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ABSTRACT

Metakaolin is an aluminosilicate mineral produci which is produced in quantities of several million
tons per year worldwide and used in applications including supplementary cementitious materials in
concretes, an intermediate phase in ceramic processing, as a paint extender, and as a geopolymer
precursor. Meanwhile, geopolymers are also being considered for a varety of applications including
low CQ, producing cements, fiber-reinforced composites, refractories, and as precursors to ceramic
formation.

Given the importance of metakaolin in several industry sectors, and also taking into account the
possible large specrum of applications, incorporating silver nanoparticles could provide an additional
biocide functionality. In this regard, further studies of their structural evolution are required because of
the presence of silver nanoparticles. For this purpose, this work is mainly focused on the evaluation of
the effect of the presence of silver nanoparticles on kaolin/metakaolin structures and also on the study
of their biocide capacity.

1. INTRODUCTION

Geopolymers are a class of inorganic polymers that are based on aluminosilicates. They are usually
produced by adding a reactive aluminosilicate precursor, such as fly ash or metakaolin, to a highly
alkaline silicate solution in order 10 facilitate the break-up of the primary aluminosilicate framework,
leading to polymerisation and solidification. Then curing at 25-90 °C in a humid atmosphere completes
the process. Geopolymers have received considerable attention because of their low cost, excellent
mechanical and physical properties, low energy consumption and reduced “greenhouse emissions™ at
the ¢laboration process [1].

Metakaolin is preferred by the niche geopolymer product developers due to its high rate of
dissolution in the reactant soluiion, easier contol on the SiYAl ratio and the white colour. Metakaolin is
formed by the dehydroxylation of kaolin. When kaolin is heated beyond the temperature of the
dehydroxylation, endothermic metakaolin is formed, Between 500 and 900 "C, this is the main product
obtained, The exact temperature range depends on the starting kaolin and on the heating regime.

Kaolin possesses a two-layered structure where a sheet of octahedrally coordinated aluminium is
connected 1o a tetrahedrally coordinated silicon sheet. Sanz et al. [2] studied the kaolinite-mullite
transformation by magic-angle spinning nuclear magnetic resonance (MAS-NMR) and determined the
presence of Al in tetra- and pentacoordination in metakaolinite. The heat treatment at 700°C alters the
structure of kaokin, the main change being the dehydroxylation of the octahedra. Above BON°C,
tetrahedral sheets are broken making possible silica and alumina segregations, These modifications
eliminate long-range order and make possible the formation at 980°C of amorphous mullite precursors.
Dehydroxylation treatrments cause the clay to become chemically reactive.
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On the other hand, with the emergence and increase of microbial organisms resistant to multiple
antibiotics, and the continuing emphasis on health-care costs, the develepment of materials with the
ability to inhibit bacterial growth has been of great interest in recent yvears. The antimicrobial activity
of silver has been known since ancient times. In the course of this work, a simple and fast method to
prepare monodispersed silver nanoparticles embedded into kaolin and metakaolin is presented. These
new silver-based nanostructured materials could have potentially wide-ranging apphications, among
others they could be used as precursors in geopolymer synthesis providing additional biocide
functionality. Based on this, this work is mainly focused on the evaluation of the effect of the presence
of silver nanoparticles on the structures of kaolinite/metakaolin and also on the study of their biocide
capacity.

2. EXPERIMENTAL SECTION

2,1, Materinls

Kaolin from CAVISA, La Coruiia, Spain, with the following chemical analysis {w1.%): 54.3 8i0,,
33.0 ALO,, 0.19 Ti0,, 0.76 Fe,04, 0.03 Ca0, 0.37 Mg0, 0.67 K,0, 0.02 Na,0, was used as raw
material. Metakaolin was obtained after calcination of kaolin at 700 C for 24 h in air. Silver
nanoparticles supporied on kaolin were obtained using AgNO; as silver precursor and {ollowing two
different reduction wias: the first by thermal reduction at 350 °C for 2 h in H; atmosphere and the
second one by chemical reduction employing sodium borchydride as a reducing agent. In the case of
metakaolin, only chemical reduction was performed.

