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Abstract

In this work, the one-pot sol-gel synthesis of novel siliceous matrixes doped with carbon from spent batteries is
reported. The obtained solids with silver nitrate were characterized by their antifungal activity against Aspergillus sp.,
Cladosporium sp. and Chaetomium globosum, three well-known cellulolytic microorganisms responsible for the deterior-
ation of cotton fabric. In this research it was possible to develop a methodology for the impregnation of cotton fabrics
(brin type) and to evaluate the antifungal efficacy. Cotton fabric containing the highest amount of carbon showed the
highest antifungal activity against C. globosum and Aspergillus sp. This may be because as the amount of carbon in the silica
increases, there is an increase in the surface area that facilitates an effective distribution of the active phase to act,

inhibiting the fungal growth.
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Microorganisms can attach and grow on materials
resulting in biofilm formation and corresponding bio-
deterioration under appropriate conditions. Cotton
fabric bio-deterioration by microorganisms is consid-
ered harmful to human health, especially in healthcare
centers where acquired infections are one of the leading
causes of death.'? In this regard, there is a great inter-
est in the development of antimicrobial textiles and
polymers that are able to protect against all major
pathogens.*> As a result, several compounds have
been studied due to their antimicrobial activity; parti-
cles based on metals, such as Ag, Cu, Zn and
Au, among others, have been used as coating in differ-
ent materials, granting promising antimicrobial proper-
ties.® ' Several methods have been used to produce Ag
nanoparticles, which are incorporated into matrices for
specific applications.''!?

Cotton fabric modification by nanostructured coat-
ings allows obtaining new materials, in which the prop-
erties of the bioactive particles are transferred to the
fabric surface. Chitin, for instance, is a high molecular
weight biopolymer whose poor water solubility

represents its main drawback when applied in textile
finishing (which is performed usually from aqueous
media).'*'* The cotton fabrics were treated by using
the pad-dry-cure process, which consists of the applica-
tion of bioactive particle solution on cotton fabric by
simple dipping, a quite successful strategy when it
comes to adhesion and retention of original colors.'> !’

Silver nanoparticles have shown antimicrobial activ-
ity against a wide range of microorganisms, and as a
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consequence a vast number of works on silver
nanoparticles can be found in the literature.'®* The
number of reports on green methodologies and bioac-
tive plant-based products® is interestingly growing.
Other silver-based nanomaterials have been reported
and their biological action mechanisms have been
studied; a remarkable case is the one reported by
Budama et al.”® who reported the fabrication
of silver-containing reverse micelle cores of a (poly-
styrene)-block-(polyacrylic acid) copolymer synthesized
by atom transfer free radical polymerization.
Exploring new strategies to integrate the antimicro-
bial activity of silver-based nanomaterials and the ben-
efits it would bring into fabric modification is of special
interest, as well as the possible incorporation of
recycled waste materials.””-*® In this work a new meth-
odology to reuse the materials contained in batteries
as carbon and metal oxide containing matrixes is
presented. Spent alkaline and zinc—carbon batteries
were collected from CICPBA Campus in the City of
La Plata, Argentina. Most of these batteries were AA
size.”’ The experimental methodology presented in this
work complies mostly with the principles of Green
Chemistry.’® The aim of this research is to obtain
a siliceous matrix doped with carbon from waste bat-
teries, which is also functionalized with 3-aminopropyl-
triethoxysilane (APTES)*'*?> and impregnated with
silver nitrate in order to obtain antimicrobial solids.
The prepared solids were characterized by energy dis-
persive spectroscopy—scanning microscope micro-
scopy (SEM-EDS), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR) and N,
adsorption—desorption (Sger). One of the synthesized
solids was selected to finishing cotton fabrics by the
pad-dry-cure method.** Finally, the antifungal activity
of this fabric was assessed against Aspergillus sp. and
Chaetomium globosum, obtaining promising results.

