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Abstract

The effect of silver nitrate concentration, pre-washed bentonite (to remove extraneous salt)
and back-exchange procedures have been explored to assess the type of silver species
formed and their behaviour upon exposure to further salts. X-ray fluorescence was used to
qguantify the amount of silver present and whether in cation exchange sites, whereas X-ray
diffraction and transmission electron microscopy identified the silver compounds present.

A further objective was to assess the antimicrobial, barrier and dispersion properties of the
silver/sodium bentonites when incorporated into a starch-plasticiser-clay coating used for
packaging. The silver/sodium bentonites demonstrated very strong antimicrobial activity
towards Escherichia coli, Kocuria rhizophila and Aspergillus niger. Incorporating just 0.03
wt% of silver/sodium bentonite in the coating (0.2 umol/m2 Ag in dried coating with
thickness of 14 pum) produced a >4.4 log reduction against an initial loading of 2.1 x 10°
CFU/object for E. coli. Water vapour barrier properties of coatings prepared on paper and
containing the mixed silver/sodium bentonite were unaffected since water vapour
transmission rate values of ~20-40 g/mz.day (23°C, 50% relative humidity) were maintained.

Also the presence of silver did not adversely affect the clay dispersion or the barrier



properties. The Ag’ release profile from mixed silver/sodium clay upon addition of HNO;

and NaNOs is discussed.

Keywords: layered silicate, silver complexes, antimicrobial activity, barrier coatings.

1. Introduction

Current estimates indicate that the growth and production of food requires 9 GJ of energy
per individual each year (Johansson et al., 2012). Consequently, it is imperative that as
much food as possible is consumed and wastage minimised. Barrier packaging has a critical
role to play in prolonging the shelf life of food by controlling the movement of water and
oxygen to the packaged product. It is also critically important to minimize microbial and

fungal attack of both the food product and the package which protects it.

The incorporation of high aspect ratio Na-bentonite into starch plasticiser coatings can
significantly reduce the water vapour barrier properties of the base paper (Johansson et al.,
2012, Olsson et al. 2014a,b), which relies on a maximum dispersion of the platelets in the
water based coating. The bentonite is also an ideal substrate from which to incorporate and

control the release of antimicrobials.

Silver is a potent antimicrobial with renewed interest because of its wide applicability and
the need to control infectious diseases, in hospitals and other communal environments, that
are becoming resistant to current antimicrobial treatments (Rai, et al., 2012). Silver oxide
(Ag,0), silver chloride (AgCl) and silver nitrate (AgNOs), have been investigated (Sedlarik et
al., 2010) and more recently silver nanoparticles have been targeted due to their enhanced

properties at the nano-scale (Tolaymat et al., 2010). Silver species have been evaluated for;



wastewater treatment (Mthombeni et al., 2012), coatings in medical devices (Schierholz et
al., 1999), dental resins (Herrera et al. 2001), burn wound dressing (Jones et al., 2004) and
consumer products (e.g. sportswear, refrigerators) (Moretro and Langsrud, 2011). The use
of silver-containing clay in packaging applications remains largely unexplored (Busolo and

Lagaron, 2013; Benhacine et al., 2016).

The preparation of silver nanoparticles involves initial reduction of silver cations using
chemicals (e.g. glucose or NaBH,) (Shameli et al., 2010a; Miyoshi et al., 2010), UV or gamma
radiation (Huang and Yang, 2008) or heating (Waterhouse et al., 2001). To prevent
agglomeration they must be stabilised by surfactants (Pal et al., 1998), polymers (Dong et
al., 2007), chemical stabilisers (Yonezawa et al., 2000) or solid inorganic substrates such as
activated carbon (Yoon et al., 2008), zeolites (Top and Ulku, 2004; Yang et al., 2008), TiO,
(Nikolov et al., 2010) and AI(OH)s (Seo et al., 2012). The large surface areas of clays
together with their cation exchange properties make them particularly useful as a substrate
(Varadwaj and Parida, 2013). Individual Ag*-ions occupying exchange sites may act as the
nucleus for nanoparticle growth as more and more Ag’ cations are adsorbed onto these
individual Ag'-ions to form Ag agglomerates (Tokarsky et al., 2010). The main emphasis in
the literature is on the production of silver nanoparticles on clay surfaces rather than clays
with individual silver ions occupying the exchange sites, though Busolo and Lagaron (2013)
describe an ionic silver exchanged montmorillonite in the absence of silver nanoparticles.
Others describe montmorillonite systems which contain silver ions and metallic silver
nanoparticles with Ag,0 or AgOH at the surface (Keller-Besrest et al., 1995; Magana et al.,

2008).



A number of clays and clay minerals have been used as substrates for silver nanoparticles.
Following an earlier report on the formation of Ag-nanoparticles on kaolin (Patakfalvi and
Dekany, 2004), Shameli et al. (2010a) used chemical reduction in the presence of talc and
UV radiation with montmorillonite (Shameli et al.,, 2010b). Others have used vermiculite
(Valaskova et al., 2010), palygorskite (Zhao et al., 2006), fluoromica (Dizman et al., 2007)
and Laponite® (Huang and Yang, 2008). Patel et al., (2009) used selected alkylammonium
modified clays to localise silver ions at the clay surface followed by reduction to form silver
nanoparticles, whereas Roy et al. (2017) was able to deposit reduced-sized silver
nanoparticles on the surface of acid activated montmorillonite in the absence of reducing
agents. The high aqueous solubility of silver nitrate (AgNOs) makes it the preferred source
of Ag" (Praus et al., 2008), although other chemicals, e.g. Ag-2-(4-thiazolyl)benzimidazole,
have been used (Ohashi et al., 1998).