2.2, TEM and FTIR characterization

The merphological aspects of the samples were studied by transmission electron microscopy
(TEM) (Jeol microscope model FXI1 operating at 200 kV). Infrared spectroscopy was done in
transmission in a vacuum atmosphere with a Fourier transform infrared spectrometer (Bruker [FS
66v/s).

2.3. MAS-NMR measuremenis

The 2’Al and *Si NMR spectra were obtained at room temperature, using an Avance (Bruker)
specirometer, operating at 104.3 MHz for Al and 79.5 MHz for **Si (9.4 T external magnetic field).
The samples were loaded in 4 mm rotors and spinned at 10 kHz during MAS-NMR spectra recording.
In this study, n/2 (5 ps) pulses, 5s inter-accumnulation intervals and 125 kHz filterings were used. All
spectra were referred to TMS (tetramethylsilane) and A]{HQO)(,3+ as external standards. The error in
chemical shift values was estimated 10 be lower than 0.5 ppm.

2.4. Antibacterial tests

Antibacterial tests were performed to investigate the effect of the kaolin/metakaolin/mAg powder on
two different micro-organisms: Escherichia coli JM 116 {Gram-negative bacteria), Micrecoccus luteus
{Gram-positive bacteria). The two different bacteria were incubated in a liquid media ovemight at
37°C. Afier that, 10 pL form ach culture was diluted to 1 mL, using suitable media, and cultured at
37°C for 6h. The media used were Luria Bertani (LB). Subsequently, 150 pL of an aqueous
suspension of kaolin/metakaolin/nAg composite (30 wi.%) was added to a final concentration of silver
in each culture of 0.036 wt.%. A silver free media {a mixture of water containing the corresponding
nutrient) was used as control. The microorganisms were tested for viability after culture on appropriate
dilution from the corresponding cultures. The inocula were incubated at 37 °C with horizontal shaking
for 48 h. The number of viable celonies was counted every 24 h.
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3. RESULTS AND DISCUSSION

3.1 Characterization and effect of the presence of silver nanoparticles on the structure

The morphology of the samples was studied by TEM (Figure 1). A size disiribution was camied
out from different TEM images. There is a size distribution of globular-shaped silver nanoparticles that
range between dsg~ 12+ 7 nm in the case of kaolin samples and dsy~ 30+ 15 nm for metakaolin.
TEM images (Figure 1) also provide evidence for different distributions of silver nanoparticles,
depending on the kind of suppor (i.e., kaolin or metakaoclin) and on the reduction treatments used (for
the different treatment see section 2.1). As it is clearly seen, in the case of the sampie of chemically
reduced kaolin (Figure 1.A), silver nanoparticles are anchored preferably on the crystal edges (the
distribution of silver nanoparticles corresponds to 68 % at edges versus 32 % at basal surface), whereas
in the case of the thermally reduced kaolin (Figure 1.B) and of the metakaolin (Figure 1.C), the
distribution is more homogencous (ca, 48 % at edges and 52 % at basal surface). Taking into account
the structure of kaolin, silver nanoparticles could be bonded 1o the clays subsirale vig electrostatic
intevaction between the negatively charged and edge Al-C0" and Si-0° groups of the surface clays, or
with the anionic basal silicate planes if hydrogen bonds tightly linking contiguous layers are broken,
before or during the incorporation of silver. It can be inferred that the adhesion of silver nanoparticles
is closely related to the amount of surface hydroxyl groups located at the crystal edges, A decrease in
hydroxyl groups of the clay leads to a more homogeneous distribution of silver nanoparticles, but with
the disadvantage that their size is larger.

Although there are some studies in the literature about the synthesis of silver nanoparticles-kaolin
composite materials [3, 4, 5], there arc none on metakaolin particles. In order to obtain more
information about the interaction of silver nanoparticles with metakaolin and whether or not its
structure is modified, FTIR and MAS-NNR investigations have been performed.