Experimental procedure
Synthesis of silica by the sol-gel method

Synthesis of silica-carbon. It should be noted that the
source of carbon was zinc-carbon batteries. These
were first separated and then manually dismantled.
Dismantling products such as plastic films, ferrous
scrapes and paper pieces were discarded.?’ The solids
were obtained by the sol-gel method, under an N,
atmosphere. Tetraethylorthosilicate (TEOS) (Aldrich,
98% purity) was used as the precursor for silica, glacial
acetic acid (AcH, Anedra) as the catalyst and absolute
ethanol (EtOH, Baker 99.9%) and distilled water as
solvents. The TEOS/AcH/EtOH/H,O molar ratios
were 1:1:5:4, in all syntheses. During the gelation of
the silica, certain amounts of carbon were incorporated

Table I. Nomenclature and composition of samples

NOMENCLATURE SAMPLE COMPOSITION

KHA Pure silica

KIHA Silica with 0.1%(w/w) of carbon

K2HA Silica with 1.0% (w/w) of carbon

K3HA Silica with 10.0% (w/w) of carbon

KHAf Pure silica functionalized with
APTES in |:] molar ratio

KITHAf Silica with 0.1%(w/w) of carbon
and functionalized with APTES
in 1:1 molar ratio

K2HAf Silica with 1.0%(w/w) of carbon
and functionalized with APTES
in 1:1 molar ratio

K3HAf Silica with 10.0%(w/w) of carbon
and functionalized with APTES
in 1:1 molar ratio

KHAfAg KHAf+ 1% (w/w) of Ag

KIHAfAg KIHAf+ 1% (w/w) of Ag

K2HAfAg K2HAf+ 1% (w/w) of Ag

K3HAfAg K3HAf+ 1% (w/w) of Ag

KHAf2Ag KHAf+2% (w/w) of Ag

KIHARAg KITHAf+2% (wiw) of Ag

K2HAfAg K2HAf+2% (w/w) of Ag

K3HARAg K3HAf+2% (wiw) of Ag

APTES: 3-aminopropyltriethoxysilane.

(Table 1). The carbon added, without treatment, was
milled with a ball mill and then sieved with a mesh of
200. The obtained mixture was stirred for two hours
and dry at room temperature for one week.

Functionalization with 3-aminopropyltriethoxysilane. In the
second stage, a certain number of the samples of
silica obtained (1 g) were contacted with a solution con-
taining 25 mL of ethanol and 0.25 mL of APTES
(Aldrich). All the components were stirred for 15 min,
then filtered and dried in flask at 100°C. It is important
to note that there was no carbon leaching.

Impregnation with silver nitrate. The samples were subse-
quently impregnated by the incipient wetness technique
with silver nitrate (Aldrich 99.9%), resulting in 1 and
2% (w/w) of Ag in the dry solids.

Characterization of the synthesized samples

The acidic properties of the materials were assessed
through a potentiometric titration with n-butylamine.
The solid sample (0.05g) was suspended in acetonitrile
(90 mL) for 3 h and then titrated by adding 0.025 mL/min
of m-butylamine solution in acetonitrile (0.05N) in
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a pH/mV/°C based on a microprocessor 211 Hanna
Instruments pH, using a combined pH electrode.

The nitrogen adsorption/desorption isotherms at
77K of the solids were determined by using
Micromeritics ASAP 2020 equipment. The solids were
degassed for 700min at 100°C and under 30 um Hg
vacuum. From the isotherms it was possible to deter-
mine the specific surface area (Sggt).

XRD analysis was performed with a Philips model
PW-1390 (control channel) and PW-1394 (motor con-
trol) chart recorder with built sweep. Cu Ka radiation
was used (a=1.5417 A), a nickel filter, 20mA and
40kV high voltage source, a scanning angle (20)
between 5° and 60°, a scanning rate of 2°/min and
amplitude of the vertical scale at 2000 counts/s.

FT-IR spectra were obtained using Bruker Vertex 70
equipment, including the sample in a KBr pellet
(Aldrich, 99 wt% FT-IR purity). Measurements were
made in a range between 400 and 4000 cm . Two hun-
dred scans were collected at a resolution of 4 cm ' and
averaged.

Scanning electron microscopy and energy dispersive
spectroscopy (SEM-EDS) were used, SEM was performed
to obtain solid micrographs using a Philips Model 505,
working at a potential of 15 kV, on samples supported on
graphite and gold. The images were obtained with an
ADDAII acquirer with a Soft Imaging System.