The antimicrobial effectiveness of silver in its many forms has been proven against a wide
variety of microbes (Ohashi et al., 1998), specific examples include; Escherichia coli,
Staphylococcus aureus, Klebsiella pneumonia, Enterococcus faecalis, Pseudomonas
aeruginosa (Sedlarik et al., 2010) Candida albicans (Marambio-Jones and Hoek, 2010) and
Salmonella (Busolo et al., 2010). The mechanisms underlying silver's activity have been
debated (Sondi and Salopek-Sondi, 2004; Marambio-Jones and Hoek, 2010; Tathdil et al.,
2011; Xiu et al., 2012), but the general consensus is that an accumulation of ionic silver
within the cell is required. This may result from the transportation of Ag" after dissolution
through the bacterial cell wall or after silver nanoparticles penetrate the cell walls and then
dissolve. Silver clay is itself an ionic species and so potentially provides an antimicrobial
surface. Indeed, electrostatic forces may attract negatively charged bacterial membranes to

clay surfaces wherein the positively-charged silver ions kill the microorganisms or render



them unable to replicate (Magana et al., 2008). Moreover, silver-ions can be displaced from
the clay by incoming cations thus releasing Ag"* to attack the microbes.

The current concern regarding nanoparticles in the food chain demands a deeper
knowledge of the formation of these nanoparticles so that a greater level of control can be
achieved. This study therefore takes care to prepare various mixed silver/sodium
bentonites and assess the effect of pre-washing to remove extraneous salt, silver loading
and back exchanging with Na'-ions after silver treatment on silver species formed.
Extraneous salts are typical in commercial products as a by-product of the clay production
process and removing them represents a significant environmental and economic challenge.
One aspect of the study was to compare the number of individual Ag*-ions located at cation
exchange sites relative to those forming silver-containing (nano)particles and study the
effect of preparation/processing methods on their form. The mixed silver/sodium
bentonites prepared were characterised using X-ray diffraction (XRD), X-ray fluorescence
(XRF), transmission electron microscopy (TEM) and energy dispersive X-ray analysis (EDAX).
Their antimicrobial activity was assessed when applied as a minor component in a recently
developed bio-based, barrier coating containing starch, plasticiser and clay (Johansson et al.,
2012). The clay, Na'-bentonite, is primarily present as the barrier component within the
starch matrix and therefore an ideal substrate/stabilising agent from which to release silver
ions and impart antimicrobial activity. The requirement for antimicrobial activity in these
coatings is twofold; firstly to protect the components being packaged and secondly to
protect the barrier material itself since starch is susceptible to attack by certain microbes;

particularly at high relative humidities.

2. Experimental



2.1 Materials

Na-bentonite (Cloisite® Na®, Southern Clay Products) with cation exchange capacity (CEC) of
92.5 meq/100 g is referred to as Na*Mt. Starch (S1), received from Cargill (Germany), is
derived from waxy corn (98% amylopectin) and is hydrophobically modified and thinned.
Starch (S2), sourced from Lyckeby (Sweden), is a hydroxypropylated potato starch (Perlcoat
155). Silver nitrate (AgNOs, 299.0%), silver oxide (Ag,0, 99%), nitric acid (HNOs, ACS
reagent, 70%), sodium chloride (NaCl, 299.0%), sodium nitrate (NaNOs, 299.0%), sodium
hydroxide (NaOH, >98.0%) and polyethylene glycol with molecular mass 600 (PEG60O0,
standard grade) were obtained from Aldrich and used without further modification.

2.2 Silver clay preparation

Four different silver clays were prepared using either unwashed or prewashed sodium
bentonite (UW-Na*Mt and PW-Na'Mt, respectively) and amounts of AgNOs required to
satisfy 20%, 120% and 400% of the CEC of the clay. PW-Na*’Mt was prepared by repeatedly
dispersing UW-Na*Mt in deionised water, followed by agitation and centrifugation until the
conductivity of the decanted supernatant was less than 50 uS. After any treatment with
silver all samples were thoroughly washed as described in the previous sentence, in order to
remove soluble cations not occupying exchange sites. During preparation all samples were
covered with aluminium foil to minimise photodecomposition of any silver species present.
The silver clays were labelled as PW-Na*Mt-20%Ag, UW-Na"Mt-20%Ag, UW-Na*Mt-120%Ag
and UW-Na'Mt-400%Ag. The percentage number refers to the concentration of Ag*-ions
used to treat the clay as a percentage of the CEC, rather than the actual amount of silver
present on the bentonite after the exchange process. To identify whether Ag*-ions were
occupying cation-exchange sites in UW-Na'Mt-120%Ag it was further backwashed (BW)

with aqueous NaCl (10 x CEC) to displace the Ag'-ions by Na*-ions and was labelled as UW-



Na*Mt-120%Ag-BW(NaCl). To aid identification of silver species present on the silver clays
and to evaluate changes to silver species upon mixing with various salts, UW-Na"Mt-120%Ag
was also backwashed using NaOH, identified as UW-Na‘Mt-120%Ag-BW(NaOH), NaNOs,
identified as UW-Na"Mt-120%Ag-BW(NaNO3), and HNOj3, identified as UW-Na*Mt120%Ag-
BW/(HNOs) using the same procedure and analysed by XRD. All backwashed samples were

thoroughly washed with deionised water (as described above) after treatment.

2.3 Starch-plasticiser-clay coatings.

All coatings were prepared using 60 wt% starch, 12 wt% PEG600 and 28 wt% clay. Aqueous
starch dispersion was cooked at 95°C for 1 hr then cooled to 60°C before adding PEG600.
After mixing for 1 hour, clay was added and mixed for a further 2 hours. The total clay
content was always equal to 28 wt%; additions of silver clay at concentrations lower than
this value were compensated by the addition of PW-Na*Mt. The resulting dispersion was
double coated (total coat weight ~25g/m?) on paper and each coating was dried in an oven
at 105°C for 1 minute and then 60°C for 4 minutes. The paper, Gerbier HDS, was a sized,
coated and calendered flexible packaging paper (50 g/m?) and supplied by Ahlstrom (Pont
Evéque, France). Aliquots of the coating were also dried on 2.5 x 2.5 cm square glass slides

at 40°C (equivalent coating weight of 800 g/mz) and were used for antimicrobial testing.

