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A B S T R A C T

The use of mesoporous silica materials as new hosts for stabilizing isothiazolinone-based biocides was in-
vestigated. Two types of porous matrices were synthesized: SBA-15 mesoporous silica and mesocellular siliceous
foam (MCF). The physicochemical properties of the silicas (structure, textural properties) were evaluated by
SEM, TEM, XRD and adsorption/desorption of N2 in order to determine their ability to encapsulate, stabilize and
subsequently release a commercial biocide used for latex preservation (CMIT/MIT). CMIT/MIT consists of an
aqueous solution of the active ingredients CMIT (5-chloro-2-methyl-4-isothiazolin-3-one) and MIT (2-methyl-4-
isothiazolin-3-one), present in a CMIT/MIT: 3/1 wt ratio. It was observed that the biocide can be encapsulated in
both silica frameworks without suffering structural damage. The SBA-15 support exhibits a lower adsorption
capacity of biocide molecules than MCF, which may be attributed to both agreater MCF pore volume and pore
size. MCF has less hindered diffusion causedby a short channel length, which facilitates the biocide access to the
pores ofthe matrix. The long pore length of SBA-15 makes the diffusion of CMIT/MIT mixture more difficult.
Biocide release tests in aqueous media indicated that the CMIT/MIT concentration in the leaching solution
depends on the matrix nature, the smaller values being obtained when the ordered matrix was used.
Additionally, biocide delivery could be delayed by increasing the working pH from 7 to 9. Results showed that
biocide encapsulation allows maintaining a long-lasting release, even under alkaline conditions (pH 9), at which
the hydrolysis of non-supported CMIT occur. Several release tests at different temperature (318, 323 and 328 K),
were carried out for 20 days at pH 7. The biocide loading after the tests was reflected in the IR spectra, and it has
been corroborated that biocide encapsulation allows retarding the fast thermal decomposition of CMIT.

1. Introduction

Isothiazolinones are a class of broad spectrum biocides used to
control the growth of microorganisms such as bacteria, fungi and yeast,
and are generally employed for preserving different industrial for-
mulations. Compared to other biocides, isothiazolinones are very ef-
fective, fast-acting compounds for the inhibition of microbial growth
and metabolism, aside from being capable of controlling biofilm de-
velopment. These biocides are frequently used for the control of mi-
crobial growth in different industrial arrangements, such as cooling
water systems, industrial water treatment, oil extraction systems, fuel
storage tanks, pulp and paper mills, wood preservation, antifouling
agents, coating industry, personal-care and cosmetic industry, etc.
[1–3].

In the coating industry, isothiazolinones are included in water-
borne formulations such as paints for walls, printing inks, adhesives,

and sealants [4]. At first, during the manufacturing process, a fast
biocide action is necessary to reduce the great amount of microorgan-
isms present in the raw materials and industrial water. Then, in the
storage and transport stage, the biocide action must continue because
the acidic metabolic products of the remaining microorganisms could
reduce the pH, destabilizing the film-forming material emulsion. This
fact causes, in turn, different drawbacks, mainly malfunction of ad-
ditives, odor generation and poor film adhesion.

The commercial formulation most frequently used in the coating
industry for providing wet state protection is a 1.5 wt% aqueous solu-
tion containing both 5-chloro-2-methyl-4-isothiazolin-3-one (CMIT)
and 2-methyl-4-isothiazolin-3-one (MIT) in a CMIT/MIT= 3wt ratio
[5]. The MIT and CMIT structure is shown in Fig. 1.

The mechanism proposed for CMIT/MIT is based on its electrophilic
characteristics, which allow it to react with critical enzymes, inhibiting
growth and metabolism, leading to irreversible cell damage occurring
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after several hours. Therefore, CMIT/MIT is effective against aerobic
and anaerobic microorganisms because the key enzymes involved in the
inhibition process are present in both species [6].

Despite its effectiveness as a successful preservative, CMIT/MIT is a
strong sensitizer, producing skin irritation and allergies [7–9], and
could pose ecotoxicological risks [1]. Consequently, its use has been
restricted by EU legislation to limited concentrations depending on the
product type to be preserved [10,11].