Assessment of antifungal activity

The microorganisms used were Aspergillus sp.,
Chaetomium globosum and Cladosporium sp., which
were selected based on their cellulolytic ability deter-
mined in agar plate assays. Both Aspergillus sp. and
Cladosporium sp. were previously isolated from bio-
deteriorated fabrics by conventional microbiological
techniques, while C. globosum belongs to the
CIDEPINT culture collection.*® Subcultures of cited
fungi were performed in Petri dishes. From these, the
inoculums were obtained using a solution of 0.85% p/v
NaCl and 0.005% p/v Tween 20; the concentration of
the suspension was adjusted employing a Neubauer
chamber to 10° spores/mL. The composition of the
culture medium used was 1.5 g agar Parafarm, 1 g dex-
trose (Anedra, analytical reagent), 0.5 g proteose pep-
tone (OXOID), 0.1g KH,PO, (Anedra, analytical
reagent), 0.05g MgSO,4.7H,O (Anedra, analytical
reagent) and distilled water. The agar plate assays
were carried out at different silver concentrations of
60 and 120 ppm. The Petri dishes were inoculated in
the center with 20 pL of spore suspension with three
fungi per triplicate. The plates were incubated at 28°C
for 10 days. With the obtained results, the inhibition
percentage (1%) was calculated according to equation
(1), where C and E correspond to the average diameter

of each fungus in the control plate and on the plate with
the tested solids, respectively.''** Three measurements
of the fungal growth diameter were made in each plate
and the standard deviation was determined

Inhibition (%) = [(C — E)/C] x 100... (1)

Finishing of cotton fabrics

Based on the antifungal assessment, only the sample
K3HAf2Ag was chosen to be applied on cotton fabric
(brin type), using the pad-dry-cure method.">** The
size of the cotton fabric used was 30 mm x 30 mm
(length x width). A sol consisting of 120 and 240 ppm
of sample with a reactive organic—inorganic binder was
used. This method included full immersion at 20°C for
10 min. Then, it was dried at 40°C for 2h and finally
cured for 1 h at 140°C.

Fabric antifungal activity assay

The antifungal activity of the K3HAf2Ag-treated
cotton samples was estimated against Aspergillus sp.
and C. globosum according to the modified DIN
53931 standard method, using synthetic nutrient-poor
agar (SNA), consisting of 1 g of KNO3 (Mallinckrodt,
analytical reagent), 1 g of KH,PO4 (Anedra, analytical
reagent), 0.5g of MgS0,4.7H,O (Anedra, analytical
reagent), 0.5 g of KCI (Cicarelli, pro-analysis), 0.2 g of
saccharose (Anedra, analytical reagent) and 20g of
technical agar (Parafarm) per 1L of distilled water.
On ecach SNA plate, 100uL of a spore-suspension
were spread. The inoculated plates were incubated at
29°C, for 24h. Later, the cotton fibers samples
(30 mm x 30 mm) were placed on the medium and incu-
bated at 29°C for 14 days. The degree of fungal growth
was ordered in eight grades from 00 to 5, as follows:
(00) indicates no growth; 0 indicates fungal growth out-
side an inhibition zone surrounding the cotton speci-
men; (0) indicates fungal growth up to the edge of
specimen; (1) indicates fungal growth only on and
below the edge of the specimen; (2) indicates fungal
growth on and below less than 25% of the specimen;
(3) indicates fungal growth on and below 25-75% of
the specimen; (4) indicates fungal growth on and below
more than 75% of the specimen; and (5) indicates
100% overgrowth of the specimen.'

Results and discussion

Silica synthesized samples with different concentrations
of carbon (Table 2) became homogeneously darker
with increasing the amount thereof (Figure 1), main-
taining a glassy gel structure in all cases.
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Figure 2 shows the Langmuir adsorption isotherms,
Type 1. This type corresponds to a monolayer adsorp-
tion. The amount adsorbed increases with P until
reaching a limit value corresponding to the coating of
the surface by a monolayer. It is the characteristic iso-
therm of a chemisorption process only. The isotherms
of this type correspond to microporous solids.