For comparative purposes silver oxide (Ag,0) was finely ground using a pestle and mortar

and added to the starch/PEG600/PW-Na*Mt clay coatings.

2.4 Sample characterisation
X-ray diffraction patterns of silver clay powders or starch-PEG600-clay coatings on paper
were obtained using a Philips X'Pert Pro diffraction system using a Cu-tube (A = 1.542 A),

operating at 40 kV and 40 mA. Diffraction data from standards and the library database



were used to identify the silver salts present. XRF analytical data for SiO,, Al,03 and Na,0
was obtained using a Philips PW2440 sequential spectrometer, using lithium tetraborate
fused beads. XRF data for silver, sulphur and chlorine was obtained using pressed pellets.

Water vapour transmission rates (WVTR) were obtained using Payne cups containing silica
gel and maintained at 23°C and 50% relative humidity. TEM images were obtained using a
FEI Tecnai G2 Spirit TEM instrument with an 80 kV accelerating voltage. Samples were
prepared by placing a 5 pl drop of dispersed clay mineral (0.005 g/20 ml) on a
Formvar/carbon coated 200 mesh TEM grid (Agar Scientific Limited). EDAX of the particles
were performed using a FEI Quanta 650 scanning electron microscope (SEM) equipped with

an Oxford Instruments X-Max detector.

2.5 Antimicrobial Testing

All micro-organisms were sourced from the German National Resource Centre (DSM),
Braunschweig. Non pathogenic strains of E. coli (DSM 498) and K. rhizophila (DSM 348)
were chosen as test micro-organisms, the former is a vegetative bacterium (gram —ve) and
often causes food borne diseases, the latter is an airborne bacterium (gram +ve) and has
distinct yellow colonies. Fungi A. niger (DSM 1957) was also tested, it is a spore former,
ubiquitous in the environment (especially soil) and often an initiator of food spoilage
causing black mould disease on foodstuffs including grapes, onions, and peanuts. The

conidiospores of A. niger were also used for the investigations.

Vegetative cells of E. coli and K. rhizophila were gained from an overnight culture. For this,
100 ml nutrient broths (Merck, Darmstadt, Germany) were inoculated with cell material and
incubated for 16-18 h at strain specific temperatures (E. coli 37°C, K. rhizophila 30°C).

Finally, 20 ml cell suspensions were washed twice by centrifugation at 10,000 g for 10 min



and re-suspended in sterile deionized water. The cell concentrations in the suspensions
were determined in a counting chamber by microscopic methods. For the conidiospores of
A. niger, YGC plates (Yeast extract glucose chloramphenicol, Merck, Darmstadt, Germany)
were inoculated by plating 0.1 ml suspension of cell material. After an incubation period of
10 days at 30°C, the conidiospores were harvested by tapping the plates with sterile sea
sand. For deposition of the sand particles, the agglomerates of sand and spores were
suspended in sterile ringer solution treated with ultrasound for 1 min. The supernatant
containing the conidiospores was removed and the suspension stored at 4°C. Before usage,

the conidiospores were washed twice and re-suspended in sterile deionized water.

Antimicrobial activities of silver clays were tested as starch-plasticiser-clay samples coated
on glass or paper according to the Japanese Industrial Standard (JIS Z 2801: 2000), which is a
guantitative method for the evaluation of antimicrobial containing products. It involved the
preparation of test suspensions with diluted nutrient broth (500-fold, Merck), each of about
2.5 to 10 x 10° colony forming units (CFU)/ml. In the case of coated papers, three test
pieces (5 x 5 cm) of each sample and test strain were artificially inoculated with 400 pl
suspension (number of cells/spores per test piece should be 1.0 to 4.0 x10°), covered by a
sterile PET film (4 x 4 cm, Mitsubishi Polyesters) and finally incubated for 24 hours at 37°C
for E. coli and 30°C for K. rhizophila and A. niger at 90% relative humidity. For the trials with
the glass slides (2.5 x 2.5 cm), the samples were inoculated with 200 ul test suspension and
covered with a PET film of 2 x 2 cm. After storage, each test piece was transferred into a
sterile stomacher pouch with 100 ml sterile Ringer solution (Oxoid), and rubbed for 1 min.
The viable count was determined by microbiological methods and referenced against the

final count of the initial load. The result is expressed as a microbial log reduction.



2.6 Leaching experiments

An aqueous dispersion (30 ml) containing 0.33 wt% PW-Na'Mt-20%Ag was offered
increasing amounts of HNO3; or NaNO3z and mixed for 24 hours. The dispersions were
centrifuged and the supernatants analysed for the presence of Ag ions by ICP-OES (HORIBA
Jobin Yvon - Activa). Calibration standards were prepared using certified Ag standards
(Aldrich) and dilute HNO3; was added to the supernatants to prevent Ag'-ions from
precipitating. All samples were prepared using amber plastic bottles to prevent photo-

decomposition.

3 Results

3.1 Silver Clay Characterisation

Table 1 presents the XRF data obtained from the different silver/sodium bentonites; the top
section identifies their weight percentage oxide levels, whereas the bottom section provides
the percentage of Ag or Na present (after preparation) relative to 100% of the CEC. The XRF
analysis showed that prewashing Na"Mt reduced the Na,O content from 3.18 wt% (i.e. UW-
Na'Mt) to 2.66 wt% (i.e. PW-Na*Mt) and also completely removed sulphur and chlorine,
which confirms that the extensive washing procedures served to remove the excess salt and
sodium cations not occupying exchange sites. The amount of Na,0 (2.66 wt%) in the PW-
Na*Mt more accurately reflects the CEC of UW-Na*Mt reported by the manufacturers to be
92.5 meq/100g.