This preservative generally displays excellent performance, but its
effectiveness has to be checked when it is included in a particular
product. Incompatibilities between constituents, thermal sensitivity
above 313 K, and instability in strong alkaline media (pH≥ 8) would
be the reasons for the decrease of its preservative properties [12].

In addition, during the storage and transport steps, the paint could
be subjected to high temperatures, leading to the biocide decomposi-
tion and consequently to the loss of its killing power. Without biocide in
the wet state of paint, the bacteria degrade organic materials (polymer
and cellulosic additives act as nutrients) generating gases (hydrogen
chloride, nitrogen oxides, sulfur oxides) that could cause rapid pressure
buildup in closed systems or cans. Then, maintaining the biocide release
beyond 313 K is an additional challenge. Kazeminski et al. [12,13],
monitored the aqueous degradation of isothiazolinones as a function of
temperature and pH. They found that the half-life for the first-order
decomposition of isothiazolinones was 4.6 days at 313 K and 0.48 days
at 333 K. As a function of pH, at 297 K the half-lives were 46 days at
pH=8.5, and 3.41 days at pH=9.62.

Recent studies about biocide encapsulations by adsorption onto
nanoporous inorganic materials indicate that this procedure could be
appropriate for obtaining a longer-term protection from micro-
biological attack [14–16]. The supported biocide could be slowly re-
leased because adsorption interactions between the adsorbate mole-
cules and the inorganic framework render the biocide more resistant to
leaching [17–20]. In this way, biocide encapsulation could be an en-
vironmentally friendly option because the incorporation of high initial
biocide concentrations to ensure long-term preservation would be
avoided [14–22].

Mesoporous silica nanocarriers can offer many advantages as ve-
hicles for controlled release, such as high surface area, well-defined and
tunable pore size. The most often used mesoporous silica-based vehicles
have been the SBA series [23–25]. In particular, SBA-15 is a meso-
porous material presenting unidirectional cylindrical pores and pore

volume of about 1 g/cm3. These properties favor adsorption processes
and the development of slow release formulations [26–31]. On the
other hand, mesocellular siliceous foam (MCF) is a mesoporous mate-
rial that consists of uniform cells and windows [32]. The uniform
windows interconnect the spherical cells forming a continuous three-
dimensional (3D) pore system [33]. It is known that the particle size
and morphology of the siliceous matrices, as well as the size, volume
and geometry of the pores, are all important parameters determining
the release rate of the incorporated molecules [34,35].

In the search for an enhancement of CMIT/MIT stability, in this
paper the biocide encapsulation in mesoporous materials SBA-15 and
MCF synthesized at our laboratory is proposed. The improvement of the
biocide stability was analyzed in terms of obtaining a delayed biocide
degradation, minimizing the disadvantages associated with hydrolysis
at high pH values and decomposition at temperatures above 313 K.

2. Experimental

2.1. Chemicals

The chemicals used in this study include triblock copolymer poly
(ethylene oxide)-poly(propylene oxide)-poly(ethyleneoxide) (Pluronic
P123, MW: 5800, Aldrich), tetraethyl orthosilicate (TEOS, 98%,
Aldrich), hydrochloric acid (HCl, 37%, Anedra), mesitylene (MES, 98%,
Aldrich) and a commercial aqueous biocide for latex preservation
composed of a mixture of 5-chloro-2-methyl-2H-isothiazol-3-one and 2-
methyl-2H-isothiazol-3-one (Rohm and Haas).

2.2. Synthesis of materials

SBA-15 mesoporous silica was prepared according to the metho-
dology described by Zhao [36]. In a typical preparation, 4 g of Pluronic
P123 block copolymer was dissolved in 4mL of 2M HCl aqueous so-
lution under stirring at 35 °C. Then, 8 g of TEOS was added dropwise to
the mixture, under stirring. The stirring was continued for 20 h. Sub-
sequently, the reacting mixture was heated to 80 °C for 24 h. The molar
composition used was 1TEOS:5HCl:0.018PEO:184H2O. The solid ma-
terial obtained was washed with water, dried at 120 °C, and calcined for
6 h at 540 °C. MCF was obtained employing a procedure similar to that
previously described for obtaining the SBA-15, differing in the addition
of mesitylene to the synthesis mixture [33]. The molar composition of
the gel was 1TEOS:1.15MES:5HCl:0.018PEO:184H2O.