Table 2. Chemical composition, acid properties (E;) and Sggr of
the synthesized materials

Samples [C] %WIW Einicial (MV) Sger (m?/g)
KHA 0 157.9 390.3
KIHA 0.1 148.3 338.1
K2HA 1.0 144.9 402.6
K3HA 10.0 129.2 457.6

KHA: pure silica; KIHA: silica with 0.1% (w/w) of carbon; K2HA: silica
with 1.0% (w/w) of carbon; K3HA: silica with 10.0% (w/w) of carbon.

The adsorption limit is determined, to a greater
extent, by the accessible volume versus the pore size.

The isotherms of the solids are coincident and the
SgeTt values correspond to the carbon aggregates. For
the minimum amount of carbon (K1HA) there is a
decrease in the surface area, which may be due to
small agglomerates in the silica matrix. For the others
two amounts of carbon (K2HA and K3HA isotherms),
the matrix diffusion silica Sggt achieves an increase of
solids (Figure 2).

In Figure 3, the FT-IR spectra exhibited bands of
original silica and silica with different amounts of
carbon content. The IR spectrum of silica (KHA)
showed four absorption bands at around 1200, 1080,
800 and 460 cm !, which are characteristic of this
oxide.*> The bands at 1200 and 1080 cm ' are assigned
to asymmetric stretching modes of the Si-O-Si bond
and the vibration at 800 cm ' is associated with the
symmetric stretching of the Si-O-Si bond or vibrational
modes of ring structures. At lower wavenumber values,

Figure 1. Aspect of the synthesized samples: (a) pure silica; (b) silica with 0.1%(w/w) of carbon; (c) silica with 1.0% (w/w) of carbon;

(d) silica with 10.0% (w/w) of carbon.
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Figure 2. N,/77K adsorption isotherms of (a) pure silica (KHA),

silica with 0.1%(w/w) of carbon (KIHA) and (b) silica with 1.0%

(w/w) of carbon (K2HA), silica with 10.0% (w/w) of carbon (K3HA).



Katerine et al.

829

(@)

KHA

K2HA

_\/————N\\//v’\\/ K3HA

T
3500

Transmittance (a.u.)

Transmittance (a.u.)

T T T T T T
4000 3000 2500 2000 1500 1000 500 0

Wavenumber (em )

KHAT

K3IHA

T T L] 1 L] 1
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (em™)

Figure 3. Fourier transform infrared spectrum of the synthesized samples: (a) pure silica (KHA), silica with 0.1%(w/w) of carbon
(KTHA), silica with 1.0% (w/w) of carbon (K2HA), silica with 10.0% (w/w) of carbon (K3HA) and (b) pure silica functionalized with 3-
aminopropyltriethoxysilane in I:1 molar ratio (KHAf), silica with 0.1%(w/w) of carbon and functionalized with 3-aminopropyl-
triethoxysilane in I:1 molar ratio (KIHAf), silica with 1.0%(w/w) of carbon and functionalized with 3-aminopropyltriethoxysilane in 1:1
molar ratio (K2HAY), silica with 10.0%(w/w) of carbon and functionalized with 3-aminopropyltriethoxysilane in 1:1 molar ratio

(K3HAS).

the 460 cm ' band is assigned to the Si-O-Si bending
mode, although it may be associated with defects
caused by non-symmetric links.*®

Three additional bands characteristic of silica
obtained by the sol-gel technique, in the ranges 3600—
3000, 1640 and 950 cm ', were observed. The charac-
teristic broad band, in the range of 3600-3000 cm !, is
assigned to the stretching vibrations of water molecules
with bridged-hydrogen bonds and silanol groups (OH
and SiO-H) on the surface of the silica.’” The second
band (1640 cm™') is assigned to the molecular water
deformation and this results from the angular deforma-
tions of O-H in H,O (H-O-H). There is a small band
near 1650 cm ', which may be due to residual ethanol
and, finally, the band centered around 950 cm ' is
assigned to the vibration of Si-OH (silanols) bonds.?’