The PW-Na"Mt-20%Ag sample contained more Ag" and less Na* when compared to PW-
Na‘Mt demonstrating that a portion of exchangeable Na* had been replaced by Ag".

The UW-Na'Mt-20%Ag sample also showed an equivalent reduction in Na,O content

compared to PW-Na*Mt-20%Ag, but this unwashed sample retained more silver (11.7 % of

10



the CEC compared to 7.0% of the CEC). The UW-Na‘Mt-120%Ag and UW-Na"Mt-400%Ag
samples exhibited commensurately higher silver and lower sodium contents than those in
either PW-Na"Mt-20%Ag or UW-Na*Mt-20%AgC. These values for the clays with high silver
loadings suggest both higher numbers of silver cations on exchange sites (confirmed by
lower sodium values), together with an increased quantity of insoluble silver complexes
because the combined amounts of Ag and Na are greater than that required to fulfil 100% of
the CEC (bottom section of Table 1).

The values for UW-Na*Mt-120%Ag-BW(NaCl) showed that backwashing UW-Na*Mt-120%Ag
with NaCl slightly reduced the amount of silver and increased the quantity of sodium to near
that of PW-Na"Mt. This confirms that the sodium ions initially replaced by silver ions could
be back-exchanged. Relatively less silver ions removed compared to sodium ions back-
exchanged were observed since any silver released would react with chlorine ions to
produce the sparingly soluble AgCl (as discussed below), which remained in the sample.

XRD analysis of the residue collected after evaporating water from the supernatant of a
washed and centrifuged Na*Mt dispersion clearly indicated the presence of both NaCl and
NaSO,4. Sulphur was detected at only very low amounts in the silver-clays treated with
relatively high concentrations of Ag” (i.e. at 120% and 400%), whereas chlorine remained in
those prepared using UW-Na'Mt. The amount of chlorine increased as the amount of
AgNO; offered was increased but did not surpass that of the unwashed Na-clay. The one
exception was UW-Na*Mt-120%Ag-BW(NaCl) where the chloride content of 1.07 wt%
demonstrated that the introduction of chloride during the backwashing process caused the
formation of additional insoluble chloride complexes.

The most significant observation in the XRD patterns of different silver/sodium clays was

that PW-Na"Mt-20%Ag did not show any additional reflections when compared with that of

11



UW-Na*Mt (Figure 1a and 1b, respectively). The presence of reflections at 32.2, 46.1, 54.8
and 57.4 °20 confirmed the presence of silver chloride (AgCl) in all the other silver/sodium
clays (Figure 1lc-e) and their intensities in the different samples corresponded with the
concentrations of chlorine determined by XRF (Table 1). The 060 reflection of the clay at
62.0 °208 can be used as an internal standard to relate the relative intensity of reflections
due to the silver species within each silver/sodium clay.

The reaction of AgNO3 with NaCl present in the UW-Na*Mt logically led to the formation of
sparingly soluble AgCl. XRD analysis of UW-Na*Mt-20%Ag indicated that only AgCl was
present in addition to clay, but several minor reflections positioned at 31.2, 32.6, 33.8, 37.2,
39.6 and 47.4 °20 in the XRD trace of UW-Na*Mt-120%Ag confirm the presence of additional
species. These reflections were not unequivocally assigned due to their low intensity
(representing low amounts) but the reflections at 31.2, 33.8, 37.2 and 47.4 °26 do closely
match those of silver sulphate (Ag,S04), which reflects the low amount of sulphur detected
by XRF (Table 1). No reflections are present representing silver sulphide (Ag,S), a species
known to result from the reaction of atmospheric hydrogen sulphide (H,S) with metallic
silver (as in the tarnishing of silver) so the source of sulphur is likely to be from extraneous
NaSO, salt present in the UW-Na*Mt even though a very high proportion was removed
during the preparation and washing process. The small shoulder at 32.6 °26, reflection at
33.8 and possible reflection at 39.6 °20 could suggest the presence of silver carbonate
(Ag,CO03), the CO; of which could feasibly derive from a mineral carbonate present as a
contaminant in the bentonite (in support thermogravimetric-mass spectroscopy does detect
the presence of CO, as it is heated between 350 and 500°C). The XRD trace of UW-Na‘Mt-
400%Ag is similar to that of UW-Na*Mt-120%Ag, but the former contains a broader

reflection at 32.2 °206 and more intense reflections at 33.8 and 39.6 °28, it is believed that
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these changes are due to both an increase in the amount of Ag,COs (also supported by a
more prominent reflection at 18.5 °20 — data not shown) and also the presence of AgO.
Given the intensity of the AgCl reflections in the diffraction traces of UW-Na*Mt-120%Ag
and UW-Na*Mt-400%Ag are very similar, the AgO is presumed to derive from the increased
amount of AgNOs used in the preparation via the possible formation of metallic silver even
though in this particular sample there is no strong evidence of this latter species.

The backwashing of UW-Na*Mt-120%Ag with NaNO; or NaCl results in the Ag,S0, remaining
(Figure 2 - note characteristic reflection at 31.2 °26) and the formation of metallic silver as
evidenced by the reflection at 38.2 °20. For both these clays metallic silver presumably
results from the photodecomposition of AgCl occurring during the additional processing. A
decrease in the amount of AgCl is observed when backwashing with NaNOs, perhaps
supporting its conversion to metallic silver whilst an increase in AgCl with UW-Na*Mt-
120%Ag-BW(NaCl) is due to the formation of any soluble Ag” ions removed from cation-
exchange sites combining with CI" ions to form AgCl, which is driven by its very low
solubility. Note to allow a more detailed comparison of the smaller reflections the upper
section of the diffraction trace from UW-Na"Mt-120%Ag-BW(NaCl) has been omitted. The
intensity of the reflection at 32.2 °28 is six times greater than that from UW-Na"Mt-120%Ag.
When UW-Na*Mt-120%Ag is backwashed with HNO3 the removal of all reflections occurs
apart from those due to AgCl, which is due to the solubilisation of silver carbonates and
sulphates. A dramatic change occurs when UW-Na"Mt-120%Ag is backwashed with NaOH;
the removal of AgCl occurs and several more intense reflections are observed. The reaction
of AgCl with NaOH is not anticipated to occur in the absence of a base so the clay (or other
species present) must play a role in its dissolution and conversion to other species. The

