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ABSTRACT

The presented doctoral thesis is submitted in the form of a commented thematically arranged
collection of three original scientific articles and one utility model underpinned by the theoret-
ical background. The work is oriented on the original preparation method of polymer compo-
site materials with antibacterial micro- and nano-particulate fillers immobilized on the surface
of carriers of natural origin.

Novel method for preparation of hierarchical nanostructured hybrid fillers decorations on sur-
face of biocompatible carriers such as cellulose and wood flour by microwave assisted sol-
vothermal synthesis was developed. These fillers were immobilized on surface of carriers in
order to decrease the risk of toxicity of nanoparticles during processing and application, to
improve compounding with polymers and to reduce the amount of active species while their
important properties such as size and specific surface area were kept on the same level.
Morphology of prepared filler was controlled by the addition of hexamethylenetetramine as
the reduction and precipitation agent. Reaction mechanisms and factors influencing the syn-
thesis of fillers were studied as well. Moreover, the effect of addition of ammonia, serving as
secondary precipitation agent, on the growth of secondary crystal structure of nanoparticles
was investigated and it was correlated with resulting change of antibacterial activity of pre-
pared composites. Higher reactivity of cellulose surface carriers and thus better immobiliza-
tion of nanoparticles on their surface was provided by hydrogen peroxide treatment prior to
microwave assisted synthesis.

Experimental methods used for analysis of prepared fillers included X-ray diffractometry
(XRD), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS).
Medical grade polyvinyl chloride was selected as a model matrix for the preparation of com-
posite and synthesized filler was added in amount of 5 wt.%. Selected polymer has good pro-
cessability and therefore is an ideal matrix for demonstration of antibacterial activity of fillers.
Prepared composite systems manifested relatively weak adhesion of filler to matrix. Therefore,
release of particles from the material was tested and confirmed sufficient adhesion.
Antibacterial surface activity of composite materials was characterized according to ISO
standard 221296:2007 (E) against E. coli as representative gram-negative bacteria and against
S. aureus as representative gram-positive bacteria. Moreover, these bacteria are responsible for
the most of nosocomial infections.Furthermore, electrical conductivity and dielectric proper-
ties of prepared composite materials were studied as well, as the prospective medical device
made of this material shall not interfere undesirably with the diagnostic and therapeutic elec-
tronic apparatuses used in medicine.

The third research paper included into the thesis describes possible links to origin of the syn-
ergy between silver and ZnO in antibacterial effectivity observed recently. This paper include
analyses elucidating the true hybrid character of Ag/ZnO particles (it is nod silver doping to
ZnO) and interaction of precursors of these particles with substrate surface, and moreover, the
collective plasmon resonance on neighbouring aggregated silver nanoparticles, which was
previously well-known from optical studies only, was firstly observed here by XPS.

Keywords: microwave synthesis, Ag/ZnO, cellulose, composite, antibacterial properties
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ABSTRAKT

Ptedlozena dizertacni prace ve forme komentovaného souboru tii tematicky ptivodnich védec-
kych ¢lankt a jednoho uzitného vzoru s doprovodnym textem je zaméfena na originalni zpt-
sob ptipravy polymernich kompozitnich materiala s antibakteridlnimi mikro- a nano-formami
¢asticovych plniv imobilizovanych na povrchu ptirodniho nosice.

Jako prvni byla vyvinuta nova originalni metoda piipravy hybridnich nano a sub-mikro ¢astic,
pomoci mikrovlnami usnadnéné solvotermalni ko-precipitacni syntézy. Byla pfipravena hie-
rarchicka nanostrukturovand hybridni mikroplniva obsahujici nanocastice stiibra a sub-
mikroc¢astice oxidu zine¢natého imobilizované na povrchu biokompatibilnich a biologicky
nezavadnych nosicli (mikrokrystalické celulozy a dfevni moucky) z divodii snizeni rizika to-
xicity nanocastic pii manipulaci a aplikaci, lepsi zpracovatelnosti a redukci mnozstvi aktivnich
slozek, ale pii soucasném zachovani si diilezitych vlastnosti (velikost a mérny povrch).
Morfologie ptipravenych ¢astic byla fizena pomoci ptiddvané¢ho redukéniho a srazeciho Cini-
dla (hexamethylentetraminu). Pro pouzitou syntézni metodu byly popsany zakladni mecha-
nismy a faktory, které ovliviiuji proces ptipravy produktu. Dale byl sledovan vliv druhotného
srazeni pomoci amoniaku na riist a zménu morfologie nanoc¢éstic v souvislosti se zménou
(zlepSenim) antibakteridlnich vlastnosti kompozit. Pro zvySeni reaktivnosti povrchu a snad-
n¢j$i imobilizaci nanocastic na povrchu nosice byl povrch celulézy modifikovan plisobenim
peroxidu vodiku jesté pfed samotnym syntéznim procesem.

Pro charakterizaci struktury, sloZeni a morfologie ¢astic byly jako hlavni experimentalni me-
tody pouzity: rentgenova difrakce (XRD), skenovaci elektronova mikroskopie (SEM), rentge-
nova fotoelektronova spektroskopie (XPS).

Jako modelova matrice kompozitnich materialii pro pfipravu antibakterialnich systému bylo
zvoleno medicinské PVC, které je dobie zpracovatelné a proto se jevi jako vhodna matrice,
pomoci niz se testovaly a demonstrovaly G¢inky plniv. Pfipravena plniva byla zamichéna do
taveniny polymeru vzdy s obsahem 5 hmotnostnich procent. Pro dané pfipravené kompozitni
systémy byla zkoumana relativné slaba adheze plnivo-matrice. Testovani ptipadného uvoliio-
vani ¢astic plniva do okoli vSak potvrdilo, ze adheze je dostacujici.

U pfipravenych kompozitnich materiali byla zkoumana povrchova antibakteridlni aktivita
podle normy ISO 22196:2007 (E) proti E. coli jako representantu gram-negativnich bakterii a
proti S. aureus jako zastupci gram-pozitivnich bakterii, které jsou oba oznacovany jako nej-
trické vlastnosti s ohledem na piipadnou aplikaci u pacienta, tak aby vyrobeny prostfedek
z tohoto materidlu nezddoucim zplsobem neinterferoval s diagnostickymi a terapeutickymi
pfistroji pozivanymi v medicin€. Ve vSech piipadech se tyto obecnéjsi vlastnosti materiala
ukazaly jako vhodné pro ptipadnou medicinskou aplikaci.

Vyznamné voditko objastiujici moznou pfi¢inu jiz dfive pozorované synergie
v antibakteridlnim plisobeni nanocastic stiibra a sub-mikroc¢astic ZnO popisuje tieti ¢lanek, ve
kterém jsou rozebrany ditkazy objasnujici pravou hybridni povahu Ag/ZnO castic (nano-
stiibro a nano-ZnO vedle sebe, nikoliv doping ZnO stiibrem), dale interakce prekurzort téchto
castic s povrchem substratu, a poprvé zde byl pomoci XPS pozorovan kolektivni povrchovy
plasmon na sousednich agregovanych Ag nanocaticich.

Kli¢ova slova: mikrovinna syntéza, Ag/ZnO, celul6za, kompozit, antibakteridlni vlastnosti
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INTRODUCTION

Main aim of presented dissertation work is preparation of novel composite materials that will
exhibit antimicrobial properties for both, Gram-positive and Gram-negative bacteria. General
scheme of this complex project consists four main steps: (i) preparation of antibacterial fillers
consisting of substrate decorated with nano and sub-microstructured particles, (ii) assessment
of their antibacterial activity, then (iii) compounding of the fillers with polymer matrix to pro-
duce the composite material and the last step (iv) involves characterization of antibacterial
performance of prepared polymer composites.

The novelty and importance of proposed research comprises new technique for the synthesis
of the antibacterial filler by microwave (MW) assisted solvothermal synthesis which was cho-
sen as the main preparative technique. Recently, MW irradiation has attracted wide attention
as heating method in materials synthesis due to its numerous advantages, including very short
reaction times and ability to produce the small inorganic particles with narrow particle size
distribution and high purity [1-3]. The short reaction times provided by microwave synthesis
makes it ideal for rapid reaction scouting and optimization of reaction conditions, allowing
very rapid progress through the “hypotheses—experiment—results” iterations, resulting in more
decision points per unit time [4]. In addition, microwave heating does not only reduce the
chemical reaction times by several orders of magnitude, but also suppresses the side reactions,
and thus improves the yield and reproducibility of process [5]. The advantages of this technol-
ogy have, more recently, also been exploited in the context of multistep total synthesis [6] and
medicinal chemistry/drug discovery [7], and have additionally penetrated related fields such as
polymer synthesis [8], material sciences, nanotechnology and biochemical processes [4].



1. Antimicrobial polymers and composites

Microbial infection remains one of the most serious complications in several areas, particular-
ly in medical devices, drugs, health care and hygienic applications, water purification systems,
hospital and dental surgery equipment, textiles, food packaging, and food storage. However,
low molecular weight antimicrobial agents suffer from many disadvantages, such as toxicity to
the environment and short-term antimicrobial ability. To overcome problems associated with
the low molecular weight antimicrobial agents, antimicrobial functional groups can be intro-
duced into the polymer matrix. One method of achieving antimicrobial polymers is to add an
organic or inorganic biocide to the polymers during processing of the material [9]. The use of
antimicrobial polymers and composites promises enhanced efficacy of some existing antimi-
crobial agents and minimalize environmental problems accompanied with the use of conven-
tional antimicrobial agents via the reduction of residual toxicity of agents, increase of their
efficiency and selectivity, and prolongation of the lifetime of the antimicrobial agents [10].

1.1 Polymers for medical use

Polymers are acknowledged as the most versatile materials due to their broad physical and
mechanical properties what allows their use for various purposes including medical applica-
tions. According to the volume production, the most extended polymers are polyvinyl chloride
(PVC), polyethylene (PE), polystyrene (PS), and polypropylene (PP). Other commonly used
polymers include silicone, polycarbonate (PC), polyurethane (PU), polytetrafluoroethylene
(PTFE) and acrylics [11]. The wide variety of natural polymers relevant to the field of bio-
materials includes plant materials such as cellulose, sodium alginate, and natural rubber, ani-
mal materials such as tissue-based heart valves and sutures, collagen, heparin, and hyaluronic
acid, and other natural materials such as deoxyribonucleic acid, the genetic material of all liv-
ing beings. Although these polymers are undoubtedly important and wide-spread use in nu-
merous applications can be seen, they are sometimes eclipsed by the seemingly endless variety
of synthetic polymers available today [12].

Synthetic polymers fulfil numerous functions in biotechnology and medicine, ranging from
simple extracorporeal devices to intricately designed implants [13]. Therefore, each medical
application has its own highly specialised requirements, a scope of diverse materials with good
compatibility; however, different chemical and physico-mechanical properties must be availa-
ble. Hundreds of polymeric materials are easily synthesized and used for medical applica-
tions. [14] An overview of the basic polymer materials applied in medicine is presented in
Table 1.

1.2 Compounding of polymers with antimicrobial fillers

Compounding is the first step towards the establishment of a (micro)structure that would con-
trol the desired properties of the final product [15]. Two principal mixing mechanisms that
determine the type of equipment and mixing configuration are available. Dispersive mixing
involves the reduction of the size of a component having cohesive character, within a continu-
ous liquid phase. The cohesive character is due to Van der Waals forces between the particles
agglomerates or due to the surface tension and elastic properties of the liquid droplets. Disper-
sive mixing depends on shear and elongation stresses. The second mechanism is distributive
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mixing of components lacking any cohesive character, which results in their distribution
throughout the volume. Distributive mixing depends on frequency of reorientation of flow
elements under strain. Primary mixing mechanisms for polymer blends, filled polymers, or
formulations are determined by the characteristics of the components. The primary mixing

mechanism for compatible or miscible polymer blends is distributive [15].

TABLE 1 Synthetic polymers in medicine, based on [18-21]

Synthetic polymer Applications
Rigid PVC — Water drain pipes in hospitals, luer connectors
Polyvinyl chloride and Y-sites, drip chambers
(PVO) Flexible PVC - Catheters, packaging
PVC/ SAN — MRI fixtures and receiving coils
LDPE - packaging, tubing, IV fluid bottles, single dose am-
poules, underpads for hospital beds, caps for luers and bottles
Polyethylene HDPE - filters, open-jaw slide clamp for drug delivery sys-
(PE) tems, tubing
UHMWPE - arthroscopy sutures, acetabular joint, sutures,
heart valves
Nucleated metallocene polypropylene — packaging
Telaslee Metallocene PP — Pouch
(PP) PP nonwoven fibbers — drapes and gowns
PP fibbers — sutures
PP - syringes
Orthopedic implants, hard contact lenses, intraocular lens,
Polymethylmetacrylate e .
(PMMA) bpne cement, art1ﬁ01?11 teeth, denture material, membrane for
dialysis or ultrafiltration
Catheter trays, heart mend, syringe hubs, suction canisters;
Polystyrene packaging for kits and trays
(PS) Oriented PS — Medical and diagnostic labware, tumblers,

Polyethylenterephalate
(PET)

Polytetrafluoroethylene
(PTFE)

Polyurethane (PU)

drink cups, cutlery
Woven vascular prostheses, Sutures, Catheters and tubings

Catheters, Surface coatings. Orthopaedics: coating stem pros-
theses

Aneurysm clips, Neurosurgery, Endoscope sheaths, Fibre op-
tics up jacket

Pacemaker leads, peripheral catheters, central catheters, feed-
ing tubes, catheter balloons

Catheters used in cardiovascular procedure, Sutures, Epidural

Polyamide catheters
Laparoscopy devices, Blood sets
Polyvinylalcohol Drug- delivery system, hydrogels, contact lenses, lining for
(PVA) artificial heart, Films, fibbers, tubing
Hydrogels Contact lenses, wound dressings, ophthalmic implants, drug

Besides the filler itself, the properties of filled polymers depend critically on the procedures
used to combine them, usually by melt compounding, and the structure ultimately induced in
the composition. Generally, the most important requirements for optimal properties of filled
plastics is uniform distribution of filler within the polymer matrix and reduction of its particle
size to the minimum achievable level. The extent to which these requirement can be fulfilled
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depends on many factors relating to the nature of the materials of interest, including the ten-
dency of particles to form aggregates or agglomerates and the strength of inter-particle attrac-
tion; the surface chemistry of the filler and polarity of the host matrix as well as modifying
treatments applied to the filler surface or reactive functional groups present in the polymer
phase. As mentioned earlier, the purpose of the dispersive mixing process is to reduce the size
of these agglomerates through the application of a controlled shear stress [16].