2.3. Characterization

In order to determine the morphology and particle size of the ma-
terials, a Philips 505 scanning electron microscope (SEM) was used.
Transmission electron microscopy (TEM) was performed with a
JEOL100CX instrument operated at 100 kV. For the preparation of SEM
samples, a small amount of sample was placed on carbon tape and
sputter coated with gold. For the preparation of TEM samples, a small
amount of the sample was suspended in hexane before being deposited
on specific grids (400mesh copper grid covered with an ultrathin
carbon membrane of 2–3 nm thickness).

The X-ray diffraction (XRD) measurements were carried out on a

Nomenclature

Ce Equilibrium liquid phase concentration (mg/mL)
C0 Initial biocide concentration (mg/mL)
ΔG°ads Gibbs free energy of adsorption (kJ/mol)
ΔH°ads Enthalpy of adsorption (kJ/mol)
Kc Equilibrium constant for the adsorption process
kF Freundlich constant, (mg/g (mL/mg)1/n

1/n Freundlich constant
qe Equilibrium solid phase concentration (mg/g)
R Universal gas constant (8.314 J/(mol K))
R2 Regression correlation coefficient
ΔS°ads Entropy of adsorption (J/mol K)
T Temperature (K)
T Time (h)
V Volume of solution (mL)

Fig. 1. Methylisothiazolinone (MIT) and chloromethylisothiazolinone.
Chloromethylisothiazolinone (CMIT) structure.
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Rigaku Ultima IV diffractometer using CuKα radiation, with a scan
speed of 0.2°/min at 40 kV and 44mA, and a step size of 0.02° (2θ).

The adsorption-desorption nitrogen isotherms were determined in
Micromeritics ASAP 2020 apparatus at the temperature of liquid ni-
trogen (−196 °C) using a relative pressure range 0.01–0.99. Before
adsorption, samples were out-gassed by heating at 100 °C in vacuum,
with a pressure lower than 3× 10−2 mm Hg for 12 h. The
Brunauer–Emmett–Teller (BET) equation was used to calculate the
surface area [37]. The pore size distributions (PSD) of the solids were
obtained by the VBS macroscopic method [38] using the adsorption
branch data. The pore volume was taken at P/P0=0.989.

Shimadzu IRAffinity-1 Fourier transform infrared equipment, pel-
lets in KBr, and a measuring range of 400–4000 cm−1 were used to
obtain the FT-IR spectra. The samples were placed directly into the
chamber, and 48 scans were used for each spectrum.

2.4. Biocide load measurements

To evaluate the adsorption capacity of the materials, the SBA-15
and MCF samples were soaked in a solution of biocide in water (con-
centration 150mg/mL). It was proved that isothiazolinones are highly
soluble in water, preserving their structure in aqueous media. This was
the main reason for using water, the cheapest solvent, to prepare the
loading solutions. The resulting suspensions (20mg solid/mL liquid)
were left at ambient temperature, with stirring, for 6 h. The solid phases
were separated from the liquids by filtration and dried at room tem-
perature. The samples were named SBA15/bio and MCF/bio.

For the adsorption isotherm experiments, batch solutions of 100mL
with concentrations ranging from 10 to 30mg/mL of biocide were
mixed with 1 g of adsorbent and shaken for 6 h at room temperature.

In all cases, the equilibrium concentration of each solution was
determined by UV–vis spectroscopy at 274 nm (UV-1800 Shimadzu,
Japan).