distinctive reflections at 18.5 (data not shown) and 33.8 °20 strongly support the presence
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of Ag,COs, whereas the distinctive reflection at 34.1 °20 indicates the presence of AgO.
Ag,0 is also a likely species to be present, but its characteristic reflections overlap those of
Ag,C0O3, AgO and metallic Ag and so any confirmation is not possible. The presence of
metallic silver is likely due to the relatively intense and broad reflection at 38.2 °20
associated with that at 44.3 °26.

Although XRD was unable to identify silver particles on the PW-Na‘Mt-20%Ag sample,
further examination by TEM did confirm a small fraction was present (Figure 3). The
majority of clay mineral platelets showed no evidence of silver particles (Figure 3A).
However, when present they did appear as either very thin (as indicated by their lighter
contrast), circular/oblong shapes closely integrated with the clay layer structure (Figure 3B)
or as distinct and separate particle identities (Figure 3C, 3D and 3E). The thin, closely
integrated silver species were common, ranged from approximately 2-40 nm in diameter
and could derive from clusters of silver atoms generated around cation exchange sites as
discussed by Tokarsky et al., (2010) or alternatively, by the reduction of silver ions in
solution and then precipitation on to the clay surface. The distinct and separate particles
were much darker in contrast, appeared to be positioned on top or to one side of the clay
platelets and tended to form larger clusters, some up to 700 nm (Figure 3D).

EDAX combined with SEM showed that approximately half of the darker particles did
contain silver and a small fraction of these also contained either chlorine or sulphur
indicating the presence of AgCl and AgSQ,, respectively - thus indicating the extensive
washing procedures employed did not eliminate all the sodium chloride or sodium sulphate.
The remaining silver containing particles indicate the possible presence of Ag,COs, AgO,
Ag,0 or similar species. Although oxygen and carbon were detected, equivocal distinction

could not be made since the oxygen may arise from neighbouring clay mineral due to the
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large interaction volume of electrons whilst carbon would be detected from the conducting
carbon coating used to alleviate charging effects during the analysis. A very small number of
angular, crystalline particles were observed (Figure 3e) and closely resemble those
confirmed as metallic silver particles using high resolution TEM and X-ray diffraction
(Miyoshi et al., 2010).

In general the distinct and separate silver particles were more densely populated, relative to
the clay platelets, within the corners of the TEM grids (Figure 3C). This was considered likely
to occur during the preparation of the TEM sample when the dispersion droplet shrinks
through evaporation and pulls the silver particles to the grid corners where they are
constrained, consequently the TEM images obtained at the corners of the grids may report
an erroneously increased quantity of dark silver particles relative to clay mineral. The
particles that did not contain silver, as evidenced by EDAX combined with SEM and were
presumably due to mineral impurities in the clay — indeed a small portion contained high
guantities of magnesium and calcium supporting the presence of carbonate minerals.

These TEM images demonstrate that the XRD technique was not sensitive enough to detect
the small number of silver particles in PW-Na*Mt-20%Ag. If the XRF data is considered
accurate then the difference relating to the decrease in percentage of Na, i.e. a decrease of -
5.3% relative to 100% of the CEC (Table 1, bottom section), could account for the Ag*-ions
being located within cation exchange sites. Whereas, the corresponding +1.7% difference in
the same sample for silver above that of the CEC could account for the silver present in the
discreet separate dark particles. An alternative scenario, or in addition to, may be that the
thin integrated circular/oblong discs are derived from silver-exchanged sites that initiated
their growth. Unfortunately, single Ag'-ions could not be imaged due to the resolution of

the specific TEM utilised, however an agglomeration of Ag'-ions at a cation exchange site
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could. All the features observed in the PW-Na"Mt-20%Ag sample were also observed in the
UW-Na*Mt-120%Ag sample. However, a much higher density of the darker distinct and
separate particles were observed showing a higher presence of the silver containing species,
which reflects the XRD data (Figure 1).

3.2 Antimicrobial Activity Tests

XRF analysis of the starch showed no anions were present that could react with the silver
species on the clay. XRD analysis also indicated no additional silver species were removed
or created during the mixing with starch (data not shown). The first screening test
demonstrated that after 24 hours incubation all the silver-clays, at 5.7 wt% loading in a
starch (S1)/PEG600/clay coating, showed a positive and significant antimicrobial activity
towards E. coli since a >3.3 log reduction was observed against an initial load of 1.2 x 10’
CFU/object (Figure 4A). The reference and control (i.e. containing only UW-Na*Mt) both
showed a >1.0 log increase demonstrating that UW-Na*Mt, starch or PEG600 had no
antimicrobial activity against E. coli.