Major problem connected with the utilization of nanoparticles is their high tendency to ag-
glomerate and if they are used directly in a bulk composite, they often lose their high-surface
area due to the grain growth or unavailability of the whole surface area [17].

1.2.1 Selection of polymer matrix

The selection of matrix materials for medical applications is dependent on many factors in-
cluding: (a) size of filler particles; (b) inherent properties of the drug or active particles, e.g.,
aqueous solubility and stability; (c) surface characteristics such as charge and permeability; (d)
degree of biodegradability, biocompatibility and toxicity; (e) drug release profile desired; and
(f) antigenicity of the final product [22, 23]. For the sake of simplicity, the history and tracta-
bility of the material and good knowledge of its behaviour should be applied as auxiliary crite-
ria in polymer matrix selection. The broad application window and excellent properties of
PVC as a leading biomedical polymer underlies the motivation of choosing this material as the
representative matrix in this dissertation work. PVC is one of the most used plastic materials
in the world. At global level, the demand for PVC exceeds 35 million tonnes per year and it is
in constant growth. The use of PVC compounds in medical device manufacture for more than
50 years has demonstrated its great ability to satisfy the demanding requirements of the medi-
cal health care industry. PVC is safe, chemically stable, inert, extremely versatile and easily
fabricated. Medical products made of PVC are usable inside the body, easy to sterilise and
simple to assemble into products that do not crack or leak. The two main application areas for
medically approved PVC compounds include flexible containers and tubing: containers used
for blood and blood components for urine or for ostomy products and tubing used for blood
taking and blood giving sets, catheters, heart-lung bypass sets, haemodialysis set etc. [24].

1.2.2 Requirements on antimicrobial polymer systems

There are many factors that can affect the antimicrobial activity and mechanism of activity of
antimicrobial polymer material such as molecular weight, spacer length between active site
and polymer, hydrophilic-hydrophobic balance, and nature of counterions (if any). However,
these must be considered with regard to the intended function of the additive phase or phases.
Antimicrobial fillers are similar to other functional fillers that are used in relatively low
amounts (< 5 %) to maximise their performance and cost effectiveness. In next, they should
not alter mechanical performance of the polymer matrix, its stability, biocompatibility and
other important properties. In summary, the ideal antimicrobial polymer composite should
possess the following characteristics [10]:

e FEasily and inexpensively synthesized
e Stable in long-term usage and storage at the temperature of its intended application
e Not soluble in water for a water disinfection application
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e Does not decompose to and/or emit toxic products

e Should not be toxic or irritating to those who are handling it

e Can be regenerated upon loss of activity

e Biocidal or biostatic to a broad spectrum of pathogenic microorganisms in brief times
of contact.

1.3 Silver as antimicrobial filler

Antimicrobial properties of silver salts, complexes and the metal form of silver itself have
been known for a long time and have found a variety of applications such as biomedical appli-
cations, water and air purification, food production, cosmetics, clothing, and numerous house-
hold products [25-27]. The large increase in the number and occurrence of antibiotic-resistant
bacterial strains has prompted a renewed interest in the use of silver as an antimicrobial agent
during last two decades [28].

Recently, different active forms of silver were prepared, such as metallic silver nanoparticles,
silver chloride particles, silver-impregnated zeolite powders, dendrimer—silver complexes and
composites or silver-titanium dioxide composite. Silver nanoparticles have been already
shown to be effective biocides against: (a) bacteria such as Staphylococcus aureus, Staphylo-
coccus epidermis, (b) fungi (Aspergillus niger, Candida albicans) and (c) viruses (Hepatitis B,
HIV-1) [25]. The bactericidal effect of silver nanoparticles has been known for a long time,
but the mechanism of their action has been studied only recently [29] and nevertheless it is not
fully clarified. The possible mechanisms of killing of microorganisms by silver ions may be
explained as follows: (1) uptake of free silver ions followed by disruption of ATP (Adenosine
triphosphate) production and DNA replication, (2) silver nanoparticle and silver ion generation
of ROS (Reactive Oxygen Species), and (3) silver nanoparticle direct damage to cell mem-
branes [25, 27, 30].

Physicochemical properties play an important role in the antimicrobial activity of nano silver.
In general, particles smaller than 10 nm are more toxic to bacteria such as Escherichia coli and
Pseudomonas aeruginosa than the bigger ones [31]. Silver nanoparticles ranging from 1 to 10
nm inhibit certain viruses from binding to host cells by preferentially binding to the virus’
gp120 glycoproteins [32]. Generally, the scientific discussion concerning the exact mecha-
nism remains still a controversial matter.

1.4 Zinc oxide (ZnO) as antimicrobial filler

The research on ZnO as an antimicrobial material had already started as early as 1950s [33].
Since then, more and more researchers have paid attention to the fundamental studies on the
antimicrobial activities of the metal oxides. The ZnO exhibits notable antimicrobial activity
against Gram-positive bacteria (Staphylococcus, Streptococcus, Enterococcus) [34.] Moreo-
ver, ZnO has several specific advantages: showing a strong antimicrobial activity in neutral
region (pH 7) and being a mineral element essential to human being. Therefore, many reports
have been devoted to the antimicrobial activity of ZnO [35-44]. Factors related to the antimi-
crobial activities have been investigated, such as the concentration of the metal oxide particles
[36, 38], the particle size of the metal oxide powder [45, 46] and the specific surface area of
the powder.



The mechanisms of the antimicrobial activity of ZnO particles are not well understood yet,
although Sawai et al. [47], [48] and [49] proposed the generation of hydrogen peroxide as the
main factor of the antimicrobial activity, while Stoimenov et al. [50] indicated that the binding
of the particles on the bacteria surface due to the electrostatic forces could be acting mecha-
nism [51].

Contradictory results have been reported of the impact of particle size on the antimicrobial
activity of ZnO. Jones et al. observed that smaller ZnO particles were more toxic than bigger
particles, but this size related effect was not found in another study by Franklin et al. [27].

1.5 Synergistic antimicrobial activity of Ag/ZnO nanoparticles

Silver shows better antimicrobial activity against gram-negative than gram-positive bacteria,
while ZnO shows better antimicrobial performance against gram-positive than gram-negative
bacteria [52, 53, 54], hence, there is a tendency to combine these materials for getting superior
antimicrobial activity against whole bacterial spectrum. A few papers about synergetic effect
of silver and ZnO nanoparticles were published in last years. Jafari et al. compared antimicro-
bial activities of silver, ZnO and Ag/ZnO. Their study showed that Ag/ZnO has synergistic
effect against both, gram positive and negative bacteria. Required amount of of Ag/ZnO na-
noparticles is several times lower than that of pure silver or pure ZnO particles to achieve the
same level of antibacterial activity. Table 2 shows comparison of antibacterial activities of
several bacterial strains [55]. Other authors confirmed synergistic effect of Ag/ZnO, too [56-
59].

TABLE 2 Disc diffusion Test (mm), Agar dilution Test (mm), MIC (ng/ml) and MBC (pg/ml)
of silver, zinc oxide and silver-zinc oxide nanoparticles for various microorganisms [55]

Bacteria Nqno Disc diffusion  Agar dilution MIC MBC
particles test (mm) test (mm) (ng/ml) (ng/ml)
ZnO 10 8 256 4096>
P. aeruginosa Ag 12 10 >4096 >4096
Ag/Zn0O 12 10 64 1024
ZnO 15 20 512 4096
B. subtilis Ag 10 Negative >4096 4096
Ag/ZnO 10 Negative 128 2048
Zn0O 10 15 128 512
S. galinarium Ag 10 10 >4096 >4096
Ag/ZnO 12 10 32 2048
ZnO 12 15 64 512
E. coli Ag 8 10 2048 >4096
Ag/Zn0O 10 10 32 512
Zn0O 12 15 256 2048
S. aureus Ag 8 10 1024 4096
Ag/ZnO 12 10 128 2048



1.6 Decoration of biocompatible substrates by Ag/ZnO nanoparticles

Cellulose is a very important renewable resource for the development of environmentally
friendly, biocompatible and functional materials [60-62]. Various method of their preparation
have been proposed and products have been implemented in praxis, such as films, fabrics,
powders, fillers, paper and nonwovens, however, new functionalities are still required and
intensively examined [63-66]. Among them, hybrid combination of the cellulose with inorgan-
ic nanoparticles attached to its surface became attractive recently [67-68].

Nowadays, direct synthesis/growth of metal or metal oxides nanoparticles on substrates or
carriers gets a considerable attention mainly due to their ability to address various challenges
associated with the immobilization of nanoparticles on different substrates [69-72]. These
composite nanomaterials play an important role in potential applications such as electronic
devices, catalysis, sensors, optic and medical applications, etc. [73].

The main disadvantage of application of un-immobilized nanoparticles is their potential dan-
ger associated with their size [74-75]. Considering that such unanchored nanomaterials can be
hazardous, hybrid processes combining nanoparticles with other environmentally friendly,
inert and stable materials is underway to take advantage of their full properties in various ap-
plications. Immobilization of nanoparticles on surface of cellulose can be considered harmless
to humans and animals due to reasonably strong physical or chemical bonding between nano-
particles and cellulose surface. Attachment of the nanoparticles to a surface can avoid release
of single nanoparticle from the carrier into its environment and therefore minimise the risks of
contamination. A lot of effort has been devoted to develop new synthesis routes and strategies
of anchoring nanoparticles using cellulose as a carrier substrate due to its biocompatibility,
biodegradability, and specificity in adsorption of metal ions. Moreover, introducing nanoparti-
cles with cellulose substrates or fillers would result in composites of novel and enhanced
properties that cannot be accomplished by the individual components [69, 76-78].

Raw and modified cellulosic substrates have been already utilized either as supporting materi-
als or as reducing agents for the synthesis of gold, silver and platinum nanoparticles. These
substrates include oxidized cellulose microfibrils, carboxymethyl cellulose sodium and na-
noporous cellulose gel [69, 79].

A variety of synthesis routes have been reported for the synthesis of metallic nanoparticles, as
an example, thermal decomposition, laser ablation, microwave irradiation, sonochemical, re-
verse micelles process, chemical reduction, ultrasonic irradiation, radiolysis, solvothermal and
electrochemical. However, most of these methods are limited for research purpose because of
high temperature, high pressure, expensive equipment, toxic reagents, or long reaction time
[80].

2. Advanced synthesis of fillers

2.1 Microwave assisted synthesis

For the preparation of composites materials or powder fillers for polymer systems respective-
ly, microwave assisted synthesis is a promising technique. Microwave radiation is electromag-
netic radiation in the frequency range 0.3 to 300 GHz, which corresponds to wavelengths of
I mm to 1 m. A large fraction of the microwave spectrum is reserved for applications in tele-
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communication and radar technology. Microwave ovens and the great majority of commercial-
ly available dedicated microwave reactors operate at a frequency of 2.45 GHz (corresponding
to a wavelength of 12.25 cm).

Microwave irradiation triggers heating by the two main mechanisms, namely dipolar polariza-
tion and ionic conduction, which are schematically illustrated in Figure 1. Whereas the dipoles
in the reaction mixture (for example, polar solvent molecules or reagents) are involved in the
dipolar polarization effect, the charged particles in a sample (usually ions) contribute to ionic
conduction. The ability of a specific material or solvent to convert MW (microwave) energy
into heat at a given frequency and temperature is determined by the so-called loss factor fané.
The loss factor is expressed as the quotient tan 0 = ¢"/¢’, where &” is the dielectric loss, indica-
tive of the efficiency with which the electromagnetic radiation is converted into heat, and &' is
the dielectric constant describing the polarizability of molecules in the electric field [4, 81]. It
is important to note that the dielectric properties of most solvents (and other materials in gen-
eral) vary significantly as a function of the temperature [82].

(@)
H /AN *
%0 t=0s 0 /\t=0_lns 0|\ t=0.3ns
- B veun Wl A

| g 5

5 o ° 5 5—

) 5*
'cs+ * +
f]é%g t=0s 0 /_\t=0.lg§ U'|\ t=03ns
e N T

; , l- ; T-

Figure 1 a) Dipolar polarization mechanism: dipolar molecules try to align with an oscillating

electric field. b) Ionic conduction mechanism: ions in solution will move in the electric
field [5]

Acceleration of chemical reactions (synthesis, process) is generally experienced at the micro-
wave heating. It is explained as manifestation of thermal and non-thermal effects which are
not present in conventional heating. There are two main sides in the discussion of this matter.

According to the first group of theories, in spite of the fact that the course of chemical pro-
cesses under microwave conditions is considerably shorter than under conventional conditions,
the kinetics and mechanism of the reactions are still the same. The reduction of the reaction
time is the result of sudden and, sometimes, uncontrollable temperature growth of the reaction
mixture under microwave irradiation, which in turn leads to the increase of reaction rate fol-
lowing common kinetic laws. The second group of theories supposes that during microwave
irradiation of the reaction mixture there is a specific effect of microwave activation that causes
an increase of the reaction rates for which the bulk temperature of the reaction mixture is an
inadequate to explain. Such an effect has been accepted to be called the non-thermal micro-
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wave effect or the specific microwave effect. Recent critical reviews concerned with both
group of theories have been published by Perreux et al. [83], Nuchter et al. [84] and de la Hoz
et al. [85], respectively.

2.1.1 Thermal MW effects (kinetics)

Thermal effects that reduce reaction times and which can be observed for the reactions micro-
wave irradiation are related to different temperature regime within the microwave conditions
in comparison to conventional conditions. However, they can result in a seemingly faster
course of chemical reactions, the proper temperature measurement and its analysis for the en-
tire sample of the material (i.e., the bulk reaction mixture) leads to the reaction rates that and
comparable to reaction rates observed under conventional conditions [86].

Thermal effects are being defined as a rate acceleration that cannot be achieved or duplicated
by conventional heating, but are essentially still the thermal effects. This category includes:

1) The “superheating” effect of solvents at atmospheric pressure [5]
2) The selective heating of strongly MW absorbing species [5]
3) The elimination of wall effects caused by inverted temperature gradients [82, 87].

Another important effect that occur within the microwave irradiation which is caused by a
superheating of the reaction mixture in sealed vessels is the so called “pressure cooker effect”
[86].

2.1.2 Non-thermal MW effects (specifics)

Non-thermal effects should be classified as accelerations of chemical transformations in a mi-
crowave field that cannot be rationalized by either purely thermal/kinetic or specific micro-
wave effects [18]. Essentially, non-thermal effects result from a proposed direct interaction of
the electric field with specific molecules in the reaction medium [5].