2.5. In vitro biocide release

In order to determine the pH influence on the degradation of CMIT/
MIT when it was loaded into the matrices, release studies were carried
out by adding 0.2 g of the corresponding biocide-loaded sample
(SBA15/bio and MCF/bio) to 100mL of a pH controlled aqueous so-
lution, at room temperature and under stirring. Aqueous solutions at pH
values of 8.0, 8.5 and 9.0 were used. The pH values were adjusted by
adding an appropriate volume of a 0.1 N NaOH solution. The working
pH values were selected based on the fact that at present, in attempts to
improve rheological properties, some coatings are formulated at pH
higher than 8, probably inducing the hydrolysis of CMIT. Besides, the
assays were performed up to 14 days, preventing the occurrence of CIM
hydrolysis [39]. Aliquots of 3mL were removed from the mixture at
regular time intervals and replaced with fresh medium in order to
maintain sink conditions. The concentration of the biocide in the liquid
phase was determined using UV–vis spectroscopy. A release test at
pH=7 was carried out as reference. A release test under very ag-
gressive conditions (pH=9 and T=328 K, under stirring) was also
performed. Additionally, the presence of remaining CMIT molecules
after 20 days of release at 318, 323 and 328 K, at pH 7, was checked by
FTIR.

3. Results and discussion

3.1. Adsorbent characterization

SEM images of SBA-15 and MCF materials are shown in Fig. 2. The
SEM image showed that the SBA-15 sample consisted of rod-like sub-
particles of relatively uniform size, 1 μm in diameter and 14–16 μm in
length (Fig. 2a). On the other hand, a change in the morphology of the
particles was attained by adding mesitylene to the synthesis mixture.
The MCF sample exhibited spherical aggregates consisting of rounded
particles about 4–6 μm in size (Fig. 2b).

TEM images confirmed the two-dimensional hexagonal structure
(p6mm) of SBA-15-type materials and showed an ordered arrangement

Fig. 2. SEM images of SBA-15 (a) and MCF (b). TEM Images of SBA-15 (c) and MCF (d).
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of cylindrical pores (Fig. 2c). In the case of MCF, the structural reg-
ularity was completely lost. TEM images show interconnected dis-
ordered oval-shaped pores (Fig. 2d).

The X-ray diffraction results were consistent with the TEM images.
The powder X-ray diffraction patterns of both mesoporous silicas are
shown in Fig. 3. Sample SBA-15 clearly displays the characteristic d100
peak of SBA-15 structure at a 2θ value of about 0.98° and two smaller
reflections corresponding to d110 and d200, in agreement with the ori-
ginal report [36].

In sample MCF, there is a peak at a 2θ value of 0.76° indicating the
existence of the ultralarge mesopores. The increase in pore diameter
shifts the position of the (100) plane to 2θ lower values.

Adsorption and desorption isotherms of N2 on the silica materials
are shown in Fig. 4. All the studied samples exhibit Type IV isotherms
according to the IUPAC classification. The SBA-15 sample shows a type
H1 hysteresis loop, which is associated with mesoporous materials
consisting of well-defined cylindrical-like pore channels. [40]. Fig. 5
shows the mesopore size distribution curve calculated by applying the
VBS macroscopic method. A narrow pore size distribution with a mean
value of 6.1 nm is obtained from the desorption branch of the isotherm.
The BET surface area of SBA-15 is 578m2/g with a total pore volume of
0.48 cm3/g.

A very sharp desorption branch was recorded for MCF. Hysteresis
loops of this type are given by more complex pore structures in which
network effects are important. The very steep desorption branch ob-
served can be attributed either to pore-blocking/percolation in a
narrow range of pore necks or to cavitation-induced evaporation [41].

The textural characteristics of the synthesized solids are summar-
ized in Table 1. It could be noted that after biocide adsorption on both
SBA-15 and MCF, a significant reduction in the surface area, pore vo-
lume and pore size occurred.

3.2. Adsorption equilibrium of MIT/CMIT on mesoporous materials

The successful loading of biocide in mesoporous silica materials was
evidenced by the distinct decreased of pore diameters, pore volumes,
and BET surface areas after the MIT/CMIT mixture adsorption. The
percentage of biocide adsorbed for SBA-15 and MCF is shown in
Table 1.

The SBA-15 support exhibits a lower adsorption capacity of biocide
molecules than MCF, which may be attributed to both higher MCF pore
volume and pore size (Table 1). In addition, MCF has less hindered
diffusion caused by a short channel length, which facilitates the access
of the biocide into the pores of the matrix. The long pore length of SBA-
15 makes the diffusion of CMIT/MIT mixture more difficult. It is pos-
sible that the entrance of guest molecules to a determined level of pore
channels obstructs the subsequent adsorption. The results show that the
morphologies and pore sizes of mesoporous silica affect the loading of
guest molecules, which is consistent with our previous work [42,43].