The transformation of kaolin to metakaolin can be clearly deduced from the lattice region, 1400-
400 em™', of FTIR spectra (Figure 2). The kaolin starting material gives at least 10 well-defined IR
bands in this region dwe to 8i-0, Si~0-Al, and AJ-OH vibrations: 1113, 1031, 1009, 699, 471, and 432
em’ (8i-O); 938 and %12 cm’’ (AI-OH); 792, 756, 539 cm’ (8i-0-AI"D) [6]. The conversion to
metakaolin totally removes these bands. In general, changes in the Si-O stretching bands and the
disappearance of the Si-O-Al bands suggest strong modifications in tetrahedral and octahedral layers
of the metakaolin. The incorporation of silver nanoparticles, both in kaolin and metzkaolin, does not
modify the positions of vibrational bands in the region 1100-400 cm™, indicating a small interaction
between silicate layers and silver nanoparticles.

Magic-angle-spinning nuclear magnetic resonance (MAS-NMR) spectroscopy was employed with
the aim of further clarifying the mode of bonding between the silver nanopanticles and the clay
substrates. °Si-NMR is capable of distinguishing SiOy tetrahedra, with connectivity ranging from 0 to
4 {Qm species, with m standing for the number of bridging oxygens) [7]. In the original kaolin (Figure
3), two sha;}: absorptions at -91.5 ppm with full width at half maximum (FWHM) of | ppm were
detected in “Si-NMR spectra, which corresponds to Si atoms in tetrahedral layers of layer silicates (Q°
polymerization state) [2]). The incorporation of silver nanoparticles, following a chemical or thermal
reduction (Figure 3), does not change the structure of kaolin. The specira obtained in both cases are
similar to the kaolin, Only in the case of the sample thermally reduced at 350 °C (Figure 3) it was
observed a slight broadening of the main peak at -91.5 ppm and the formation of a new small broad
band at -97 ppm. This could indicate the formation of a small fraction of amorphous silica. The *7Al
NMR spectrumn of kaolin (Figure 4) shows a single peak at 0 ppm, characteristic of Al in octahedral
coordination. No differences were detecied when silver nanoparticles were supported on it chemically
or thermally.
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Metakaolin shows a very wide and asymmeiric “*Si resonance band {Figure 3) with two intense
signals of different linewidth at -107.8 and at -101.4 ppm. This suggests the coexistence of aluminun
free Q*(OAl} species, ie. pure Si0; phase, and homogeneously distributed Si(AL)YOy units [Q*(1AL)].
When silver nanoparticles are supported on metakaolin (Figure 3), the intensity of the peak at -107.8
ppm is maintained but the peak at -101.4 ppm shifts to -103.6 ppm. From these results, a variation in
the chemical environment of the silicon nuclei of the metakaolin upon incorporation of sifver
nanoparticles can be inferred.

The YAl NMR spectrum of metakaolin (Figure 4) contains tree peaks at 4, 28 and 54 ppm,
attributed respectively to the presence of octahedral, pentahedral and tetrahedral aluminum [2]. The
incorporation of silver nanoparticles to metakaolin stabilizes in some way the unstable structured of
metakaolin. When spectra of starting and treated metakaclin are cornpared (Figure 4), a slight increase
of hexacoordinated at expenses of tetrahedral and pentahedral aluminium is observed.

From the comparative analysis of ™Si and Al MAS-NMR specira of starting materials and those
of silver-kaolin or silver-metakaolin composites, it can be concluded that the silver particles interact
preferentially with tetrahedral sheets and in a minor extent with octahedral layers of metakaolin
particles. In this case some stabilization of hexacoordinated aluminium is favoured by incorporation of
silver particles,

3.2, Biocide Activity

To investigate the antibacterial effect of n-Ag containing powders, a biocide test was performed
innoculating 10'® colonies forming units o 1 mL of the comesponding medium with Escherichia
coli, Micrococcus Tutens. The microorganisms wete tested for viability afier culture on appropriate
dilution from the corresponding cultures. During this test, the viable microorganisms were counted
after 24 and 48 hours. As a control, silver free media {(a mixiure of water and the corresponding
nutrient) was cultured under the same conditions.
The logarithm reduction (log #) has been used to characterize the effectivity of the biocidal agent:

logn=logA-logB mn

where A is the average number of viable cells from innoculum centrols after 24, 48 h, and B i3 the
average number of viable cells from the substance after 24, 48 h.