Perreus and Loupy have studied non-thermal effects on the basic of the reaction medium (po-
lar and non-polar) and the polarity of the transition state. They found out that the MW effect
increases in non-polar solvents and solvent-free reaction and reactions with polar transition
states [88].

Thus, it is considered that non-thermal microwave effects are due to such factors as:

1) Formation of hot spots during the interaction of microwaves with the material

2) Increase of the transport of reagents within the reaction mixture; in particular, this is
concerned with reactions under solvent-free conditions

3) Change of reaction selectivity due to increase of heating rate of the reaction mixture [5].

The main discussion has dealt with the question of what actually alters the outcome of the syn-
thesis. Is it merely an effect of the thermal heat generated by the microwaves or is it an effect
specific for microwave heating? Both effects (thermal and non-thermal) have positive influ-
ence on the reaction rate (kinetic of reaction) [86].

K=A ¢“%RT; A=yA’T (1)

where y — Number of neighbors, A —jump distance and I' — jump frequency



From the Arrhenius equation (1), we can see that the reaction rates can be increased by in-
creasing either the exponential term AG/RT or the pre-exponential term A. Thermal effects
(factor 4) which describes the molecular mobility and which depends on the frequency of vi-
brations of the molecules at the reaction interface, has been proposed to be affected. Other
investigations, however, have proposed that microwave irradiation produced an alteration in
the exponential by changing 4G [88, 89].

If stabilization of the transition state (TS) is more effective than that of the ground state (GS),
this results in enhancement of reactivity, as a result of a decrease in the activation energy
(Figure 2), because of electrostatic (dipole-dipole type) interactions of polar molecules with
the electric field [90].
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Figure 2 Relative stabilization of the more polar transition state (TS) compared with the
ground state (GS) [8].

>

Mingos has claimed that the rate acceleration can contribute to the solvent superheating in-
duced by microwave irradiation. Since ¢” and &' are temperature dependent, tan & will increas-
es with temperature. Therefore, the heating rate of these solvents will increase during micro-
wave heating, probably by limiting the formation of “boiling nuclei” [89, 91].

2.2Microwave synthesis of metals and metal oxides particles

As an example, microwave assisted synthesis was used for the preparation of Ag, Au, Pt, Cu,
In nanostructures. Not only spherical nanoparticles, but also single crystalline polygonal
plates, sheets, rods, wires, tubes, and dendrites were prepared by these methods [92]. Many
studies have demonstrated that the own properties of metal nanostructures can be effectively
tailored by controlling their size, shape, composition, crystallinity, and structure [88].
MW thermal effects provide rapid and uniform heating of reagents, solvents, intermediates,
and products. Fast heating accelerates the reduction of metal precursors and the nucleation of
the metal cluster, resulting in monodisperse small nanostructures. In general, nanostructures
with smaller sizes, narrower size distributions, and a higher degree of crystallization were ob-
tained under MW heating conditions than those prepared by conventional oil-bath heating
[92].
The irradiation of metal particles by microwaves immediately raises questions on safety issues
related to destructive electrical arcing [93]. It was suggested, that particle sizes in the submi-
cron range significantly reduce the level of arcing [5]. Microwave heating also poses some
limitations, starting with the instrumental apparatus itself, also on the size and location of the
sample within the application, spatial distribution of field strength [86].
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The possibility of varying the reaction conditions by controlling the irradiation power, time of
reaction and the temperature is also its limitation because different instruments are unable to
deliver the same conditions, ultimately hindering reproducibility [94].

2.3 Microwave assisted synthesis of Ag nanoparticles

Microwave synthesis of silver is usually carried out in solution. These syntheses of nanoparti-
cles in solution (colloidal solution) require the use of methods allowing a precise control over
the size and the shape of the nanoparticles to yield a set of monodisperse nanoparticles dis-
playing a specific property.
In general, the synthesis of metal nanoparticles in solution is carried out by the use of the fol-
lowing components:

a) metal precursor,

b) reducing agent,

c) stabilizing agent.

The mechanism of formation of colloidal solutions from the reduction of silver (I+) ions con-
sist of two stages: nucleation and growth. The nucleation step requires high activation energy
while the growing step requires low activation energy. The size and the shape of the nanopar-
ticles will depend on the relative rates of these processes that can be controlled through the
adjustment of the reaction parameters (concentration, temperature, pH, reducing ability, etc.)
[95-97].

Next common possibility of preparation of silver nanoparticles is microwave assisted polyol
method. The MW-assisted polyol process was assessed to be much faster than the correspond-
ing reaction carried out under convective heating. The solvent, often ethylene glycol or diethy-
lene glycol, acts as complexing and capping agent, and thus limits the particle growth and pre-
vents agglomeration which leads to the synthesis of different types of silver nanostructured
shapes such as nanospheres, nanocubes, nanorods or nanowires. Summary of preparation
routes of silver nanoparticles are show in Table 3 [82].

TABLE 3 Summary of microwave assisted synthesis for preparation Ag nanoparticles [82]
Relevant NC features  Reaction time,

Metal = Precursors Reaction type S((i)(li‘i/teil\:::s fnoel;:rﬁzggrln (rngrphology, size, size temperature
variance) pressure
Nanorods 10 min
ne Aeno.  NaCitdiven 2O g puesesded SOV 10,20 nm x 100°C
J S Ag" reduction A 3 d o g uti 50-200 nm 1 atm.
u seeds shape evolution - [98. 99]
. 1-75 min
A AoNO dNr?iS;téFé’PVP)_ E;OCi YFA ligand-assisted Spheres prisms 100°C
g |A8Ns s PVP growth 10-130/ 200-380 nm 1 atm,
reduction [100, 101]
0.5-4h
A AeNO EG-driven EG polymer-assisted Irregular clusters 100-200°C
J ENLs Ag' reduction PVP growth 0.1-1.8 um 1 atm.
[102, 103]
55-60 min
A AoNO EtOH-driven EtOH polymer-assisted spheres 10 nm > 60-88°C
& ENYs Ag' reduction PVP growth polydisperse > 1 atm.
[104, 105]
10 s - 5 min
DMF, Pyr
Ag AgNOs DMF/PVP-driven NMP, PVP, polymer-assisted spheres 3-7 nm (10 f )
AgClO, A3t . (20-30 nm <3%) 156°C
Au H Ag'/Au’" reduction B-CD growth - 0
[AuCly] NaOH or HCI 6 =25-30% 1 atm.
[106, 107]
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sy o . . Nanorods/nanowires 10 min
he w0 e et lonbeied L0y Lm0 140
£ pIc g polydisperse 1 atm. [108]
1) polymer-assisted Nanowires 3.5 min
A AeNO EG-driven EG dissolution/ deposition  40-50 nm x 1 70°C
J gV Ag' reduction NaCl/PVP/O, anisootropic growth 4-12 pm 1 atm, [109]
2) selective dielectric o = 5-10% (diameter) )
. 1) ligand —controlled spheres 2-5 min
Ag  CIB(CHy)  Alcohol-driven  CHy(CH),0H 12040 4.9-7.4 nm 140-155°C
CO,Ag Ag’" reduction None
-2 2)T-dependent growth o =9-12% [110]
Alcohol-driven tBuOH 1) ligand —controlled <lmin.
Ag AgNO; Ag'/Ag /APt iPrOH nucleation spheres 64-82°C
Au H[AuCl] & . 1 6-20 nm
Pt H, [PtCI] ' CH;(CH,),OH 2) size en argement o= 9-20% 1 atm.
2 reduction PVA by seeding steps [111,112]
Rods/wires: .
. EG 1.) Pt-seeded nuclea- 40-60 nm x 0.1-3 um 2-8 min
EG-driven tion . 198°C
Ag AgNO; + . PVP . Cubes:
Ag’ reduction 2) polymer assisted 1 atm.
H, [PCl] shape evolution 40-50 nm [113, 114]
o =10-30% ’
1) Pt-seeded nuclea- spheres:
EG-driven EG :111(1);1'1 growth of Ag zgizl(zelzirrlzms: ?_978‘?;1
Ag AgNO; + . 2) polymer-assisted 60-120 nm i
Ag'" reduction H, [PtClg]/ PVP : . L 1 atm.
anisotropic growth rods/wires: [115]
3) crystal-oriented 50 nm-1 pm
attachment polydisperse
D gf{owctlh t liquid Spheres or cubes 3h
Ag AgNO EG-driven EG/toluene fl?tlérlflsiiesa qut 10 nm 160-170°C
3 + ; =59
Ag’ reduction DDT 2) ligand-assisted c=5% [>1112t]m.
growth
Spheres, cubes, .
. + HO . . 1-5 min
e AgNO; CMC-firlven Ag NH, Ligand- assisted polyhedro.ns Reflux
reduction CMC growth 5-100 nm; [17]
o =5-10%

Note: PVP = poly(N-vinyl-2-pyrrolidone); PVA = polyvinyl alcohol; Na3Cit = trisodium citrate; FA = formaldehyde;
EG = ethylene glycol; Pyr = Pyridine; EtOH = ethanol; iPrOH = 2- propanol; tBuOH = tert-butyl alcohol; DMF =

N,N-dimethylformamide; DDT = dodecylthiol; CMC = carboxymethylcellulose

2.4Microwave assisted synthesis of ZnO microstructures

Microwave synthesis of ZnO is well known and was described in many publications. Nowa-
days, there has been a significant increase in interest in the fabrication of ZnO due to its wide
range of technological applications in field-effect transistors, chemical sensor, field emitters,
transparent conductors, antibacterial agent etc. [88, 118-120].

For controlled growths of ZnO structure, Baruah, S. et al. explained another parameters e.g.
type of used precursors (zinc acetate, zinc nitrate and others), reduction, precipitation agents
and surfactants (HMT, glucose, NH3;, PEG, PVA, CTAB) further experimental parameters
(temperature, pressure, time, pH) [126]. Ye, X. Y. et al. referred that controlled growth of ZnO
structure can be influenced the presence of Ag' [127].

Zhang, Y.Y. et al. observed that the morphology of ZnO varied from pillar-like to rod-like
with increasing concentration of Ag' [128]. Summary of prepared ZnO nanostructures by mi-
crowave assisted synthesis are show in Table 4.
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TABLE 4 Summary of microwave assisted synthesis for preparation of ZnO nanoparticles

[82]
Metal Reaction Solvent Formation Relevant NC fea- Synthesis time,
. Precursors . . tures (morphology, temperature,
oxide type additives mechanism . . )
size, size variance) pressure
alcolysis polymer-assisted .
. . 1-5 min, steps
700 | Zn(OAc), dehydrat'atl.on/ EG oriented attach- clusters of 8 nm 120-180°C
ester elimina- ment sequential NCs 50-275 nm [129]
tion seeding
Zne . RO_C2H4OH so.lvent-ass1sted clusters of 30 nm 4 min >1 atm
ZnO  oximate alcolysis (R=CH3;, C,Hs, oriented attach- NCs 50180 nm [130]
Zn(acac), n-CH4Hy) ment
alcolysis . .
Zn(OAc), . solvent-assisted aggregates of 0.5-3 min,
2D Zn(acac), fiitre: Slfiiisgs | ClsgCsHUl growth 20-30 nm particles  200°C [5]
rods:100 nm x
alkaline H,O oriented 1 pm, 2-30 min, 90°C
Zn0 | Zn (NOs), hydrolysis HMT attachment bipods, tripods, [131]
multipods
H,O
HMT rods or needles or
710 Zn (NOj), alkaline HMT+EDA ligant-assisted stars or disks or 15 min, 90°C
Zn(OAc),  hydrolysis HMT+TEC growth balls [131]
NH,OH or range 0.4-5 pm
NH40OH+TKC
alkaline solvent-assisted 120 min, 192°C
ZnO  Zn (NO;), hydrolysis NaOH growth rods range 1 pm [132]
Zn (NOs), o
Zn(OAc), pH-dependent H,O ion-assisted needles 11 pm .
410 ZnSO, hydrolysis Urea growth c=20-30% > 15 min [133]
chlz
H,O solvent-assisted rods diam.
ZnO | Zn(OAc),  hydrolysis 2 025-7 nm 10 min [134]
N,Hy growth
len. 0.5-1.5 pum
. H,O solvent-assisted g
ZnO | Zn(OAc),  hydrolysis NH,OH - dumbbells 2 x 5 um  5-10 min [135]
rods packed in different cy-
700 Zn(OAc) hydrolvsis H,0 polymer-assisted micromer-sized cling
2 yaroly EG seeded growth bundles, spheres or = modes 60-90
flowers min [136]
. H,O . rods 50-250 nm . o
ZnO  Zn(OAc), ﬁlk;rlé?esis NaOH, PEG, p";ﬁff'a“md diameter x 70-300 ?103;“]‘“’ Qe
yaroly EtOH &t nm length

Note: EDA=ethylenediamine; HMT=hexamethylenetetramine; O Ac=acetate; acac=acetylacetonate; TFA=1-octyl-
3-methylimidazolium trifluoroacetate; EG=ethylene glycol; TEG=triethylene glycol;, PEG=polyethylene glycol;
PAM=polyacrylamide; PVP=polyvinylpyrrolidone; TEC=triethyl citrate; TK C=tripotassium citrate monohydrate;

2.5Microwave assisted synthesis of Ag/ZnO microstructures

Although a combination of Ag and ZnO within one nanostructured hybrid material with com-
bined function of both components would be beneficial for many applications, preparation of
hybrid nanostructures of Ag/ZnO by microwave synthesis was reported rarely. Bhattacharyya
et al. used microwave polyol synthesis lasting 15 minutes and the reaction was conducted un-
der argon atmosphere [3]. Another attempt to use microwave was presented by Karunakaran et
al. which used microwave domestic oven in cycle mode: on for 30 seconds and off for 30 sec-
onds [138]. Other forms of Ag/ZnO materials were prepared by conventional heating within
the hydrothermal (solvothermal) co-precipitation methods [139].
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3. Characterization of fillers

3.1 General properties

General properties of particulate systems (powders) regardless to their intended application
can be divided into following areas: [140-143]

1. Chemical composition and structure which could be characterized by:

Infrared spectroscopy

UV-VIS spectroscopy

X-ray fluorescence induced by electron beam: Energy dispersive x-ray analysis (EDS), Wave-
length dispersive spectroscopy (WDS)

X-Ray Powder Diffraction

2. Morphology of particles, specific surface area and surface composition which could be
characterized by:

Electron microscopy: Scanning electron microscopy (SEM), Transmission electron microsco-
py (TEM)

Gas adsorption techniques: Adsorption isotherm, BET (Brunauer, Emmett, Teller)
Photoelectron spectroscopy: X-ray photoelectron spectroscopy (XPS), Ultraviolet photoelec-
tron spectroscopy (UPS)

3. Distribution of particle size: particle sizing methods which can be divided into three
groups:

(1) Ensemble methods in which all of the particles in a sample are measured at the same time.
Size distribution is extracted from signal collected for the whole ensemble of particles. Low
angle laser light scattering, Dynamic light scattering and Ultrasound spectrometry are exam-
ples of these methods.