The spectra of the silica samples with carbon show
the same bands as the pure silica. This behavior may be
due to the small amount of carbon that is included in
each of them: K1HA, K2HA and K3HA, respectively
(Figure 3(a)). These samples were functionalized with
APTES to modify the surface of the silica, generating a
chemical system related to ion exchange and, then,
these solids are impregnated with AgNOs, giving anti-
microbial character to the samples. According to
Hinterwaldner et al.*® and, as was done in this work,
the mechanism of functionalization causes the rupture
of the hydrogen bridges generated on the surface of the
silica. This results in reactive silane groups subsequent
to functionalization. According to previous studies,®
the average coating is close to 5 silane molecules/nm?
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Figure 4. Potentiometric curves of the synthesized sample:
silica with 10.0% (w/w) of carbon (K3HA); silica with 10.0% (w/w)
of carbon and functionalized with 3-aminopropyltriethoxysilane
in 1:1 molar ratio (K3HAf); K3HAf+2% (w/w) of Ag
(K3HARAg).

when acetone is added, but in any case the coating is
never greater than 33% by the functionalizer. This
result was also observed by our group in previous
studies, 31:32:38-40

There are no large variations in the bands; small
shoulders in the region between 1750 and 1250 cm™'
can be associated with the methyl groups belonging to
the APTES (Figure 3(b)).
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Regarding the acidic properties of the materials, for
it to interpret the results using the technique of poten-
tiometric titration it is known that potential initial elec-
trode (E;) indicates the maximum acid strength of
surface site values (mEq/g solid), which when reaching
a plateau indicates the total number of acid sites. In
Table 2, the E; values show that the carbon has a
value E; of 37.1 mV, while pure silica has an E; of
157.9 mV. The curves showed a substantial difference
in the number of acid sites, indicating that compound
impurity carbon could be of a basic nature. Hence,
carbon samples have an E;, which decreases with the
amount of C in the silica matrix: 148.3, 144.9 and 129.2
mV, respectively.

s }(}w‘ hﬁ" KHA
=
s HAF
[
2 i
KHAfAg
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T L2 T S T 2 T x: T L T
10 20 30 40 50 B0

2 theta

Figure 5. X-ray diffraction diagrams of the different samples.
KHA: pure silica; KHAS: pure silica functionalized with 3-amino-
propyltriethoxysilane in |:I molar ratio; KHAfAg: KHAf+ %
(w/w) of Ag; KHAf2Ag: KHAf+2% (w/w) of Ag.

Figure 4 shows the acidity in K3HA during all the
stages of the titration: pure, functionalized and impreg-
nated with AgNO;. When this sample was functiona-
lized, E; was 37.7 mV, in comparison with K3HA with
an E; of 129.2 mV: an important decrease of the E;
values was observed. When silver was incorporated,
E; was 83.6 mV; this may be due to the relationship
between the APTES groups and the silver ions.

The XRD diagrams of the samples are presented in
Figure 5. These samples were synthesized at low ratio
[AgNO;]/[TEOS] =0.008 and calcination at 150°C was
carried out. It could be for this reason that the wide
peak of the amorphous silica is observed.*'**> The XRD
patterns show for the silica with 0.01% C sample, for
all stages, a broad hump around 20 ~ 23, typical of this
material.

In relation to the morphology of the samples, the
SEM micrographs show a typical particle correspond-
ing to pure silica sheets (Figure 6(a)), while the silica
containing most carbon (Figure 6(b)) also presents
agglomerates, which could be attributed to the elements
accompanying the carbon from disused batteries. This
feature is observed before and after impregnation.

The antifungal assay results are presented in
Figure 7. The three fungal strains were useful as bio-
markers in the study, among them the most susceptible
was Cladosporium sp.

The solid K3HAf2Ag (the one with highest carbon
content) showed the most antifungal activity; this
may be because that, as the amount of carbon in the
silica increases, there is an increase in the surface area
with a good pore size, which facilitates an effective dis-
tribution of the active phase to act inhibiting the fungi
growth. Taking into account the results of the micro-
biological test, sample K3HAf2Ag was selected to be
applied to the cotton fabric against the three fungal

Figure 6. Scanning electron micrographs of (a) pure silica functionalized with 3-aminopropyltriethoxysilane (APTES) in I:1 molar
ratio + 1% (w/w) of Ag and (b) silica with 10.0% (w/w) of carbon and functionalized with APTES in |:] molar ratio + 1% (w/w) of Ag.