The adsorption equilibrium isotherm is based on the mathematical
relationship between the adsorbed amount per gram of adsorbent (qe)
and the equilibrium solution concentration (Ce) at a fixed temperature
[44]. In this study the Langmuir and Freundlich isotherms in their
linear forms were applied to the equilibrium data of adsorption of MIT/
CMIT on SBA-15 and MCF (Table 2).

The Langmuir isotherm is valid for the monolayer adsorption of
solute from liquid solution and there was no interaction between the
adsorbed ions. It describes the adsorption onto the surface through
uniform energy, and no adsorption in the surface plane of the trans-
migration. Langmuir adsorption depends on the assumption that the
intermolecular forces decrease rapidly with distance. Adsorption takes
place at specific homogeneous sites within the adsorbent [45]. Con-
versely, the Freundlich equilibrium isotherm equation is an empirical
equation used for the description of multilayer adsorption with inter-
action between adsorbed molecules. The model is applicable to the
adsorption on heterogeneous surfaces by a uniform energy distribution

and reversible adsorption. The applicability of the Freundlich adsorp-
tion isotherm was assessed by plotting ln qe versus ln Ce. The magnitude
of the exponent 1/n gives an indication of the intensity of the adsorp-
tion or surface heterogeneity, becoming more heterogeneous as its
value gets closer to zero. If 1/n < 1, adsorption is a favorable physical
process [46].

3.3. Temperature effect on the CMIT/MIT adsorption capacity of
mesoporous materials

Fig. 6 show the adsorption isotherms of biocide according to the
Freundlich model. The isotherm constants and correlation coefficients
obtained for the isotherm models are summarized in Table 3. Freun-
dlich model gave the highest R2 values for the two adsorbents. There-
fore, this model is the best one to describe the data. The 1/n values are
lower than 1.0, suggesting that biocide is favorably adsorbed by the two
adsorbents and conducted by van der Waals forces [47].

The Gibbs free energy change ΔG° indicates the degree of sponta-
neity of the adsorption process. For significant adsorption to occur, the
free energy changes of adsorption, ΔG°, must be negative. The Gibbs
free energy change of the adsorption process was calculated by using
the following equations:

−ΔG°ads=−RT ln KC

The equilibrium constant for the adsorption process, KC (1) [48],
was evaluated at 298, 308 and 318 K (Table 4) and calculated with the
following equation:

1 KC=Ce/(C0− Ce)

The effect of temperature on the equilibrium constant is determined
as follows:

ln Kc= ΔS°ads/R− ΔH°ads/RT

The values of the slope−ΔH°ads/R and the intercept ΔS°ads/R from
Fig. 7 give standard enthalpy (ΔH°ads) and entropy (ΔS°ads) for the
adsorption of CMIT/MIT on the mesoporous silicas. The values of the
thermodynamic parameters (ΔG°ads, ΔH°ads and ΔS°ads) are listed in
Table 4.

The negative value of the free energy change (ΔG°) confirms the
feasibility of the adsorption process and also indicates spontaneous
adsorption of CMIT/MIT onto SBA-15 and MCF in the temperature
range studied. In all cases, the small positive values of the standard
enthalpy change (ΔH°) indicate that the adsorption is physical in nature
involving weak forces of attraction and is also an endothermic process.
The positive values of ΔS°ads show an irregular increase of the ran-
domness at the composite-solution interface during adsorption.

Fig. 3. XRD patterns of SBA-15 and MCF.
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3.4. Biocide release study

The release profiles of CMIT/MIT from SBA15/bio and MCF/bio at
different pH values were determined at room temperature. The influ-
ence of pH and the behavior according to the material type can clearly
be observed in Fig. 8.

As is shown in Fig. 8, the release rate for both materials exhibits two
steps; the first one is a fast delivery followed by a second stage where
there is a slower rate of delivery.