(i1) Counting methods use following principle: individual particles are measured and distribu-
tion is obtained by size binning of the counts for similar particles. Electrozone, microscopy,
Time-of-flight, Optical counting are typical representatives of today available methods. Mi-
croscopy belongs to the most powerful among them when connected with an automated image
analysis.

(ii1)Separation methods utilize an external force/filed or even more complicated process to
separate particles according to their size. Then the distribution is obtained. Sieve fractionation,
Capillary hydrodynamic fractionation, Sedimentation field flow fractionation, Scanning mo-
bility particle analysis and Differential sedimentation use various physical principles for de-
termination of particle size distribution.

4. Physical properties as density of the material, dielectric conductivity, magnetic prop-
erties and pore distribution are next possible characteristics which could be measured.
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3.2 Antimicrobial performance

Bactericidal effect of filler nanoparticles is attributed to their small size, photocatalystic activi-
ty and high surface to volume ratio, which allows them to interact closely with microbial
membranes [144].

There are several antimicrobial susceptibility testing methods available today, and each of
them has its respective advantages and disadvantages. They all have the same goal, which is to
provide a reliable prediction of whether an infection caused by a bacterial isolate will respond
therapeutically to a particular antibiotic treatment. Selection of the appropriate method will
depend on the intended degree of accuracy, convenience, urgency, availability of resources,
availability of technical expertise and cost. Among these available tests, the two most com-
monly used methods in veterinary laboratories are the dilution method and the disk diffusion
method [145].

3.2.1 Dilution method — (MIC, MBC)

Dilution tests are performed to determine the minimum inhibitory concentration (MIC) of the
antimicrobial agent. MIC is defined as the lowest concentration of the antimicrobial agent that
inhibits the growth of the organisms. Estimation of the MIC is useful to (a) regulate the thera-
peutic dose of the antibiotic accurately in the treatment of many life-threatening situations
such as bacterial endocarditic and (b) test the antimicrobial sensitivity patterns of slow grow-
ing bacteria such as. M. Tuberculosis [146].

Following methods are carried out to determine the MIC:

1. Broth dilution method,

2. Agar dilution method,

3. Epsilometer test (E-test) [147].

Conditions of tests are also described in Czech norm CSN EN ISO 20776-1 and (857006),
CSN EN ISO 20776-2 (857006).

Broth dilution method

The broth dilution method is a quantitative method for determining the MIC of antimicrobial
agent that inhibits the growth of the organisms in vitro. In this method, the antimicrobial agent
is serially diluted in Muller-Hinton broth by doubling the dilution in tubes (e.g., 1 pg/mL,
2 ng/mL, 4 pg/mL, 8 pug/mL, 16 pg/mL), and then, standard suspension of the broth culture of
test organism is added to each of the antibiotic dilutions and control tube. This suspension is
mixed gently and incubated at 37°C for 16-18 hours. An organism of known susceptibility is
included as a control. The MIC is recorded by noting the lowest concentration of the drug at
which there is no visible growth of microorganism as demonstrated by the lack of turbidity in
the tube. The added advantage is that using the same tube allows determination of the mini-
mum bactericidal concentration (MBC) of the antimicrobial agent. The MBC is determined by
sub-culturing from each tube, showing no growth on a nutrient agar without any antibiotics.
The plates are examined for the growth, if any, after incubation overnight at 37°C. The tube
containing the lowest concentration of drug that fails to show any growth on subculture plate
is considered as the MBC of the antibiotic for that strain [125].
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For bactericidal agents, the MBC is usually the same as, and generally not more than fourfold
higher than the MIC. In contrast, the MBC of bacteriostatic agents are many-fold higher than
their MIC [148].

Agar dilution method

Agar dilution test is similar to that of broth dilution methods; with the exception that antimi-
crobial agent is incorporated into an agar medium and bacteria are inoculated on top of the
agar. Agar dilution method is a quantitative method for determining the MIC of antimicrobial
agent against the test organism. It is useful (a) to test organism from serious infections like
bacterial endocarditis or (b) to verify equivocal results of disc diffusion test. Mueller-Hinton
agar is used in this method. Serial dilution of the antibiotic is made in agar and poured onto
Petri dishes. Dilutions are made in distilled water and added to the agar which has been melted
and cooled to not more than 60°C. One control plate is inoculated without antibiotics. Organ-
ism to be tested is inoculated and incubated overnight at 37°C.

Plates are examined for presence or absence of growth of the bacteria. The concentration at
which bacterial growth is completely inhibited is considered as the MIC of the antibiotic. The
main advantage of the method is that a number of organisms can be tested simultaneously on
each plate containing an antibiotic solution [126]. One major limitation of agar dilution assays
is that they can only evaluate the inhibition of visible growth and cannot distinguish bacterio-
static from bacterial killing [149].

Epsilometer test (E-test)

E-test, based on the principle of disc diffusion, is an automated system for measuring MIC of
the bacterial isolate. In this method, an absorbent plastic strip with a continuous gradient of
antibiotic is immobilized on one side. MIC interpretative scale corresponding to 15 twofold
MIC dilutions is used on the other side. The strip is placed on the agar plate inoculated with
the test organism with the MIC scale facing toward the opening side of the plate. An elliptical
zone of growth inhibition is seen around the strip after incubation at 37°C overnight. The MIC
is read from the scale at the intersection of the zone with the strip. The end point is always
read at complete inhibition of all growth including hazes and isolated colonies. E-test is a very
useful test for easy interpretation of the MIC of an antibiotic. However, this test is suitable for
soluble antimicrobial agents only [150].

3.2.2 Disk Diffusion Method (Kirby-Bauer method)

In this method, a Petri-plate containing the agar medium (Mueller- Hinton agar approximately
1 to 2x10® colony forming units per ml) is inoculated uniformly over its entire surface with a
standardised amount of a test organism. After the agar surface has dried for about 5 min, the
appropriate antibiotic test disks are placed on it, either with sterilised forceps or with a multi-
ple applicator device. The plates are incubated at 35-37°C for 18 hours [149]. After an over-
night incubation, the bacterial growth around each disc is observed. Antimicrobial agent im-
mediately begins to diffuse outward from the disks, creating a gradient of antibiotic concentra-
tion in the agar such that the highest concentration is found close to the disk with decreasing
concentrations further away from the disk.
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If the test isolate is susceptible to a particular antibiotic, a clear area of “no growth” will be
observed around that particular disk. The zone around an antibiotic disk that has no growth is
referred to as the zone of inhibition since this approximates the minimum antibiotic concentra-
tion sufficient to prevent growth of the test isolate. This zone is then measured in mm and
compared to a standard interpretation chart used to categorize the isolate as susceptible, inter-
mediately susceptible or resistant [129]. This test is simple and inexpensive but not very relia-
ble [128]. Moreover, MIC measurement cannot be determined from this qualitative test, which
simply classifies the isolate as susceptible, intermediate or resistant [150].

4. Characterization of antimicrobial polymer systems

Antimicrobial polymer system (APS) must comply with consuming properties in respect to
general physical and mechanical properties (strength, elasticity, durability, stability) thermal,
electrical, optical but also specific properties important for medical use as non-toxicity, bio-
compatibility, bio stability and antimicrobial properties.

4.1 General properties

General physical and mechanical properties (strength, elasticity) of antimicrobial polymer sys-
tems could be characterized similarly as for all polymers systems by a set of measurement
techniques. Here, a brief overview of most common methods is given; moreover all instrumen-
tal equipment necessary for selected methods is available at Tomas Bata University in Zlin.
Static mechanical tests allows to obtain characteristic values, among them tensile strength,
elongation at break, Young's modulus, and yield strength are the most important. Impact pen-
dulum or drop weight testers can be used for investigation of impact properties of polymers
systems either in simple or instrumented form. Dynamic mechanical analysis provides more
complex characterization of the material in the pendency on frequency and temperature. The
storage, loss modulus and loss factor, describe viscoelastic behaviour of materials. Same im-
portant thermal characteristics can be identified by this method as well, e.g. glass transition
temperature. Complementary methods for investigation of thermo-mechanical properties is
Thermo-mechanical analysis (TMA) and for thermal properties Differential scanning calorim-
etry (DSC). Thermal stability of polymer system can be characterized by Thermogravimetric
analysis (TGA). Rheological behaviour of polymer materials must be studied for successful
determination of processing parameters with respect to the chosen production technology and
equipment [151].

4.2 Evaluation of antibacterial properties of APS

The antibacterial activity of prepared composites was assessed against Escherichia coli ATCC
8739 and Staphylococcus aureus ATCC 6538P according to ISO 22196: 2007 (E). For the
sake of clarification, a brief description of this standard assay for evaluation of antibacterial
activity on plastic surfaces is given. First, a test inoculum was prepared by transferring one
loop of the pre-incubated bacteria into a small amount 1/500 diluted nutrient broth. The test
specimens (three specimens treated and untreated) with dimensions 50 mm x 50 mm x 1 mm
were placed in Petri dishes and inoculated by 0.4 mL of the test inoculum. Inoculated speci-
mens surface was covered with thin piece of polypropylene film (40 mm x 40 mm) and
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pressed down gently so that the test inoculum spread to the edges. After the incubation for 24
h at 35 °C under humid condition (95 %), test inoculum remaining on cover film and test spec-
imen was completely recovered by 10 mL of SCDLP broth (prepared by adding 1 g of lecithin
and 7 g of polysorbate per litter of Tryptone Soya Broth). Recovered SCDLP broth was 10-
fold serial diluted in phosphate-buffered physiological saline and 1 mL of each dilution was
placed together with 1 mL of undiluted recovered SCDLP into separate Petri dishes. 15 mL of
plate count agar was poured into each Petri dish, swing gently to disperse bacteria and incu-
bated for 48 h at 35 °C under humid condition (95 %). After the incubation, the number of
colonies was counted in the Petri dishes containing from 30 to 300 colonies [150].

N = (100xCxDxV)/A, )

where,

N is the number of viable bacteria recovered per cm” per test specimen;
C is the average plate count for the duplicate plates;

D is the dilution factor for the plates counted;

V is the volume, in, mL, of SCDLP added to the specimen.

The results are expressed in terms of the antibacterial activity R, which is defined as the dif-
ference in the logarithm of the viable cell count found on an antibacterial-treated sample and
an untreated sample after inoculation with an incubation of bacteria:

R=(U-Up)-(A-Up)=U-A,, (3)

where,

R is antibacterial activity;

U, is the average of the common logarithm of the number of viable bacteria, in cells/cm?,
recovered from the untreated test specimens immediately after inoculation;

U, is the average of the common logarithm of the number of viable bacteria, in cells/cm?,
recovered from the untreated specimens after 24 h;

A is the average of the common logarithm of the number of viable bacteria, in cells/cm?,
recovered from the treated test specimens after 24 h.

At this point, we have omitted evaluation of the number of viable bacteria recovered from the
untreated test specimens immediately after inoculation because of extensiveness of the exper-
iments and the value of the antibacterial activity R was determined simply according to [150].

R=Ui-A,, (4)
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AIMS OF WORK

The aim of work is to contribute to the field of biomedical application of composite materials
possessing antibacterial activity. According to the literature review and the experiences that
has been gained during the doctoral studies, development of a new antibacterial inorgan-
ic/polymer system has been set as the main objective of this thesis due to its promising proper-
ties suitable for biomedical application.

The main objective of this dissertation work has been subdivided into following goals that
may yield novel materials and original scientific results:

e Preparation of various Ag, ZnO, Ag/ZnO powder materials by microwave assisted syn-
thesis and further development and optimization of the method for direct synthesis of
hybrid material

o development of hybrid materials synthesized on micro-sized carriers and pro-
cesses of making thereof

o characterization of products, description of relationship between physical and
chemical parameters of synthesis and resulting materials properties

o 1investigation of reaction mechanisms and specific microwave effects

e Compounding of prepared filler with selected polymer matrix (PVC)
o focused on obtaining of composite with well dispersed and distributed particles

within the polymer matrix

e Evaluation of antibacterial activity of fillers and composites in order to prove their us-
ability in biomedical applications.
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METHODOLOGY

5. Materials

Zinc acetate dihydrate Zn(CH;COOQO),:2H,0 (ZAD), silver nitrate AgNO3 and hexamethylene-
tetramine (CH;)¢N4 (HMT) were purchased from PENTA (Czech Republic). Aqueous ammo-
nia (25-29 %wt, hereafter referred as NHsaq), 30% hydrogen peroxide (w/w) in H,O were
purchased from Sigma Aldrich Co. Arbocel© B 600 (P-cellulose) was supplied by J.
RETTENMAIER & SOHNE GmbH + Co. KG (Germany) and a-Cellulose was purchased
from Sigma Aldrich Co. Both types of cellulose were in the form of fine white powder with
polydistributive fibre-like morphology with fibre lengths ranging from 100 to 500 um. Soft
wood flour BK 40-90 was supplied by J. Rettenmaier & S6hne GmbH + Co.KG (Germany).
The properties declared by producer: Particle size main 300-500 pm; pH 4.5-6.5; bulk density
170-230 g/L. Polyvinyl chloride was used as a polymer matrix for the compounding of the
composite material. The medical grade PVC RB3 resin was plasticized for flexible applica-
tions and for gaining biocompatibility according to ISO 10993 USP, Class VI. The resin was
delivered by Modenplast Medical (Italy). All mentioned chemicals and ingredients were used
as received without further purification.