Magnification: 250 x.
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Figure 7. Diameter growth (cm) of Aspergillus sp., C. globosum and Cladosporium sp. with the solids studied and the respective
controls. KHAf2Ag: pure silica functionalized with 3-aminopropyltriethoxysilane in |:| molar ratio + 2% (w/w) of Ag; KIHAf2Ag: silica
with 0.1%(w/w) of carbon and functionalized with 3-aminopropyltriethoxysilane in I:1 molar ratio + 1% (w/w) of Ag; K2HAf2Ag:
silica with 1.0%(w/w) of carbon and functionalized with 3-aminopropyltriethoxysilane in |:] molar ratio + 1% (w/w) of Ag; K3HAf2Ag:
silica with 10.0%(w/w) of carbon and functionalized with 3-aminopropyltriethoxysilane in I:1 molar ratio+ 1% (w/w) of Ag.

Aspergillus sp.

K3HARAg

Cladosporium sp. C. globosum

Figure 8. Photographs obtained from the microbiological test. K3HAf2Ag: silica with 10.0% (w/w) of carbon and functionalized with
3-aminopropyltriethoxysilane in I:1 molar ratio+ 1% (w/w) of Ag.

strains. Figure 8 presents the results of the antifungal
activity assays with the selected solid to continue to the
next stage.

Fabric antifungal activity assay was performed with
two concentrations of Ag in the fabric, 120 and
240 ppm, but the best results were obtained with the
highest Ag concentration. This confirmed the direct

dependence of the inhibitory effect related to the Ag
concentration on the cotton samples. Figure 9 shows
the results obtained from the antifungal activity assay
with the control and impregnated samples with the
higher concentration of Ag.

In relation to the whiteness of the fabrics used, the
change of coloration was observed without measuring
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(@) (b)

Figure 9. Assessment of the antifungal activity for cotton fabric
with C. globosum without (a) and with silica with 10.0%(w/w) of
carbon and functionalized with 3-aminopropyltriethoxysilane in
I:1 molar ratio + 1% (w/w) of Ag (K3HAf2Ag) (b) and cotton
fabric with Aspergillus sp. without (c) and with K3HAf2Ag (d).

equipment, only optically. From this observation, the
fabrics containing carbon and silica suffered a slight
coloration toward a darker white, for white as the ori-
ginal color. In the case of fabrics with solids containing
silica, carbon and silver, a slightly brownish color could
be observed from the Ag particles.

In the test with C. globosum, the cotton fabrics with
K3HAf2Ag (Figure 9(b)) fully suppressed fungal
growth on and below the cotton, but mycelium and
ascomata developed well on the area of the nutrient
medium surrounding the samples. The fungal growth
was rated as less than 25%, with grade 2. Control fab-
rics showed an abundant fungal biofilm covering the
entire surface (Figure 9(a)), with a high degree of devel-
opment rated as grade 5. In the case of Aspergillus sp.
the results are similar but there was increased growth
over entire plate with both fabrics (Figure 9(c) and (d)).
The samples with K3HAf2Ag were rated as grade 2
(Figure 9(d)), although the area covered with the
fungal mycelium was higher than that presented by
the fabrics inoculated with C. globosum (Figure 9(b)).

Conclusion

In this work, solids were synthesized including carbon
from spent batteries, finding a path toward sustainability,
helping to increase recycling processes. The fungal strains
used for the bioassays are useful in evaluating the bioac-
tivity of the materials, such as cotton cloth, because they
cause great deterioration on them. In this research it was
possible to develop a methodology for the impregnation

of cotton fabrics (brin type) and to evaluate the antifun-
gal efficacy of the synthesized solids. The cotton fabric
containing the highest carbon amount showed the high-
est antifungal activity with C. globosum and Aspergillus
sp. This may be because that, as the amount of carbon in
the silica increases, there is an increase in the surface area,
which facilitates an effective distribution of the active
phase to inhibit the fungal growth.

The next steps to follow in this research consist of
improving the synthesis of silica matrixes and so the
antifungal efficiency in the final product. On top of
this, new methods for impregnation on fabrics of dif-
ferent qualities will be tested.
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