

Compared to mesoporous silica [17], zeolite-based samples show a
slower release rate in the second stage of their release profiles. The
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Fig. 8. Biocide release profiles from Zeo/Bio2 and Zeo/Impreg?2.
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second stage of the delivery curve is attributed to the desorption of the
biocide molecules localized in the microporous channels. If the inter-
action between the biocide molecules and the zeolite framework is
stronger than the interaction between the biocide molecules and the
mesoporous materials, then the release will be more difficult. Indeed,
adsorption phenomena on zeolitic surfaces (that contains both Al and Si)
could be very distinct than those on pure silica matrices. In other words,
the diffusive processes that occur in zeolites are different from those that
occur in mesoporous solids not only because of different pore sizes, but
also because of very different adsorbent-adsorbate interactions. The
arrangements of aluminate and silicate tetrahedra in the zeolite frame-
work, as well as the presence of the alkaline cations, define a cage po-
tential and a particular crystal field distribution that determine an
electrostatic adsorbent-adsorbate interaction. In NaY =zeolite, the
framework surface is essentially made of exposed oxygen atoms. The Si
and Al atoms are located below such oxygen atoms, which are fully
accessible to adsorbate molecules. Moreover, these negatively charged
oxygen atoms, whose polarizability depends on the presence of Al and Si
atoms, regulate the van der Waals adsorbent-adsorbate interactions. It is
also known that not all the compensating Na cations are located in
accessible sites. Then, the positive charge of the compensating cations
[33,34] and the electrophilic nature of the biocide molecules are also
responsible for the attraction forces dominating the biocide retention
inside the zeolite framework [35]. On this basis, the interaction between
biocide molecules and zeolite surface is supposed to be stronger than the
interaction between biocide molecules and the surface of mesoporous
materials, allowing a higher biocide retention and thus hindering its
release.

3.3. Antimicrobial activity test

The results from agar well diffusion assay are shown in Fig. 9.
Generally, bacteria and fungi show significantly different sensitivities to
the examined products, S. aureus being the most sensitive in the first
group and A. alternata in the second one. Non-loaded MCF and SBA-15
have some activity against S. aureus, but it is significantly lower than
that of same solids loaded with biocide. Significant differences are also
observed in the light of the different methods used for the incorporation
of biocide molecules in the solids. Indeed, Zeo/Bio generally shows
smaller inhibition zones when compared with Zeo/Impreg. Wider in-
hibition zones can be related to a higher lixiviation of the biocide from
the sample. Zeo/Bio and Zeo/Impreg show a wider inhibition zone for
both bacteria with respect to all the biocide-loaded SBA-15 and MCF
samples. As regards both the tested fungi, Zeo/Impreg performs better
than Zeo/Bio, SBA/Bio, SBA/Impreg and MCF/Impreg.

Fig. 10 shows photographic images of the Petri dishes used for the
microbiological tests involving Zeo/Bio and Zeo/Impreg. These images
were taken at 24 h for the assays against bacteria and at 48 h for the
assays against fungi. It can be noted that the pristine zeolite has no in-
hibition effect against microorganisms and that Zeo/Impreg generally
shows the best performance against microbiological agents.

4. Conclusions

The results showed that CMIT/MIT biocide mixture retains its
chemical integrity after being adsorbed inside the pores of a FAU-type
zeolite. The incorporation of CMIT/MIT in zeolite NaY could be ad-
vantageous because of the proved feasibility of controlling the biocide
release profile by changing the structure of the carrier. Compared to
mesoporous silicas, the structure of zeolite NaY would allow maintain-
ing a slower and sustained biocide leaching. The chosen zeolite was
loaded with CMIT/MIT by two different methodologies and showed a
better activity against the tested bacteria with respect to mesoporous
materials. The biocide-impregnated zeolite also showed better inhibi-
tion properties against fungi with respect to biocide-impregnated SBA-
15 and MCF. These findings claim a deeper insight into the possibilities
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of preserving the activity of biocidal additives and thus prolonging the
protection paints in liquid state. Indeed, it seems that it is possible to
design a microbiocidal active formulation that provides slow-release by
simply adsorbing the active substance onto the surface of a carrier (i.e., a
zeolite) showing a relatively low biocide desorption rate. Moreover, the
same carrier could also act as a filler for the preparation of coatings.
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