6. Synthesis of fillers and their decoration on substrates surface

Zinc oxide, silver and Ag/ZnO particulate fillers were prepared as surface decorations on sub-
strates via the microwave-assisted hydrothermal synthesis performed in modified microwave
open vessel system MWGI1K-10 (RADAN, Czech Republic; 1.5 kW, 2.45 GHz) operated in
quasi-continuous mode (zero idle time, maximum power). Microwave apparatus is simply
composed of microwave oven and reflux cooling system and its scheme is given in Figure 3.
The temperature was monitored by an industrial contactless thermometer (Raytek CM, Ger-
many).
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Figure 3 Scheme of MW apparatus: 1-externall MW source, 2-reaction vessel, 3-MW oven, 4-
defoamer, 5-dropping system, 6-Allihn condenser
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7. Preparation of composite systems

For the preparation of composite, melt mixing was chosen as an appropriate method. Compo-
site was prepared by incorporation of nano and sub-micro fillers decorated on a-cellulose,
powdered cellulose and wood flour (WF) into the plasticized PVC matrix using the Brabender
mixer. Final concentration of antimicrobial filler was 5 wt %. Obtained sheets were character-
ized by common instrumental methods and tested for water absorption capacity, antibacterial
activity, permittivity or dielectric properties.

8. Characterization of prepared materials

Nowadays, many instrumental methods are available for characterization of inorganic nano-
and micro-structured powders. The characterization methods used were selected carefully
with respect to aims of work and are listed below, including methods intended for testing of
composite materials made thereof.

X-ray diffraction analysis (XRD) was employed for crystal phase identification on a PANalyt-
ical X'Pert PRO X-ray diffractometer (PANalytical, The Netherlands) in the diffraction angle
range 5-90° 20, using Cu Kal radiation (A = 1.5418 A).

The crystallite size D of samples were estimated using the Scherrer’s equation by measuring
the line broadening of the main intensity peak of samples according to:

D = (0.94)/(p cosB) (5)
where
p - the full width at half-maximum, corrected by the instrument response
A - the wavelength of Cu Ka radiation
20 - the Bragg’s angle.

Scanning electron microscopy (SEM) was used to observe the morphology of fillers by Vega
II/LMU, Tescan Czech Republic. SEM analysis was also performed for composites on frac-
tures surfaces in order to evaluate the degree of homogeneity, adhesion of modified substrates
with polymer matrix and for observation of release of micro and sub-micro articles from carri-
er to polymer matrix and, moreover, to gain the insight into the composites internal structure.

Measurement of electrical properties and relative water absorption capacity

The resistivity of the materials was measured by the four-point van der Pauw method at room
temperature with the use of the Electrometer/High Resistance Meter KEITHLEY 6517B
(Keithley Instruments, USA).

X-ray Photoelectron Spectroscopy (XPS) was carried out with Axis Ultra DLD spectrometer
using Al Ka (hv = 1486.7 eV) X-ray source operating at 150 W (10 mA, 15 kV). Instrument
base pressure was 2 x 10™ Pa. The spectra were obtained using an analysis area of ~300 pm x
700 pm. The spectra were measured with the step size 0.7 eV and 160 eV pass energy for sur-
vey resolution spectra, respectively 0.1 eV and 20 eV for high resolution spectra and have
been charge corrected to the adventitious C 1s spectral components (C-C, C-H) binding energy
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set to 284.8 eV. The process has an associated error of at least + 0.1 eV up to 0.2 £ eV for in-
sulating samples. Measured spectra were analysed using Casa XPS software (version 2.3.15).

Fourier transform infrared spectroscopy (FTIR) analysis was performed with the use of the
spectrophotometer Nicolet 6700 (Thermo Scientific Co, US) equipped with germanium crystal
ATR accessory.

Static water contact angles (WCA) of materials powders were measurement by See System E
(Advex Instruments, Czech Republic).

Dielectric measurements were carried out at ambient temperature using the impedance meth-
od in two frequency ranges. The Impedance/Material analysers 4294A and E4991A (both Ag-
ilent, USA) were employed in the frequency ranges from 40 Hz to 5 MHz and from 1 MHz to
1 GHz, respectively.

Evaluation of surface antibacterial activity

The antibacterial activity of prepared composites was assessed against Escherichia coli ATCC
8739 and Staphylococcus aureus ATCC 6538P according to ISO 22196: 2007 (E). Detailed
description of method is given in section 4.2 Evaluation of antibacterial properties of APS.
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9. Summary of results

The doctoral thesis is aimed on the preparation of composite materials possessing antibacterial
activity. First part of the experimental work deals with the development of microwave-assisted
hydrothermal synthesis technique for the preparation of silver nanoparticles, zinc oxide sub-
microparticles and hybrid Ag/ZnO hierarchical structures decorating the surface of various
substrates as powder cellulose, a-cellulose and wood flour. The mechanism of growth of pre-
pared antimicrobial particles on substrates was investigated with special attention paid to the
addition of second precipitation agent, namely aqueous ammonia, during the microwave syn-
thesis. (Paper II) Chemical or physical interaction between the precursors of prepared particu-
late silver, zinc oxide and hybrid Ag/ZnO and oxidized cellulose was studied. Detailed analy-
sis of the surface decorations and their properties was provided. The interaction between Ag
and ZnO in the hybrid Ag/ZnO material was studied by XPS. (Paper III)

Next, composite materials were prepared via the incorporation of these nano and sub-micro
fillers decorated on a-cellulose; powdered cellulose and wood flour (WF) in concentration
5 wt. % into plasticized PVC matrix using the Brabender mixer and the conditions for prepara-
tion of composite systems were optimized. Further, prepared composites were tested on their
antimicrobial activity against representatives of both, Gram-positive and gram-negative bacte-
ria, according to the standard ISO 22196 E (2007). The standard determinates the conditions
of measurement of antibacterial activity on plastic surface and qualitative and quantitative
evaluation of antibacterial performance of fillers in model PVC composites as presented in
(Paper I and II).

The Utility model demonstrates the application potential of obtained results.

sk sk sk ok

Hybrid inorganic—organic fillers based on nanostructured silver/zinc oxide decorated on mi-
cro-cellulose, powdered structures and wood flour carrier particles were prepared by stepwise
microwave assisted hydrothermal synthesis using soluble salts as precursors for the silver and
zinc oxide. Hexamethylenetetramine was used as precipitation and reduction agent (Paper I,
Paper II, Paper I1I and the Utility model) and aqueous ammonia was used as second precipi-
tation agent in next step in order to maximize the efficiency and yields of synthesis. (Paper I
and Paper II) Prepared filler was mixed into the plasticized PVC matrix using Brabender
measuring mixer. (Paper I and II)

The hierarchical nanostructured hybrid Ag/ZnO microsized fillers were previously developed
to combine the advantages of antibacterial activity of nanosilver and submicron zinc oxide.
These fillers allow better compounding into polymer matrixes in comparison with nanoparti-
cles and eliminate common inevitable drawbacks of nanoparticles’s application as well. On the
other hand, relatively large (tens of micrometers) particles may cause serious harms by sealing
the capillary vessels if the particles are released to blood circulation. A sufficient particle—
matrix adhesion is therefore required. This problem can be solved by covalent attachment of
the inorganic compound to the polymeric matrix. However, this was not a suitable synthetic
strategy in our studies, so the issue of eventual particle escape from polymer matrix was care-
fully investigated by exposure of prepared materials to ultrasound agitation in a water bath. No
release of particles was observed hence sufficient adhesion was proved.
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Paper I is devoted to the hybrid nanostructured Ag/ZnO particles that decorate the surface of
cellulose particles. The surface of cellulose is uniformly and compactly covered by these inor-
ganic particles and the final morphology resembles coral reef. Individual morphology of ZnO
microparticles possesses hollow hexagonal nuts with the diameter up to 1 um. Silver nanopar-
ticles have globular shape and their diameter is about 100 nm or smaller. Some samples were
prepared in a similar way but the synthesis included second step comprises the addition of
NHsaq which caused yield improvement and slight increase of size of ZnO crystals. On the
other hand, globular silver particles seem to be not influenced by the additional increase of
ammonia concentration. Observed Ag and ZnO particles and their agglomerates were attached
to the surface of both types of cellulose and covered the particle surface in all samples. No
unanchored particles were observed during microscopic inspections of prepared products.
Prepared hybrid Ag/ZnO decorated particles were compounded with polymer matrix PVC.
The morphology of the fillers and their components was not changed within the process of
compounding and most of the Ag/ZnO material remained attached to the cellulose particles
surface (Figure 4). On the other hand, some Ag and ZnO particles peeled off from the cellu-
lose surface were dispersed during mixing process into the entire volume of polymer matrix.
Distribution of the particles seems to be good on both dimension levels, i.e. for big decorated
cellulose as well as for ZnO micro and aggregates of Ag nanoparticles. The connection be-
tween the filler and matrix can be disturbed during matrix-filler separation within the pro-
cessing caused by cutting due to the weak adhesion of filler to matrix what may result in Lotus
leaf effect. The molten matrix can be unambiguously classified as being in the Cassie—Baxter
state and not in the Wenzel state with respect to the decorated surface of filler particles. The
unwetting criterion can be adapted for this case. The apparent contact angle is so large and the
decorations are tall enough that the matrix bridges the tops of the decorations and does not
touch their bases or even the floor between decorations.

The surface of prepared samples was thoroughly inspected and the samples were exposed to
ultrasound in a water bath. The bath liquid was still clear after 15 min of sonication. Neither
inspection nor ultrasonic treatment revealed any filler particles release from the material. It
seems, they are safely embedded in the polymer matrix due to compounding and the hot press-
ing is a technology which does not support surface separation of fillers. It can be expected that
extrusion or injection moulding as the main representatives of large scale technologies of
thermoplastic processing will produce smooth surfaces, too. One could have doubts about cut-
ting technological steps; however, heated knives or some finishing technique can be employed
to iron smoothly the cross-section surface if needed.

The electrical insulation is a usual requirement for many plastics incorporated in the medical
devices for safety reasons, especially in the case of the use of a defibrillator for resuscitation.
Another reason for good insulating properties is avoiding the malfunction of electronic in-
struments monitoring the patient’s state. Both, direct-current (DC) and alternating-current
(AC) using devices, can be interfered by a presence of improper conductive material in the
body. There are two main phenomena characteristic for materials in electric field, i.e. electrical
conduction and dielectric behaviour. The electrical resistivity is summarized in Table 5 and
the frequency dependence on complex permittivity is shown in Figure 5. Since cellulose plays
role of a delivery system within the prepared composites and it can undergo strong interaction
with water, the resistivity and dielectric spectra were taken again for all materials after that the
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same specimens were immersed into water for 1 week. In the Figure 5 and Table 5, the results
of electrical properties of composites are summarized.

Prepared composites have the same resistivity and almost unchanged dielectric spectra in
comparison to neat matrix. At used concentration of 5 wt%, the introduction of polar cellulose
as the carrier for active species causes no susceptibility of the material to swelling by water
and subsequent change of electric properties.

The antibacterial activities of composite materials were tested according to the standard ISO
22196: 2007 (E) against E. coli and S. aureus. The results are summarised in the Table 6,
where the neat PVC is the reference sample giving the U, value and the R value indicates the
surface antibacterial activity of all prepared composites.

Figure 4 SEM microphotograph of cross-section of PVC
composites with Ag/ZnO-cellulose particles a) PVC/a-
cellulose, b) PVC/P-cellulose, ¢c) PVC/Al, d) PVC/A2, e)

0 v 4 8 .-} iz A G &
PVC/P1, f) PVC/P2; details of filler particle in the PVC ma- w1 . :*O 10Tt o ; |_1|O o
trix: g) a-cellulose, h) P-cellulose, 1) Al, j) A2, k) P1 and 1) (H2) (F2)
P2 Figure 5 Frequency dependence of real and imag-

inary permittivity (e’, ) and loss factor (tan d)
for composite materials before (left side) and
after immersion (right side) at varying frequency

TABLE 5 Resistivity of the neat PVC, neat cellulose materials, prepared fillers and prepared
composites before and after immersion in water
Cellulose powders and prepared PVC matrix and composite materials

fillers
Resistivity, R Material Resmtwlt.y of dry Re31st1V1t.y of wet
Sample Q. cm) code material, R material, R
) (Q.cm) (Q.cm)
n.a. n.a. neat PVC (12+4)x 10" | (15+5)x 10’

o-cellulose

(18 £7) x 10

PVC/o-cellulose

(10 + 5) x 10’

(14 £ 6) x 10’

P-cellulose

(22 +10) x 10

PVC/P-cellulose

(13 +6) x 10’

(13 £ 6) x 10’

Al (32+10) x 10~ PVC/A1 (12+5)x 10" | (14+6)x 10’
Pl (60 £20) x 10~ PVC/P1 (13£6)x 10" | (15£6)x 10’
A2 (65+9)x 10" PVC/A2 (16+7)x 10" | (16+7)x 10’
P2 (74 +£8) x 10 PVC/P2 (16+7)x 10" | (16+7)x 10’
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TABLE 6 Antibacterial activity of composite materials. Neat PVC served as the reference
sample, therefore, only its U, can be calculated

Number of viable Numb fviable S Antibacterial Antibacterial
E. coli cells recov- urmber of Viabie . Activity activity
2 aureus cells recov- ;
Sample ered per cm” spec- ered per em’ Speci- E. coli, S. aureus,
P imen, N p P R=U-4 R=U-4
) men’ N t t t t
2
(CFU/cm?) (CFU/em’) (Log CFU)  (Log CFU)
Neat PVC 1.3 x 10’ 1.3 % 10° U=7.1 U-=5.1
PVC/a-cellulose 1.1 x 107 1.4 x10° 0.074 0
PVC/P-cellulose 1.3 x 107 1.3 x10° 0.021 0
PVC/A1 <1 9.1 >7.1 4.2
PVC/P1 <1 <1 >T7.1 >5.1
PVC/A2 <1 2.8 >7.1 4.7
PVC/P2 8.1 4.1 6.2 4.5

It can be summarized, that the composite material based on the medical grade flexible PVC
compounded with the prepared decorated cellulose filler was shown as an effective antibacte-
rial polymer system with excellent surface activity against E.coli and slightly lower but still
very good against S. aureus.

sookokokok

In the paper 11, the main attention has been paid to preparation of decorated wood flour (WF)
by silver, zinc oxide and Ag/ZnO hybrid particles via the microwave assisted synthesis. Detail
information on reaction mixture composition is given in Table 7. The mechanism of growth of
particles on WF substrate was studied too. Additionally, the influence of second precipitation
agent, namely aqueous ammonia, on secondary crystal growth of sub-micro ZnO particles can
be seen in Figure 6E and 6F. Secondary growth results in different morphology of filler what
causes also increase of antibacterial activity of composites made from the same. The compari-
son of antibacterial activities of prepared composites is given in Table 8.