It is also observed that the CMIT/MIT concentration in the leaching

solution depends on the matrix type. MCF/bio showed a fast CMIT/MIT
release of 21–32 wt% only at 3 h for the fast delivery step (Fig. 8a) but
with residual activity since the biocide delivery percentage attained
55–65wt% at 14 days, depending on the working pH (Fig. 8b). Com-
pared to MCF, SBA-15 structure showed a slower release rate both short
and long release times (20–24%wt at 3 h for the fast delivery step,
reaching 42–52wt% at 14 days, Fig. 8c and d respectively). These

Fig. 4. Nitrogen adsorption/desorption isotherms of SBA-15 and MCF before and after biocide adsorption.

Fig. 5. Pore size distribution of SBA-15 and MCF before and after biocide adsorption.

Table 1
Textural properties of SBA-15 and MCF before and after biocide adsorption.

Sample S BET (m2/g) Pore vol. (cm3/g) Pore size (nm) % loaded

SBA-15 578+/− 2 0.48 6.1 –
MCF 713+/− 3 0.71 13 –
SBA-15/bio 247+/− 2 0.34 5.5 18
MCF/bio 261+/− 2 0.63 12.1 27

Table 2
Linear forms of the Langmuir and Freundlich adsorption isotherms used in this study.

Models Equations Parameters References

Freundlich ln qe= ln Kf+ 1/n ln Ce Kf, 1/n 46

Fig. 6. Equilibrium adsorption isotherms of MIT/CMIT on SBA-15 and MCF fitted to
Freundlich model.
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results suggest that these materials canbe used as potential hosts for
paint formulations. Then MCF/bio would be helpful in the first step of
coating manufacture, where rapid removal of microorganisms is re-
quired, and SBA-15/bio could be useful for controlled delivery over
long periods, i.e., in the product transport or storage stages. Then, the
textural properties, surface geometry and bulk porosity of siliceous
matrices are factors affecting or controlling the release of the biocide.
The release of CMIT/MIT from MCF/bio was higher compared to that of
SBA-15/bio, due to the pore characteristics of MCF structure. The slight
narrowing of SBA-15 pores could significantly retard the biocide de-
livery and also decreases the amount released. Regarding the influence
of particle size, it is supposed that pore lengths generally present in
these solids could be reduced when smaller sized particles are used.
Nevertheless, the pore shape and morphology of SBA-15 and MCF are
too different to establish a comparison in terms of particle size. For
determining the influence of the matrix particle size, it was necessary to
use particles presenting the same kind of mesoporous structure but
differing in size. We have done previous studies about this subject that
are detailed in ref. [43].

Regarding the pH influence, from the analysis of the curves pre-
sented in Fig. 8, it is also noted that for short times of delivery (24 h,
Fig. 8a), CMIT/MIT release from MCF/bio reached 45wt% at pH=7,
39 wt% at pH=8, 35 wt% at pH=8.5, and 34wt% at pH=9. At

14 days of the test, the CMIT/MIT release values reached 65, 62, 59,
54 wt% for increasing pH values, respectively. For SBA-15/bio (Fig. 8c)
at 24 h of the test, the CMIT/MIT percentages released were 36 wt% at
pH=7, 31 wt% at pH=8, 28 wt% at pH=8.5, and 27 wt% at pH=9.
At the end of the test (14 days, Fig. 8d), the CMIT/MIT release for in-
creasing pH values was 52, 49, 44 and 42 wt%. Therefore, it is clearly
seen that the two siliceous materials are capable of releasing the biocide
preferentially at lower pH of the medium. The retarded release ob-
served as the pH increased could be explained on the basis of strong
CMIT/MIT-mesoporous solid interactions as a result of van der Waals
forces and electrostatic interactions. Taking into account that the point
of zero charge of both matrices is evidenced at very low pH values
(which is about 4.3 [49]), the higher pH values of the leaching solution
would favor a balance of negative charges on the surface of siliceous
materials. Then, as the alkalinity of the medium increases, there would
be a greater availability of silanol groups that can interact with the
positive ring and methyl group of both biocide molecules (CMIT and
MIT). The ring and methyl group of the biocide contribute to stabilizing
the negative charge of the silica surface [43].