As it can be seen in Figure 5 after 24 h, the presence of silver nanoparticles on kaolin surface, at
the concentration of 0.036 wi.% of silver, reduces completely the number of colonies of E.coli and M.
luteus, achieving a logarithm reduction higher than 10 which means a completely safe disinfection. Its
high effectiveness is ponted out against both bacteria. In the case of metakaolin-silver nanocomposite,
higher times are required to obtain quite similar results (i.e., log v ~ 8 for E. coli and log n > 10 for M.
tutens). This behaviour could be atiributed 1o the different sizes of silver nanoparticles in both
materials. Previously, it was mentioned that silver nanoparticles embedded in kaolin are significantly
smaller [dss~ 12 £ 7 nm] than when they are in metakaolin [dsg~ 30 + 15 nm]. The size of nanoparticle
implies that it has a large surface area coming inte contact with the bacterial cells and bence, it will
have a higher percentage of interaction than the one with bigger particles.

The mechanism of bactericidal action of silver nanopanicles embedded into an inorganic matrix
15 still not fully known {8]. The silver nanoparticles show efficient antimicrobial property compared to
other salts due to their exiremely large surface area, which provides better contact with
mi¢roorganisms. Sulphur-containing proteins in the membrane or inside the cells as well as
phosphorous-containing elements are likely to be the preferential sites for silver nanoparticies binding.
The nanoparticles release silver ions in the bacterial cells, which enhance their bactericidal activity [9].
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The presence of low concentration of silver nanoparticles and silver ions involves a cytotoxic
effect on human fibroblast stabling the eytotoxic limit above 30 ppm for silver nanoparticles and 1
ppmt for silver ions [10]. In order to determine the toxicity of these materials, silver concentration in
the resulting supernatant afier 48 h was measured by Inductively Coupled Plasma (ICP) analyses. The
resulis obtained are shown in Table 1. The concentration of silver nanoparicles in solution when
metakaolin-nAg is used was about 4 times higher than in the case of kaolin-nAp, for all
microorganisms  studied. This can be due 10 the noiable difference on particle size.
Kaolin/metakaolin/nAg powders release significantly less fraction of silver keeping the concentration
of silver below the cytotoxic level.

CONCLUSIONS

Following a simple and low-cost method it was possible to obtain silver dispersed nanoparticles
attached to a kaolin/metakaolin matrix. The uneven distribution of the silver nanoparticles on the
kaolin plates has been related to the presence of AIOH and SiOH at the edges of the plates.
Conversely, silver nanoparticles are homogeneosly distributed in metakaolin. When “’Al and »*Si
MAS-NMR spectra of two modified supports are compared, it was concluded that silver panticles
interact in a preferential way with tetrahedral layers of metakaolin materials. The bactericidal acvivity
results show that these nanocomposites are strongly active against some of the most common Gram
positive and negative bacterial strains, which could open the possibility to use them as precursors to
fabricate biocide geopolymers with a large spectrum of applications.
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Figure 1. TEM micrographs corresponding to: A) kaolin-nAg (chemically reduced), B} kaolin-ndg
{thermally reduced) and C) metakaotin-ndg.
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Figure 2. FTIR spectra of kaolin's and metakaolin's sample.
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Figure 3. Comparison of ~*Si MAS-IMR spectra of the samp les of kaolin and metakaolin.
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Figure 4, Comparison of "4l MAS-JMR spectra of the samp les of kaolin and metakaolin.
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Figure 5. Logarithm reduction (log ) of> A} E.coli and B) M luteus at 24 and 48 h corresponding
to kaolin-nAg and metakaclin-ndg.

Table 1. ICP analysis of silver lixiviated after 48 h of biocide test

Bacteria strains Ag lixiviated {ppm) Ag lixiviated (ppm)

Kaolin-nAg Metakaolin-nAg
E. coli (Gram -) 227 8.91
M luteus (Gram +) 2.8t 8.06
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