P’ i, » [ . a4
Figure 6. SEM images of modified WF samples denoted as sample E without secondary pre-
cipitation and sample F with secondary precipitated forest-like surface decorations
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TABLE 7 Overview of sample, sample codes, amounts of used chemical and average synthe-

sis yield.
Sample code Wood Precursor of  Precursor of HMT NH; aq. Yield
flour Zn*" Ag'
(2 (2 (2 (2 (mL) (2
WF-Ag 1.000 - 0.701 6.928 - 1.38
WF-ZnO 1.000 10.800 - 6.928 - 1.66
WF-Ag/ZnO 1.000 10.800 0.701 6.928 - 1.89
WF-Ag-AA 1.000 - 0.701 6.928 14.2 1.38
WF-ZnO-AA 1.000 10.800 - 6.928 14.2 4.05
WF-Ag/ZnO-AA 1.000 10.800 0.701 6.928 14.2 4.56

Excellent surface antibacterial effect was observed against E. coli and S. aureus. Synergic an-
tibacterial effect of Ag/ZnO hybrid material (composites) was more pronounced in case of
material synthesized with additional ammonia reaction step.

TABLE 8 Surface antibacterial activity evaluation of WF/PVC composites

Number of viable £. Number of viable S. Antibacterial Antibacterial
coli cells recovered per aureus cells recovered Activity activity
Sample code cm’ specimen, N per cm? specimen, N E. coli, S. aureus,
(CFU/cm?) (CFU/cm?) R=1U,- 4, R=1U,- 4,
(Log CFU) (Log CFU)
neat PVC 6.9 x 10° 1.3 x10° U,=6.8 U,=5.1
WEF/PVC 9.5 x 10° 6.1 x 10° -0.14 -0.68
WF-Ag/PVC 7.5 % 10° 6.3 x 10° 2.9 1.3
WF-ZnO/PVC 73 % 10° 2.8 x 107 3.0 2.6
WEF- Ag/ZnO/PVC 2.4 x 10 1.0 4.5 5.1
WF-Ag-AA/PVC 1.3 x 10° 1.2 x 10° 3.7 2.0
WE-ZnO-AA/PVC 3.6 x 10* 3.1 x10° 2.3 2.6
WF —Ag/ZnO-AA/PVC <1 <1 >6.8 >5.1

The formation of zinc oxide, silver and Ag/ZnO particles is also described in Paper II.
Firstly, the HMT decomposes slowly at high temperature in aqueous solution according to
following equation

(CH)6N4 + 6H,0O — 4NH; + 6HCHO (6)
The ammonia is in equilibrium:
NH; + H,0 < NH4" + H,0 (7)
However, if the precursor salt is zinc acetate, the acetate ion undergoes hydrolysis, too:

CH;COO + H,0 <> CH;COOH + OH" (8)
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The thermodynamic analysis supports the model of reaction mechanism involving primary
precipitation of layered zinc hydroxide acetates [151] against interpretations involving zinc
hydroxide formation from zinc acetate [152]:

5Zn*" +2CH3COO™ + 8OH + (n)H,0 — [Zns(OH)s(H,0),](CH;COO0),(n-2)H,0 (9)

In spite of increasing concentration of ammonia with the decomposition of HMT,
[Zn(NH;)4]*" cations would scarcely formed at this pH range [153]. Further thermal treatment,
especially under MW heating [154, 155], results in the rapid transformation of zinc hydroxide
acetate into ZnO:

[Zns(OH)s(H>0),](CH;COO),-(n-2)H,0 — 5Zn0 +(n+1)H,0 + 2H;0" + 2CH;COO™  (10)

According to the literature, this reaction is responsible for the characteristic shape of the
twinned ZnO microparticles. The increase of ammonia concentration causes formation of
Ag(I+) complex:

Ag' +2NH; — [Ag(NH3),]" (11)

This complex undergoes easily reduction caused by formaldehyde released from HMT, too:
HCHO + 2[Ag(NH;),]" + H,0 — HCOO™ + 2Ag” +3NH,4" + NH; (12)

For samples prepared by the synthesis involving the addition of NHsaq in the last microwave
reaction step, the concentration of ammonia suddenly increases to 1.2 mol/L due to the addi-
tion of 0.2 mol of NH;. The addition most likely overbalances the buffer capacity of the reac-
tion mixture and pH increases, theoretically up to the value about 11.5. However, the addition
occurs at elevated temperature under reflux, so the pH will not increase that much, as the pH
of water solution generally decreases with increasing temperature due to increased self-
dissociation of water. Increased temperature supports the precipitation of ZnO because the
solubility of ZnO decreases in ammonia solutions with elevating temperature. The solubility
range of [Zn (NH;3)4]*" which is at room temperature up to the pH 11.5 shrinks with increasing
temperature as well and shifts to lower values as the solution is heated and we expect it to be
in range of 11-11.5. [151] According to the obtained yield, most of the zinc source compounds
remain in the solution at the end of the first reaction step i.e. before the secondary precipitation
agent addition. Therefore, formation of zinc hydroxide complex anions as the intermediate
reaction step is a reasonable explanation for the reaction mechanism and proceeds according to

reactions:
Zn*" + 4NH; — [Zn (NH;3)4]*" (13)
ZnOH" + 4NH; — [Zn (NH3),]*" + OH (14)
[Zn (NH3)4]*" +4H,0 — ZnO+ 20H + 4NH," +H,0 (15)

The hydroxide route cannot be excluded as well:
Zn(OH);” — ZnO + H,O + OH" (16)

Zn(OH),* — ZnO + H,0 + 20H (17)
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Considering the process of the decoration WF surface, two basic factors influence the chemis-
try of the modification procedure. First, the properties of wood flour surface are crucial with
respect to the attachment of synthesised particles to the substrate which can be influenced by
the WF selection. Secondly, the composition of the reaction mixture and wet process condi-
tions of WF modification can be intentionally chosen in order to influence the resulting sur-
face decoration and its properties.

To complete the discussion, it must be mentioned that one of the most generally known reac-
tions of NHsaq with lignin is the cleavage of C-O-C bonds in lignin as well as ether and ester
bonds in the lignin-carbohydrate complex. However we did not observe significant erosion or
deterioration of the modified WF particles.

The composite material based on the medical grade flexible PVC compounded with the pre-
pared decorated wood flour filler was shown as an effective Antibacterial Polymer System
with a surface activity excellent against E. coli and sufficient against S. aureus. Moderate ef-
fect of single components (silver or ZnO modified WF) was observed, while combination in a
hybrid Ag/ZnO material decorating the surface of WF particles showed enhanced perfor-
mance. The synergy was more pronounced in case of material synthesised with additional
ammonia reaction step producing evidently more complex hierarchical structure with the sec-
ond generation of ZnO forest-like nanorods.

ook skokosk

In the Paper III, the main attention has been devoted to the detailed study and reaction mech-
anism involved in preparation of our novel hierarchically nanostructured hybrid Ag/ZnO deco-
rated on the surface of cellulose carrier particles.

Firstly, the effect of activation of a-cellulose by 30% hydrogen peroxide (w/w) in H,O for
microwave assisted synthesis was examined. In order to clarify this issue, XPS spectra were
collected for raw a-cellulose and oxidized cellulose (ox-a-cellulose). The results of high reso-
lution XPS are shown in Figure 7.
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Figure 7 FTIR analyse and XPS spectra of C 1s and O 1s line of a-cellulose an ox a-cellulose

Although the concentrated peroxide may be considered as strong oxidizing agent, the distribu-
tion of various bonding configurations of carbon atoms manifested at C 1s line measured for
ox-o-cellulose material shows only small increase of the signal at 289.3 eV which can be as-
signed to C 1s in carboxylic (C=0) group. The rest of photoelectron spectra remained relative-
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ly unchanged. The Water contact angle measurement revealed a significant decrease of the
water contact angle from 65° to 53° which testifies for at least a change of surface properties.
The FTIR ATR spectra of raw a-cellulose and ox-a-cellulose are shown in Figure 7 as well.
There is hardly observable any increase of the absorbance in the carbonyl peak region. The
spectra were recorded with the aid of Ge ATR crystal accessory with the probing depth about
a few hundreds nanometres. It means that the oxidation of the cellulose substrate is only a sur-
face phenomenon, if it occurs at all. It can be assumed that the low molecular products of the
oxidation are instantaneously removed from the crystalline surface during the action of the
peroxide solution. In other words, the process can be considered rather as cleaning or etching
than surface modification.

Furthermore, specific interaction between oxidised a-cellulose surface and Zn(I1+) cations was
studied by XPS, and results are shown in Figure 8, see the peak at 1024.9 eV in the right
graph panel. This feature can be associated with Zn(Il+) in complex with carboxyl groups on
the surface of oxidised cellulose.
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Figure 8 XPS high resolution of C 1s, O 1s, Ag 3d and Zn 2p spectra of all samples

The true hybrid character of Ag/ZnO was confirmed by shifts of binding energy of Ag 3d lines
observed by XPS Figure 8 due to Fermi level alignment at the metal/semiconductor interface
which also confirms interconnected nanodispersion character of the material, in addition to the
analysis of X-Ray diffraction line broadening. On the other hand, doping of ZnO by silver was
excluded by XRD study which can be accepted as a rule of thumb for solvothermal synthesis
of silver and ZnO containing particles. The interpretation is in accordance with the observa-
tions on C 1s, O 1s lines; see left two graph panels in Figure 8.

In this XPS study, the satellite structure of Ag 3d lines at higher energy was observed. We
showed that both of them are associated with final rather than initial states. The one separated
by 3.7 eV from the core line correspond to the Al surface plasmon. The second one separated
by 1.9 eV is attributed to a collective plasmon resonance between neighbouring silver nano-
particles and it was the first observation in XPS although the phenomenon is well known from
previous UV-vis and Raman studies in literature.
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CLOSING REMARKS

10. Conclusion and contribution to science and technology

The work contributes to the general knowledge as well as to technology according to the goals
as follows:

e Microwave assisted synthesis of novel nano, sub-micro, hierarchical or hybrid Ag/ZnO
particles decorated on surface carriers introduce a new concept into the field of compo-
site science and technology.

e The reaction mechanism of growth of inorganic particles and their decoration on carri-
er particles was explained with respect to the used substrate components and chosen
reaction conditions and synthesis protocol variation.

e For the secondary precipitation step technique, the increased antibacterial efficiency
can be associated with development of multiscale hierarchical active filler structure, at
least due to the specific surface increase connected with the second generation of
nanodecorations.

e The antibacterial synergistic effect of composite materials with Ag/ZnO filler was
studied and can be correlated with the development of the real hybrid metal Ag / semi-
conductor ZnO structure dispersed in the nanosize scale. This experiment was carried
out without the above mentioned surface size factor.

e True nanodispersed metal/semiconductor hybrid with a unique collective plasmonic
structure was observed for the first time.

e Specific interaction between oxidised a-cellulose surface and Zn(II) cations was con-

firmed.

Results presented in this work indicates that antibacterial polymer systems using cellulose
fillers decorated by Ag/ZnO nanostructured microparticles have potential to be used as addi-
tives for plastic medical devices as well as for other industries requiring antibacterial action of
the material, for example sanitary, hygienic or other applications.

11. Future prospective

Presented microwave synthesis was proved to be advantageous technique for both, preparation
of antibacterial inorganic particles and modification of organic carries by this particles what,
together with the low-cost, high-efficiency, simplicity and rapidity of this method indicates
that this work can be contributive not only for laboratory use, but also for commercial purpos-
es. Application potential of prepared products is broad, starting from the devices intended for
biomedical purposes, antibacterial modification of surfaces of sanitary facilities to antibacteri-
al treatment of textile or cosmetic aids.
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Abstract Hybrid inorganic—organic fillers based on
nanostructured silver/zinc oxide decorations on micro-cel-
lulose carrier particles were prepared by stepwise micro-
wave assisted hydrothermal synthesis using soluble salts as
precursors of silver and zinc oxide. Hexamethylenetetra-
mine was used as precipitating agent for zinc oxide and
reducing agent for silver. The inorganics covered all
available surfaces of the cellulose particles with a mor-
phology resembling a coral reef. Prepared particulate fillers
were compounded to medical grade poly(vinyl chloride)
matrix. Scanning electron microscopy and powder X-ray
diffractometry were used to investigate the morphology
and crystalline phase structure of fillers. The scanning
electron microscopy was used for morphological study of
composites. With respect to prospective application, the
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composites were tested on electrical and antibacterial
properties. A small effect of water absorption in polymer
composites on their dielectric properties was observed but
no adverse effect of water exposure on prepared materials
was manifested. Electrical conductivity of fillers and
composites was measured and no influence of water
soaking of composites was found at all. The surface anti-
bacterial activity of prepared composites was evaluated
according to the standard ISO 22196. Excellent perfor-
mance against Escherichia coli and very high against
Staphylococcus aureus was achieved.

1 Introduction

Cellulose is the most abundant and widespread biopolymer
[1]. Owing to its availability, biodegradability and specific
properties, cellulose is a very important renewable resource
for the development of environmentally friendly, biocom-
patible and functional materials [2, 3]. Various applications
have been proposed as films, fabrics, powder fillers, paper
and nonwovens to name a few [4-7]. Recently, silver and
zinc oxide nanoparticles attached onto plant or bacterial
cellulose fibres have been the subject of increasing interest,
as they impart antimicrobial property to the parental
material [8]. Such modified fibres are often included into
bioinspired fabric systems [9]. On the other hand, nano-
particles could generally cause problems during processing
with conventional industrial technologies and due to safety
issues. Occupational health risks associated with manu-
facturing and using nanomaterials are not yet clearly
understood especially for nanoparticles on surface of cel-
lulose which are used in near contact with organism e.g.
textile, clothes and medical dressings [10, 11].
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Besides natural, synthetic polymers are encountered daily
in medicine. Over 75 % of all plastics used in medical
device applications use commodity thermoplastics which
comprise polyvinyl chloride (PVC) and polyolefins (poly-
ethylene, polypropylene and their blends, and polystyrene).
The use of PVC compounds in medical device manufacture
for more than 50 years has demonstrated its great ability to
satisfy the demanding requirements of the medical health
care industry. PVC is chemically stable, inert, highly bio-
compatible and hemocompatible, extremely versatile and
easily fabricated. Nevertheless, there are some controversies
about the leachable plasticizers, the use of PVC is still
considered as safe with positive properties largely domi-
nating over eventual drawbacks [12]. However, PVC and
most other polymers are not inherently antibacterial
although being used as main construction material for plastic
articles used in medicine. Without special treatment, such
medical device may be colonised by pathogenic microor-
ganisms and become an open port for infection which rep-
resent a challenge of increasing importance, especially with
regard to indwelling medical devices and expansion of
antibiotic resistance of pathogenic bacteria. Therefore, the
antibacterial modifications of polymeric materials are vitally
important and necessary [13, 14].