The efficacy, or lowest-observed-effect-level, of the PW-Na'Mt-20%Ag against E. coli was
assessed using the starch (S1)/PEG600/clay coating in three separate trials, each trial
containing lower amounts of clay (Figure 5A-C, respectively). Direct comparison between
trials was not considered possible due to different initial loadings, i.e. ~1 x 10°® for Figure 5B
and ~1 x 10 for Figures 5A and 5C, which could influence the efficacy of the system.
However, to aid comparison and compensate, samples with the same concentration of PW-
Na"Mt-20%Ag were utilised in subsequent trials. With only 0.03 wt% of PW-Na*Mt-20%Ag a
>4.4 log reduction was observed, but since all samples showed a similar, significant and

positive antimicrobial activity the ultimate efficacy was not determined.
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The antimicrobial activity of 0.28 wt% PW-Na"Mt-20%Ag, when incorporated in the starch
(S1)/PEG600/PW-Na*Mt coating on glass slides, showed a significant effect when assessed
against conidiospores of A. niger. A >2.9 log reduction was observed against an initial
loading of 5.9 x 10> CFU/object (Figure 4B). The antimicrobial activity of the UW-Na*Mt-
400%Ag, in the potato starch (S2)/PEG600/PW-Na*Mt coating (~10 um thickness) on paper
was tested against K. rhizophila. A decrease in activity occurred as the Ag-clay loading
decreased from 4.3 to 2.9 and then to 1.4 wt% (>4.7, >2.6 and >1.5 log reduction,
respectively) indicating the level of efficacy for UW-Na"Mt-400%Ag and bacteria (Figure 4C).
Given that Ag,0 is a likely candidate to be present in silver clays and it can be used as an
antimicrobial agent its activity was tested against E. coli when dispersed in starch
(S1)/PEG600/PW-Na*Mt films coated on glass slides. Figure 6 shows that >4.4 log
reductions were observed with an initial loading of 2.1 x 10° CFU/object, when 0.05, 0.10,
0.19 or 0.38 wt% Ag,0 was incorporated into the coating containing PW-Na*Mt. Based on
the amount of elemental silver present, the amount of Ag,0O added was equivalent to
adding 5, 9, 17 and 35 wt% PW-Na'Mt-20%Ag, respectively. Although the results showed
that Ag,O also exhibited a strong antimicrobial activity against E. coli, differentiation
between the effectiveness of silver clay or silver oxide could not be established using the

concentrations and testing procedures studied herein.

3.3 Leaching Experiments

The percentage of Ag ions leached into aqueous solution from PW-Na*Mt-20%Ag increased
with increasing concentrations of HNO; or NaNOs (Figure 7). When 3.18 x 10 mol L of
HNO; or NaNO; was offered (first data point in Figure 7) to PW-Na*Mt-20%Ag then a similar

amount of Ag*-ions was released, 5.62 x 10 and 7.25 x 10 mol L, respectively. HNO3 was
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more able to entice Ag'-ions from the clay and much higher amounts of Ag were released
compared to when NaNO3; was added. When 6.35 x 10 mol L HNO;s was added 4.26 x 10*

mol L* Ag was removed, whereas with NaNOs only 2.77 x 10 mol L* Ag was removed.

3.4 WVTR and Silver Clay Dispersion

The WVTR value for the uncoated base paper was 780 g/m%.day and this was reduced to 321
g/m’.day (indicating a better vapour barrier) when a starch coating was applied.
Incorporating UW-Na*Mt and PEG600 reduced the WVTR values by a factor of ten to 22
g/m>.day (Figure 8). The WVTR values of starch (S1)/PEG600/PW-Na*Mt coatings prepared
on paper and containing the different silver-clays (at a loading of 5.7 wt%) increased slightly
to 25-33 g/m°.day compared with the coating containing UW-Na‘Mt alone, whereas that for
a coating containing 28.6 wt% UW-Na"Mt-120%Ag-BW(NaCl) increased to 39.7 g/mz.day -
encouragingly these small changes are considered insignificant.

XRD demonstrated that all the silver clays dispersed to the same extent as UW-Na*Mt; the
example in Figure 9 shows that the dispersion of UW-Na'Mt in S1 and PEG600 was very
similar to that containing PW-Na"Mt-20%Ag since their dgo; spacings both increased from
~13.0 A (6.78 °26) to 18.2 A (4.86 °26). The higher order 00l reflections exhibited by the
clays in both coatings were clearly observed indicating the clay layers, which were present

as stacks and intercalated with starch and PEG600 were highly ordered.

4. Discussion
The complex reactivity of silver species and their low agueous solubility made preparation
of pure Ag-exchanged clay very challenging. The presence of extraneous salts in the as-

received clay contributes to the complexity since they react with silver cations, cause
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precipitation and lead to silver nanoparticles. XRF and XRD (Table 1, Figure 1) demonstrated
that UW-Na"Mt contained NaCl and NaSO, and confirmed that AgCl present in the sodium-
silver clays arose from the reaction of NaCl with Ag*. The low amounts of sulphur detected
in any sodium-silver clay and the low intensity reflections for Ag,SO, indicated only minimal
amounts of this salt could be formed from the reaction of NaSO, with Ag’. If more was
initially formed then this relatively soluble species could have been removed during
washing. In general, the presence of any halide or other anion (e.g. carbonate) needs to be
considered when preparing Ag-exchanged clay to avoid precipitation of Ag-(nano)particles.
Production of pure Ag-exchanged clay was not possible using the methodology herein,
though TEM (Figure 3), XRD (Figure 1) and XRF data (Table 1) indicated significantly fewer
insoluble silver species were created when using PW-Na'Mt. Ag-(nano)-particles were
produced even when the low amount of AgNO3 used to treat PW-Na*Mt, i.e. 20% CEC, was
specifically chosen to target ion-exchange onto the most energetically favourable sites and
result in increased distances between exchanged silver cations thereby minimising their
potential to agglomerate. The presence of Ag,CO; and Ag,SO4 on UW-Na*Mt-120%Ag and
UW-Na"Mt-400%Ag coincided with the use of larger quantities of AgNOs. Presumably, when
CI" was fully consumed in forming AgCl, the remaining AgNOs, not participating in cation-
exchange, was transformed into these salts. Sohrabnezhad et al. (2015) also showed that
reduction of AgNOs by ethylene glycol in the presence of montmorillonite and Na,COs did
indeed form Ag,COs. TEM showed that some metallic silver particles were evident, which
could derive from the reaction of silver halide or silver nitrate (though much less
photosensitive) with photons or reducing agents (Shameli et al., 2010a).