Fig. 9 shows the infrared spectra of SBA15/bio and MCF/bio at 318,
323 and 328 K after 20 days of the release test at pH=7. For the two
samples, regardless of the temperature used, asymmetric stretching
vibrations of SieOeSi at 1100 cm−1, symmetric stretching vibrations
from SieO bonds at 800 cm−1, and bending vibrations from SieOeSi at
456 cm−1 are clearly observed. The peaks around 960 cm−1 correspond
to noncondensed Si OH groups [50,51]. The broad band around
3400 cm−1 and the strong peak around 1630 cm−1 are due to the
stretching and bending vibrations of adsorbed H2O.

The biocide loading was reflected in the IR spectra by the presence
of the stretching vibration bands of CeH at 2940, 2890 and 886 cm−1,
and bending vibration bands of CeH observed in the range
1450–1390 cm−1. The band around 600 cm−1 is due to CeCl stretching
[52].

Fig. 9 corroborated the presence of biocide in SBA-15 and MCF. In
all cases, the shoulder around 670 cm−1 corresponding to CeCl
stretching appears in the FTIR spectra. This fact confirms the presence
of CMIT in the siliceous material still at temperatures higher than the
ones corresponding to its thermal decomposition. Then, biocide en-
capsulation allows retarding the fast thermal decomposition above 313.

On the other hand, the shoulder around 670 cm−1 corresponding to
CeCl stretching also appears after 20 days of the release test at pH=9
for both siliceous materials in FTIR analysis (Fig. 10). This fact confirms
the presence of CMIT in the SBA-15 and MCF beyond 14 days (time
suggested for CMIT hydrolysis to occur) [39]. It was also noted that
very aggressive test conditions (pH=9 and T=328 K) caused diffi-
culties in the control of CMIT/MIT release for the two materials. The
release rate began to accelerate from 12 days because of the structural
matrix degradation and, as expected, the percentage of release im-
mediately reached 100% (not shown). Clearly, the structured matrices
began to lose mass up to their completely destruction.

4. Conclusions

Isothiazolinone adsorption on the different siliceous matrices led to
a decrease in surface area and pore volume, indicating biocide ad-
sorption inside the mesopores. Additionally, the biocide original
structure was always preserved after the adsorption test.

Release tests in aqueous media indicated that the CMIT/MIT con-
centration in the leaching solution depends on the structural arrange-
ment of siliceous material, the higher values being obtained when
disordered matrices were used. Silicas presenting structural disordering
seem to be the most effective matrices for fast release, whereas ordered
matrices are more suitable for biocide encapsulation.

The stability of supported biocide in strong alkaline media and its
sensitivity to temperatures higher than 313 K were also studied. Results
indicated that higher pH values of test solutions slightly delayed the

Table 3
Parameters of the isotherm models.

Adsorbents Freundlich

Kf (mg/g(L/mg)1/n) 1/n R2

SBA-15 9.45 0.93 0.9818
MCF 62.33 0.65 0.9873

Table 4
Thermodynamic parameters for the adsorption of MIT/CMIT on SBA-15 and MCF silicas.

Sample T SBA-15 MCF

Kc 298 5.76 2.07
308 8.45 2.32
318 11.01 2.9

−ΔG°ads (KJ/mol) 298 4.34 1.8
308 5.46 2.16
318 6.02 2.67

ΔH°ads (KJ/mol) 25.6 13.2
ΔS°ads (J/mol K) 100.56 50.3
R2 0.9925 0.9627

Fig. 7. Plot of ln KC as a function of the reciprocal of temperature (1/T) for the adsorption
of CMIT/MIT on SBA-15 and MCF silicas.
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biocide delivery. Additionally, the test up to 328 K corroborated that
biocide encapsulation allowed retarding the fast thermal decomposition
of CMIT.

Results showed that the incorporation of CMIT/MIT into inert ma-
trices could be advantageous because the biocide encapsulation would

allow maintaining a permanent release, preserving its biocidal activity
even under conditions of temperature and pH at which the decom-
position and hydrolysis of CMIT occur. The results provide some evi-
dence that the biocidal compound could be released reducing en-
vironmental and human risks, improving the quality of the products.

Fig. 8. Release experiments from SBA15/bio and MCF/bio.

Fig. 9. FTIR analysis of loaded SBA-15 and MCF after 20 days of the release test at 318, 323 and 328 K (pH 7).
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