Antibacterial additives impart the biostatic or biocidal
property to the polymer matrix in so called Antibacterial/
Antimicrobial Polymer Systems (APS). Among them,
composite materials combining properties of inorganic
nanoparticles and polymers have recently attracted great
attention. APSs available currently for application rely
mostly on silver nanoparticles which are considered as
efficient antimicrobials with size [15-17] and shape
dependence of their performance. However, there is still
some uncertainty in scientific literature discussion regard-
ing their mechanism/s of action [5].

ZnO nanoparticles are known to have strong inhibitory
and antibacterial effects as well as a broad spectrum of
antimicrobial activities. Furthermore, ZnO appears to
strongly resist microorganisms, and nanoparticles of ZnO
are widely used as antibacterials now [18]. The availability
of a wide range of nanostructures makes ZnO an ideal
material for biotechnology [19, 20]. Another efficient well
recognized nanoparticulate system is nanosilver [21]. It
shows strong dependence of the antibacterial performance
on particle size [22]. Hybrid Ag/ZnO nanosystems were
shown to be more efficient than single components due to
synergistic effects of metal/semiconductor combination
[23-25]. The hierarchical nanostructured hybrid Ag/ZnO
microsized fillers were previously developed to combine
advantages of nanosilver and submicron zinc oxide toge-
ther for better compounding into polymer matrixes as well
as for elimination of common inevitable drawbacks of
nanoparticles’s application [26]. On the other hand,
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relatively large (tens of micrometers) particles may cause
serious harms by sealing the capillary vessels if the parti-
cles are released to blood circulation. A sufficient particle—
matrix adhesion is therefore required. One solution to this
problem is to covalently attach the inorganic compound to
the polymeric matrix [27]. Otherwise, the issue of eventual
particle escape from polymer matrix must be carefully
investigated.

Assessment of APS antibacterial activity can be per-
formed according ISO standard 22196:2007 (E). This
method is well suited to all kinds of systems, measures the
antimicrobial effect on the surface of the plastic component
itself. Therefore it is most appropriate when one is trying to
determine the level of antibacterial efficacy on the surface
of a finished article rather than in its surrounding envi-
ronment [28]. It also has the advantage of generating data
that can be quantitative, qualitative, and time related. This
standard method determines quantitative efficiency of
antibacterial filler in polymer matrix against Staphylococ-
cus aureus and Escherichia coli, which are representative
gram-positive and gram-negative bacteria. These bacteria
are the most common pathogens responsible nosocomial
infection. Acceptable efficacy of common antibacterial
system for hygienic application starts at log 2 (99 %)
Inorganic and organic systems on the market today gen-
erally deliver efficacy up to and above log 6 (99.9999 %)
reduction in cell count against controls, depending on the
precise addition level of additive and the delivery system
used. Nowadays, the value of antibacterial activity log 6 is
considered sufficient for most demanding medical appli-
cation [29-31].

In this study, we report on a simple and cost-effective
method for the preparation of novel filler consisting from
nanostructured hybrid Ag/ZnO decoration on surface of
cellulose particles which act as a carrier system. Modified
cellulose powder was compounded into a composite
material with antibacterial activity. Among possible poly-
mer matrixes, plasticized medical grade PVC was selected
for model composite preparation due to its beneficial
properties and widespread use. Besides antibacterial effi-
cacy, electrical properties of prepared composites were
investigated as they are relevant for almost any prospective
application in hospitals where the material can easily come
into the contact with electronic diagnostic and therapeutic
devices.

2 Experimental

2.1 Materials

Zinc acetate dihydrate Zn(CH;COO),-2H,0 (ZAD), silver
nitrate  AgNO; and hexamethylenetetramine (CH,)gNy4
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(HMT) were purchased from PENTA (Czech Republic).
Aqueous ammonia (25-29 wt%, hereafter referred as
NHsaq) was purchased from Sigma Aldrich Co. All
chemicals were of analytical grade and used as received
without further purification. Arbocel© B 600 (P-cellulose)
was supplied by J. RETTENMAIER & SOHNE
GmbH + Co. KG (Germany) and o-Cellulose was pur-
chased from Sigma Aldrich Co. Both types of cellulose
were in the form of fine white powder with polydistributive
fibre-like morphology with lengths from 100 to 500 pum.
Demineralised water was used throughout experiments.
Polyvinyl chloride was used as polymer matrix for com-
pounding of the composite material. The medical grade
PVC RB3 resin is plasticized for flexible applications and
biocompatible according to ISO 10993 USP, Class VI. The
resin was delivered by Modenplast Medical (Italy).

2.2 Synthesis of Ag/ZnO modified cellulose fillers

Microwave open vessel system MWGIK-10 (Radan,
Czech Republic, 800 W, 2.45 GHz) equipped with an
external cooler was used for material synthesis. Experi-
mental details on this modified domestic MW oven are
described in detail elsewhere [32]. The oven was operated
in quasi-continuous mode at full power of 800 W. A flat-
bottom reaction flask was positioned at the centre of the
oven’s cavity bottom where we found previously one of the
standing MW wave antinode so the energy transport into
the reaction system is most efficient. A glass tube extension
piece was used to join the reaction flask to the external
Allihn condenser through a hole drilled in the ovens ceil-
ing. The hole was equipped with a safety jacked made of
aluminium to avoid escape of MW energy from the cavity
to the external space. A dropping funnel was mounted to
the extension piece too. A schematic may be found in the
electronic supplementary information.

Standard synthesis procedure was as follows: 10.826 g
of ZAD and 0.699 g of silver nitrate were dissolved in
100 mL of distilled water, and then 1 g of cellulose was
dispersed in the solution and stirred at laboratory temper-
ature for 1 h. After that, the suspension was exposed to
microwave (MW) energy for 10 min and then 6.9 g of
HMT in 50 mL water solution was added. Microwave
heating continued for another 10 min. Experiments were
performed for both cellulose types. In next, the synthesis
was repeated with addition of NHzaq in order to increase
basicity of the reaction mixture. 14.2 mL of NHjaq was
added to the reaction system after finishing of the first two
steps and the MW heating continued for another 10 min, so
the total MW exposition time was 30 min. Obtained dis-
persion was always left to cool naturally and product was
collected by microfiltration and thoroughly washed with
demineralised water. Filtration cakes were dried slowly in
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the laboratory oven at 40 °C until constant weight. The
synthesis was repeated several times in order to collect
enough of modified fillers for compounding in further
experiments. Sample codes and average product yields are
summarised in Table 1.

2.3 Compounding and preparation of composite
samples

Concentration of Ag/ZnO modified cellulose fillers was set
to be 5wt% in all composites. PVC pellets were
mechanically premixed with the filler and fed into the
mixing chamber of a compounder (Brabender measuring
mixer W 50 Brabender® GmbH & Co. KG). The compo-
nents were mixed at 175 °C and 20 rpm during first 2 min
and then at 50 rpm during next 5 min. The homogenisation
process was performed with monitored torque of the drive
motor and a constant torque value was achieved after 5 min
in all cases which signalized high degree of homogeneity
for all compounds. Then, obtained PVC compounds were
compression moulded for 2 min at 170 °C into sheets with
thickness 1 mm. These sheet samples were further used for
cutting of specimens for testing antibacterial properties or
other measurements. Neat PVC without filler as well as
PVC with un-modified cellulose powders was processed in
the same way to obtain reference samples.

2.4 Structure and morphology characterization

Powder X-ray diffraction analysis for crystal phase iden-
tification was performed on a PANalytical XPert PRO
X-ray diffractometer (PANalytical, The Netherlands) in the
diffraction 26 angle range 25°-85°, using Cu Kol radia-
tion. The morphological and elemental microanalysis
observation was made with a scanning electron microscope
(SEM) Vega II/LMU (Tescan, The Czech Republic)
equipped with a backscattered electron (BSE) detector,
secondary electron (SE) detector and an energy dispersive
X-ray (EDX) analyser INCA (Oxford Instruments, UK)
integrated into the SEM. Crossections of samples were
obtained by the microtome RM2265 (Leica, Germany).

2.5 Measurement of electrical properties and relative
water absorption capacity

The resistivity of the materials was measured by the four-
point van der Pauw method at room temperature with the
use of the Electrometer/High Resistance Meter KEITH-
LEY 6517B (Keithley Instruments, USA). The specimens
were prepared by cutting discs with a diameter of 25 mm
from compression moulded sheets. Disc pellets with a
diameter of 13 mm and a thickness of 0.8—1.2 mm were
compressed at 7 MPa in order to determine the resistivity
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Table 1 Overview of samples,

Sample Used cellulose  Precursors Precipitation agents MW exposure time (min)  Yield (g)
their codes, synthesis conditions
and average synthesis yields Al a-Cellulose ZAD, AgNO; HMT 20 1.9

P1 P-cellulose ZAD, AgNO; HMT 20 2.0

A2 a-Cellulose ZAD, AgNO; HMT, NH; 30 4.8

P2 P-cellulose ZAD, AgNO; HMT, NH; 30 4.4

of the filler without polymer matrix. Eight contact config-
urations were tested and the data were used for character-
ization of the inhomogeneity of the sample and estimation
of the consistency of obtained resistivity values by esti-
mation of their standard deviations.

Dielectric measurements were carried out at ambient
temperature using the impedance method in two frequency
ranges. The Impedance/Material analysers 4294A and
E4991A (both Agilent, USA) were employed in the fre-
quency ranges from 40 Hz to 5 MHz and from 1 MHz to
1 GHz, respectively. The amplitude of test voltage applied
was 500 mV. Dielectric properties were calculated from
measured complex impedance values of samples. Speci-
mens with dimensions 20 x 20 x 1 mm were cut from
moulded sheets for this purpose. One spectral measurement
was carried out on each single specimen.

The cut specimens of both shapes were dried up to
constant weight at 35 °C before first measurement. The
eventual influence of water uptake caused by exposure of
the material to the model liquid environment was tested by
repetition of these resistivity and dielectric measurements
under the same conditions on samples that were immersed
in distilled water for 7 days. The temperature of water was
kept at 35 °C by the thermostatic bath Huber CC-130A
Visco 3. After water soaking, the specimens were taken
out, carefully dried by pure cellulose lint less wipes and left
on air for several minutes only so that they slightly dried
and then they were weighted. The relative water absorption
capacity (RWAC) was estimated according to the follow-
ing equation:

RWAC(wt%) = 100(my — my)/my (1)

where m, and m; are the weights of the samples after and
before immersion, respectively.

2.6 Evaluation of antibacterial activity

The surface antibacterial activity of prepared compounds was
assessed in vitro against E. coli ATCC 8739 and S. aureus
ATCC 6538P as the representative strains of gram-negative
and gram-positive bacteria respectively, according to the ISO
22196:2007 (E) plastics—measurement of antibacterial
activity on plastics surfaces. The dimension of simple square
sheet test pieces was 50 mm x 50 mm x 1 mm. According
to the immediate experience with the tests, a modification of
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the original protocol according to ISO 22196:2007 (E) was
made to reduce the risk of false results. The number of colo-
nies grown from recovered cells was estimated not only after
24 h as required by the original standard procedure but
checked after 48 h of cultivation once again to check whether
all colonies were developed into countable size. Hence the
overall duration of the test after inoculation was 48 h at35 °C.
In several cases, some additional colonies were found by this
procedure which avoided incorrect overestimation of anti-
bacterial activity caused by slower growth rate of colonies
only. Incubator HERAcell 150i (ThermoScientific, USA) was
used in this part of the work.

The antibacterial activity R was calculated using Eq. (2)

R= (U —Up) — (A — Up) = U, — A, )

where R is the antibacterial activity; Uy is the average of
the logarithm of the number of viable bacteria, in cells/cm?,
recovered from the untreated test specimens immediately
after inoculation; U, is the average of the logarithm of the
number of viable bacteria, in cells/cm?, recovered from the
untreated test specimens after 48 h; A, is the average of the
logarithm of the number of viable bacteria, in cells/cmz,
recovered from the treated test specimens after 48 h.

3 Results and discussion

3.1 Characterization of nanostructured Ag/ZnO
decoration of cellulose carriers

Powder XRD patterns of cellulose with hybrid Ag/ZnO
material nanostructured decorations are shown in Fig. 1.
The positions and relative intensities of peaks observed at
20 = 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 67.8°, 68.9°
and 72.47° matches perfectly to ZnO with the hexagonal
waurtzite crystal structure according to JCDD PDF-2 entry
01-079-0207. Diffraction peaks at 20 = 38.8°, 44.4°,
64.6°, 77.6° and 81.8° correspond well with fcc crystal
structure of silver to JCDD PDF-2 entry 01-087-0720. All
diffraction peaks listed above for pure ZnO and silver can
be unambiguously assigned in XRD patterns of Ag/ZnO
cellulose powders. Both types of unmodified cellulose have
almost flat signals in the diffractogram with one broad peak
of very low intensity at 20 = 34° (marked by asterisks in
Fig. 1).
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Fig. 1 XRD pattern of prepared powder materials and neat cellu-
loses. Diffraction lines assignment is marked directly for Ag and
ZnO, the lines for cellulose are marked by asterisk. For sample
notation see Table 1

Table 2 Composition of prepared cellulose fillers with Ag/ZnO
decoration as obtained from analysis of XRD data

Sample Composition of inorganic crystalline phase (wt%)
Elements ZnO Ag
Al 71 29
A2 89 11
P1 74 26
P2 87 13

The results of inorganic crystalline phase composition
are summarised in Table 2. The addition of NHsaq and
prolongation of the synthesis time caused increase of the
content of ZnO from 70 wt% up to nearly 90 wt% in
prepared Ag/ZnO decorations which is in accordance with
improved synthesis yields. The content of Ag is comple-
mentary to ZnO for inorganic crystalline phase in samples
from Al to P2.