For microbes to be killed during an antimicrobial test, Ag" must leach from the silver clay at

a sufficient rate, enter the nutrient medium and then interact. Any Ag*-ions leached from

19



exchange sites must be replaced by incoming cations from the salts within the nutrient
medium. In application ingress of cations would result from contact with the packaged
material or external sources. Once Ag’ ions on the clay had been fully utilised any Ag” ions
present would arise from the constrained dissolution of Ag,COs, Ag,SO4 or AgCl.

The antimicrobial activity of all silver clays was positive against E. coli (Figure 3A) when
present at 5.7 wt% loading within a starch (S1)/plasticiser/PW-Na"Mt matrix. PW-Na*Mt-
20%Ag also produced a >4.4 log reduction against an initial loading of 2.13 x 10> CFU/object
when dispersed at 0.1 wt% loading (or 0.03 wt% of the total starch/plasticiser/clay content).
This equates to 14.4 nano-mol of Ag" per gram of dried coating or 0.2 pmol Ag* per m? of
dried coating with a thickness of 14 um, i.e. a coating thickness that results in a WVTR value
of ~20 g/m’.day. The true efficacy of silver clay was not established herein and lower
loadings may provide the same positive effect. However, a balance between the lowest
amount necessary to instantly kill microbes in the packaged material and that required to
provide a sustained release against subsequent cohorts arriving (e.g. by airborne routes)
needs consideration.

All silver clays contained more than one silver species, thus preventing an assessment of
their individual antimicrobial activity in the presence of clay. Ag,O was investigated
independently and found to be effective (Figure 5) even though the particle size used is
likely to be much larger than that formed on the clay and potentially less reactive. With the
example of UW-Na*Mt-120%Ag-BW(NaCl)), it is interesting to note that given the low
solubility’s of the species present (AgCl, Ag,SO; and metallic silver) the low amounts
available via dissolution are still sufficient to act against microbes.

The amount of Ag'-ions released from PW-Na'Mt-20%Ag in the presence of increasing

concentrations of HNOs; (which is considered an aggressive food simulant) or NaNOs; was
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highest with the former; since the protons are able to displace silver cations from exchange
sites (to produce proton exchanged clay) as well as react with Ag,O or metallic silver (to
produce AgNOj3 (aq)). With NaNOs, the only credible source of Ag*-ions in solution is via
their displacement from exchange sites. The fact that silver ions are leached during the
treatment with NaNOjs provides further support that Ag* occupies exchange sites on the
clay.

Busolo et al. (2010) also monitored Ag" release from silver-treated clay (3.4% Ag) containing
metallic silver nanoparticles and dispersed in PLA into HNOj3 solution. The release of Ag* was
very low during the first 6 days, but increased significantly in an exponential fashion after 8
days, when the hydrolysis of PLA became extensive. Benhacine et al. (2016) also studied the
release of Ag" from silver nanoparticles formed on montmorillonite and dispersed in PCL
using similar methodology, they state that the release was dominated by silver nanoparticles
at the surface of the films before 12 days and that release was mainly limited by diffusion.
Despite production of pure silver-exchanged clay being unobtainable, clay containing a range
of silver species could be beneficial in antimicrobial applications. The exchanged silver
cations may offer an initial burst of activity to provide a quick kill upon initial contact,
whereas the inherently low solubility of silver-containing particles may offer a method of
sustained release. The potential replenishment of silver cations on exchange sites by those
released by dissolution of solid silver nanoparticles together with the barrier effect of the
clay layers may contribute to greater optimisation of release profiles thus minimising
exposure to consumers and the environment. The potential environmental and human
toxicity of silver is addressed elsewhere (Tolaymat et al., 2010; Han et al., 2011; Levard et
al., 2012) though it is certain that all forms need to be considered given their diverse and

inter-connected reactivity; they are all subject to dissolution, precipitation and aggregation.

21



The safety concerns associated with silver based products will continue until greater
awareness and proper control are provided by future research. The antimicrobial coating
developed herein is suited to both food and non-food contact packaging (e.g. medical
supplies). Its specific use in the former is a definite challenge even though the materials
prepared herein are likely to conform to specified migration limits for Ag". Moreover, they
could be utilised to protect biodegradable materials since these can undergo attack from

microbes, especially when stored at relatively high temperatures and humidity.

5. Conclusions

The preparation and use of silver clays as antimicrobial agents and water vapour barrier
enhancers in starch-plasticiser-clay based coatings has been assessed. The prewashing of
the clay mineral significantly reduced the production of insoluble silver complexes such as
AgCl, AgCO3 or AgSO, by avoiding the reaction of extraneous salts with silver nitrate. Silver
exchanged clay was successfully prepared, but not in the complete absence of insoluble
silver complexes. These combinations of different silver species supported on the clay
substrate have the potential to offer a dynamic mechanism for sustained release.

The silver clays showed potent antimicrobial activity towards the E.coli, K. rhizophila and A.
niger. The lowest concentration of silver-clay assessed (0.03 wt%) still exhibited a strong
antimicrobial affect towards E. coli. Silver oxide also exhibited strong antimicrobial activity.
The dispersion of silver clays in the coatings was demonstrated, using XRD, to be
comparable to that of sodium clay. Water vapour barrier properties of coatings containing

silver clays were largely unaffected.
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Figure Captions

Table 1: XRF analysis of silver/sodium bentonites. Weight percent oxide values (top section)
and amounts of Ag or Na as a percentage of the clays total CEC value (bottom section),
which are based on 100% of the CEC being equal to 2.66 wt% Na,O (i.e. that present in the

PW-Na*Mt sample).

Figure 1: XRD patterns of fresh powdered a) UW-Na*Mt, b) PW-Na*Mt-20%Ag, c) UW-
Na*Mt-20%Ag, d) UW-Na"Mt-120%Ag and e) UW-Na*Mt-400%Ag. Symbols represent
selected reflections positions for AgCl (), Ag,SO4 (O), Ag,CO5 (A) and AgO (*).

Figure 2: XRD patterns of fresh powdered UW-Na*Mt-120%Ag before and after backwashing

with NaCl, HNOs, NaOH and NaNOs. Symbols represent selected reflection positions for

AgCl (), Ag,S0O4 (), Ag,CO3 (A), Ag,0 (o), AgO (*) and metallic silver (+).
Figure 3: TEM micrographs obtained from PW-Na"Mt-20%Ag.

Figure 4: Antimicrobial results from A) silver-clays (5.7 wt% loading) against E. coli, B) PW-
Na'Mt-20%Ag (0.28 wt%) against A. niger and C) UW-Na*Mt-400%Ag (1.4-4.3 wt%) against
K. rhizophila. A)and B) were present in starch (S1)/PEG600/PW-Na*Mt coating on glass

slides, whereas C) was present in starch (52)/PEG600/PW-Na*Mt coating on paper.

Figure 5: Antimicrobial efficacy test results from PW-Na'Mt-20%Ag against E. coli when
present in starch (S1)/PEG600/PW-Na*Mt coatings on glass slides.

Figure 6: Antimicrobial test results from Ag,0 against E. coli when present in starch

(S1)/PEG600/PW-Na*Mt coatings on glass slides.

Figure 7: Concentrations of Ag salt in solution determined by ICP-OES after treatment of

0.33 wt% PW-Na*Mt-20%Ag aqueous dispersions with HNO3 or NaNOs.
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Figure 8: WVTR results from double-layered starch (S1)/PEG600/silver clay coatings on
paper substrate. All coatings contain 5.7 wt% silver clay with the exception of the UW-

Na‘"Mt-120%Ag-BW(NaCl)* which contains 28.6 wt%.

Figure 9: XRD patterns of a) powdered PW-20%AgC, b) UW-Na*Mt dispersed in starch (S1)

and PEG600, and c) PW-Na"Mt-20%Ag dispersed in starch (S1) and PEG600.
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Table 1: XRF analysis of silver/sodium bentonites. Weight percent oxide values (top section)
and amounts of Ag or Na as a percentage of the clays total CEC value (bottom section),
which are based on 100% of the CEC being equal to 2.66 wt% Na,O (i.e. that present in the
PW-Na'Mt sample).

Silver/Sodium Bentonites

. Uw- PW- PW- UW- UW- UW- UW-
W% | Na'Mt | Na'Mt | Na'Mt- | Na'Mt- | Na'Mt- Na'Mt- | Na'Mt-
Oxide 20%Ag 20%Ag 120%Ag 120%Ag- | 400%Ag

BW(Nacl)

SiO, 64.73 66.30 66.12 65.93 67.56 66.97 68.57

Al,O; 22.42 23.61 22.67 22.89 23.25 22.72 22.76

Ag,0 - - 0.69 1.15 7.43 6.23 15.04

Na,O 3.18 2.66 2.52 2.53 1.78 2.60 0.62

cl 0.36 0.00 0.00 0.14 0.33 1.07 0.33

S 0.24 0.00 0.00 0.00 0.02 0.00 0.03

Amounts of Ag or Na (%) relative to total CEC

Ag 7.0 11.7 75.3 62.7 152.4

Na 119.5 100 94.7 95.1 66.9 97.7 23.3

Total 119.5 100 101.7 106.8 142.2 160.4 175.7
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Figure 1: XRD patterns of fresh powdered a) UW-Na*Mt, b) PW-Na*Mt-20%Ag, c) UW-
Na'Mt-20%Ag, d) UW-Na"Mt-120%Ag and e) UW-Na"Mt-400%Ag. Symbols represent
selected reflection positions for AgCl (), Ag,SO4 (0), Ag,COs (A) and AgO (*).
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Figure 2: XRD patterns of fresh powdered UW-Na"Mt-120%Ag before and after backwashing
with NaCl, HNO3, NaOH and NaNOs. Symbols represent selected reflection positions for
AgCl (), Ag,S0O4 (), Ag,CO3 (A), Ag,0 (0), AgO (*) and metallic silver (+).

™N-46.1

1000
Counts

Counts

2 382 -

UW-Na*Mt-120%Ag
74500 60

54.8
[ ]

30 35 40 45 20 50 55 60 65

31



Figure 3: TEM micrographs obtained from PW-Na*Mt-20%Ag.
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Figure 4: Antimicrobial results from A) silver-clays (5.7 wt% loading) against E. coli, B) PW-
Na"Mt-20%Ag (0.28 wt%) against A. niger and C) UW-Na*Mt-400%Ag (1.4-4.3 wt%) against
K. rhizophila. A) and B) were present in starch (51)/PEG600/PW-Na*Mt coating on glass
slides, whereas C) was present in starch (52)/PEG600/PW-Na*Mt coating on paper.
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Figure 5: Antimicrobial efficacy test results from PW-Na*Mt-20%Ag against E. coli when
present in starch (S1)/PEG600/PW-Na*Mt coatings on glass slides.
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Figure 6: Antimicrobial test results from Ag,0 against E. coli when present in starch
(S1)/PEG600/PW-Na*Mt coatings on glass slides.
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Figure 7: Concentrations of Ag salt in solution determined by ICP-OES after treatment of
0.33 wt% PW-Na"Mt-20%Ag aqueous dispersions with HNO3 or NaNOs.
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Figure 8: WVTR results from double-layered starch (51)/PEG600/silver clay coatings on
paper substrate. All coatings contain 5.7 wt% silver clay with the exception of the UW-
Na*Mt-120%Ag-BW(NaCl)* which contains 28.6 wt%.
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Figure 9: XRD patterns of a) powdered PW-20%AgC, b) UW-Na*Mt dispersed in starch (S1)
and PEG600, and c) PW-Na"Mt-20%Ag dispersed in starch (S1) and PEG600.
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