Micrographs of prepared filler are shown in Fig. 2. The
images of Ag/ZnO hybrid decorations on a-cellulose and
P-cellulose carriers were obtained by the use of the BSE
detector; hence material contrast allows distinguishing
between silver and ZnO phases. The assignment of parti-
cles was confirmed by EDX probing too. Samples Al and
P1 displayed in Fig. 2a, b contain ZnO microparticles with
the diameter up to 1 pm. Most of them are hollow and
resemble hexagonal nuts. Silver nanoparticles have glob-
ular shape and their diameter is about 100 nm or smaller.
They can be identified due to the material contrast as bright
points between light grey ZnO microstructures. On the
other hand, A2 and P2 samples shown in Fig. 2c, d were
prepared with addition of NHzaq in the second synthesis
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step which caused yield improvement and slight increase in
size of ZnO crystals. In this case, ZnO microparticles
dominate the images. Precipitation of similar hexagonal
micro rod-like and dumbbell-like of ZnO particles by
NHj3aq was reported in previous literature, e.g. in [33]. On
the other hand, globular silver particles seem not to be
influenced by the additional increase of ammonia concen-
tration. Observed Ag and ZnO particles and their
agglomerates were attached to the surface of both types of
cellulose and covered the particle surface in all samples.
No unanchored particles were observed during microscopic
inspections of prepared products.

3.2 Characterization of PVC compounds

The morphology of prepared PVC composites was exam-
ined by SEM. The results are demonstrated in Fig. 3 by the
images of surfaces obtained by sectioning of the moulded
samples. Matrix-filler separation can be observed in images
(Fig. 3a, b, g, h) for neat cellulose powders. Besides large
Ag/ZnO decorated cellulose particles, single or twinned
hexagonal microparticles of ZnO and smaller single silver
nanoparticles or their grapelike aggregates can be seen
dispersed in the polymer matrix in Fig. 3 in detailed ima-
ges (Fig. 3i-1) on the right side of the Figure. Their ele-
mental composition was confirmed by EDX point probing
in SEM. It is evident that the morphology of the fillers and
their components was not changed by process of com-
pounding and that most of the Ag/ZnO material remained
attached to the cellulose particles surface. On the other
hand, some Ag and ZnO particles peeled off from the
cellulose surface were dispersed during mixing process into
the entire volume of polymer matrix. Distribution of the
particles seems to be good on both dimension levels, i.e.
for big decorated cellulose as well as for ZnO micro and
aggregates of Ag nanoparticles.

Concerning the filler-matrix adhesion, it was observed
that single ZnO and Ag particles can be dispersed into the
PVC matrix relatively well without any observable sepa-
ration or voids between the particle surface and polymer,
hence they can be regarded as wettable by the molten
polymer matrix. In contrast to that, the wettability of polar
surface of the cellulose is usually problematic with non-
polar synthetic polymer [34] as confirmed in our case too.
It can be seen in Fig. 3a, b and in greater detail in images
(Fig. 3g, h). The coverage of cellulose surface by Ag/ZnO
material should improve the wettability of the filler surface
according to the observed wettability of the single Ag/ZnO
particles. However, another effect was manifested which is
clearly seen in Fig. 3i-1 where decorated particles show
only weak adhesion to the polymer matrix. Assemblies of
ZnO and Ag particles on the surface of the cellulose create
a rough and porous actual surface that cannot be efficiently
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Fig. 2 SEM BSE micrographs
of Ag/ZnO on surface of
cellulose substrates a Al, b P1,
¢ A2 and d P2

wetted by the molten polymer matrix during mixing. It is
evident, that only the tops of the solid asperities (most
likely of the most prominent) are in the intimate contact
with the polymer matrix. This connection between filler
micro- or nanoparticle and matrix is released during
matrix-filler separation caused by cutting the specimen.
This effect resembles in some way the Lotus leaf effect.
The molten matrix can be unambiguously classified as
being in the Cassie—Baxter state [35] and not in the Wenzel
state [36] with respect to the decorated surface of filler
particles. The unwetting criterion can be adapted for this
case from the Ref. [37]. The apparent contact angle is so
large and the decorations are tall enough that the matrix
bridges the tops of the decorations and does not touch their
bases or even the floor between decorations. Careful
inspection of opened gaps between matrix and particle
points towards the conclusion that some Ag/ZnO particles
remain joined to the matrix after cutting the specimen and
the others remain joined to the cellulose surface. Most
likely, the tallest decorations grew on tops of others and it
is this junction which is broken as the weakest point during
separation of the matrix from the filler particle and leaving
the tops in the matrix and the bases on the filler surface.
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This explanation is in accordance with the observed dis-
persion of released decoration components into the poly-
mer matrix. The most prominent filler decorations tops are
wetted by polymer matrix melt and shear forces during
mixing peel them off from the carrier surface.

A weakly bound particles to polymer matrix can theo-
retically escape the polymer matrix and can be released
into the site of use of the material which is an adverse
effect with respect to possible application of the composite.
Therefore, the surface of prepared samples was thoroughly
inspected and the samples were exposed to ultrasound in a
water bath. The bath liquid was still clear after 15 min of
sonication. Neither inspection nor ultrasonic treatment
revealed any filler particles release from the material. It
seems, they are safely embedded in the polymer matrix due
to compounding and the hot pressing is a technology which
does not support surface separation of fillers. It can be
expected that extrusion or injection moulding as the main
representatives of large scale technologies of thermoplastic
processing will produce smooth surfaces too. One could
have doubts about cutting technological steps however
heated knives or some finishing technique can be employed
to iron smoothly the cross-section surface if needed.
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Fig. 3 SEM microphotograph of cross-section of PVC composites with Ag/ZnO-cellulose particles a PVC/o-cellulose, b PVC/P-cellulose,
¢ PVC/AL, d PVC/A2, e PVC/PL, £ PVC/P2; details of filler particle in the PVC matrix: g a-cellulose, h P-cellulose, i Al, j A2, k P1 and 1 P2

Table 3 Water uptake of disc and square specimens, RWAC is the
relative water absorption capacity calculated for the sample

Sample RWAC square RWAC disc
specimens (wt%) specimens (wt%)
Neat PVC 0.69 0.92
PVC/o-cellulose 2.03 1.22
PVC/P-cellulose 2.14 2.30
PVC/Al 0.69 1.54
PVC/P1 0.79 1.06
PVC/A2 1.42 0.96
PVC/P2 1.29 0.84

3.3 Relative water absorption capacity

Water uptake of composite materials and neat PVC was
measured on all specimens used for conductivity and
dielectric measurements. Obtained RWAC values are
summarised in Table 3. It can be observed, that there exists
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a large variability in the measured data. The value of the
RWAC is scattered within the range 0.7-2.3 wt% and does
not show significant trends. Examined materials do not
swell significantly by water, which is obviously standard
for neat PVC; moreover, even addition of synthesized
cellulose based fillers did not change significantly the water
uptake ability of the prepared composites at used filler
concentration.

3.4 Electrical properties

The electrical insulation is a usual requirement for many
plastic medical devices for safety reasons especially in case
of the use of a defibrillator for resuscitation. Another rea-
son for good insulating properties is avoiding the mal-
function of electronic instruments monitoring the patient’s
state. Both direct-current (DC) and alternating-current
(AC) using devices can be interfered by a presence of
improper conductive material in the body. There are two
main phenomena characteristic for materials in electric
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Table 4 Resistivity of the neat

PVC, neat cellulose materials,

Cellulose powders and prepared fillers

PVC matrix and composite materials

prepared fillers and prepared Sample Resistivity, Sample Resistivity of dry Resistivity of wet

composites before and after R (Q cm) material, R (Q cm)  material, R (Q cm)

immersion in water
n.a. n.a. Neat PVC (12 + 4) x 107 (15 £ 5) x 107
a-Cellulose 18 £7) x 107 PVCla-cellulose (10 + 5) x 107 (14 £ 6) x 107
P-cellulose (22 4 10) x 107 PVC/P-cellulose (13 =+ 6) x 10’ (13 + 6) x 107
Al (32 £ 10) x 1072 PVC/A1 (12 £ 5) x 107 (14 + 6) x 107
Pl (60 £ 20) x 1072 PVC/P1 (13 £ 6) x 107 (15 £ 6) x 107
A2 65 +9) x 107 PVC/A2 (16 £7) x 107 (16 £ 7) x 107
P2 (74 + 8) x 1074 PVC/P2 (16 + 7) x 107 (16 +7) x 107

tan &
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Fig. 4 Frequency dependence of real and imaginary permittivity (¢/,
¢”) and loss factor (tan 8) for composite materials before (left side)
and after immersion (right side) at varying frequency

field, i.e. electrical conduction and dielectric behaviour.
The electrical resistivity is summarized for all neat and
prepared materials in Table 4 and the frequency depen-
dence of complex permittivity is shown in Fig. 4 for neat
PVC and prepared composites. Since cellulose plays the
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role of a delivery system within the prepared composites
and it can undergo strong interaction with water, the
resistivity and dielectric spectra were taken again for all
materials after that the same specimens were immersed into
water for 1 week.

The resistivity of neat PVC RB3 resin is higher than the
measurement range of used method which is indicated as
exceeding of the limit 10° Q cm as we experienced firstly
on the materials obtained by hot compression moulding
directly from pellets. However, we used neat PVC sample
which was processed in the same way as composites in
order to see the effect of processing history of the material
and distinguish it from eventual effects of filler introduc-
tion. The resistivity of the neat material about
1.5 x 10® Q cm is higher than what would be expectable
for the original resin material. It is caused most likely due
to the defects created during mixing of the material. Pel-
letized P-cellulose and o-cellulose have the resistivity of
approximately 2 x 10% Q cm. The hybrid Ag/ZnO deco-
rated materials compressed into disc pellets exhibited the
resistivity value in the range from 1072 to 107* Q cm
which is similar to good metal conductors. These values
demonstrate that the Ag/ZnO decorated filler could
increase the conductivity of a composite material dramat-
ically if the critical threshold value of its concentration in
polymer matrix is exceeded. However, all prepared com-
pounds have resistivity about 1.5 x 10® Q cm. The pre-
vailing mode of the filler action is the microparticle effect
as the carrier particles remain insulated and do not create
interconnected network and the concentration of the con-
ductive nanoparticles in the PVC matrix is lower than
critical percolation threshold value. The observed values of
resistivity are almost identical for composites filled by
unmodified cellulose as well as to those filled by Ag/ZnO
decorated particles. Both are similar as for the neat PVC
matrix. Hence, it is evident that the resistivity of the
composite material is fully governed by the matrix prop-
erties. For comparison, approximate values of the human
tissue volume resistivity were found to vary from
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160 Q cm for blood up to 2,500 Q cm for fat [38] which
means that all prepared composites are safely above these
values by several orders of magnitude. Moreover, there is
no influence of the water exposure manifested on the
conductivity of prepared materials, which confirms the
suitability of the material for intended medical application.

The dielectric spectra for all prepared composite mate-
rials are shown Fig. 4. Real and imaginary part of per-
mittivity (¢/, €”) as well as the dielectric loss (tan 8) are
plotted in separated graphs as function of frequency for dry
and water exposed composites at room temperature. Gen-
erally, it can be observed that the real part of permittivity
(¢’) decreases with the increase of frequency due to the
electrical relaxation processes. No significant difference of
¢ (f) for neat PVC and composite materials is manifested
for dry materials. Soaking of composite samples caused a
slight increase of the low frequency (static) permittivity &'
from 8 to 9 while the high frequency dielectric constant &',
seems to be unaffected. No change was observed for neat
PVC sample. The imaginary part of permittivity ¢” has a
maximum at about 1 x 10* Hz for all samples and then
decreases with increasing applied frequencies. The position
of the maximum was not shifted by swelling. The depen-
dence of &”(f) was not influenced by immersion in water for
neat PVC but, in case of composite samples, the value of ¢’
at the maximum frequency was increased about 0.2—0.3.
The dielectric loss tan & show a maximum at 3 x 10* Hz
dry materials and slightly shifted maximum at 5 x 10* Hz
for soaked composite materials and increased the maxi-
mum about 0.02-0.03. The neat PVC sample did not show
any remarkable change either in the frequency maximum
of tan d(f) or in its intensity.

The permittivity of a composite system is generally gov-
erned by the number of orientable dipoles present in the sys-
tem and their ability to orient under an applied electric field.
The ClI side-groups which are attached perpendicular to the
longitudinal polymer chain together with other polar (ester)
groups present in plasticizer molecules contribute by their
orientation to the dielectric relaxation mechanism in neat
PVC. Similarly, the inherent permittivity of filler particles as
well as the polarizibility of the particle/matrix interface also
contributes to the resulting dielectric properties of the com-
posite materials [39, 40]. However, in our case, the concen-
tration of the filler is most likely too small to cause significant
changes of the dielectric spectra by any of the above described
mechanisms in comparison to that of the neat PVC matrix. On
the other hand, the limited swelling by water increases slightly
the interface polarizability because of presence of polar
molecules with high orientation mobility.

To summarize, no critical effect of the filler incorpora-
tion as well as the water exposure on dielectric spectra or
resistivity of prepared materials was observed with respect
to the intended application and the materials remain after
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filler incorporation as suitable as the neat material which
has already been approved for the medical use.

3.5 Surface antibacterial activity

The antibacterial activities of composite materials were
tested according to the standard ISO 22196: 2007
(E) against E. coli and S. aureus. The results are summa-
rised in the Table 5, where the neat PVC is the reference
sample giving the U, value and the R value indicates the
surface antibacterial activity of all prepared composites.
Polymer matrix filled with unmodified a- or P-cellulose
does not exhibit any antibacterial activity against both
representative bacteria as expected. In the contrast to that,
the performance of composite materials containing Ag/
ZnO decorated cellulose carrier particles is excellent. The
materials PVC/A1, PVC/A2, PVC/P1 proved surface anti-
bacterial activity against E. coli higher than 7.1 and com-
posite PVC/P2 showed antibacterial activity 6.2. The
surface antibacterial activity of the materials PVC/AL,
PVC/A2, PVC/P2 against S. aureus is above 4 and only for
the PVC/P1 sample the R-value exceeded 5. Although S.
aureus is theoretically more sensitive to zinc based addi-
tives than to silver, no correlation with finer morphology of
the ZnO decorations was observed. With respect to the
peculiarity of S. aureus inhibition, this result can be eval-
uated as excellent too as the lower sensitivity of S. aureus
towards antibacterial agents is generally known. These
values surpassed by several orders the results published by
Geilich and Webster [41] who used much higher nano ZnO
filler loadings. The authors described experimental anti-
bacterial testing technique very similar to the standard used
in this work and we use the reference with the full
awareness of that it is difficult to compare results obtained
by different laboratories without reproducibility study.

The possible mechanism of killing microorganisms by
silver ions may be explained as follows: (1) uptake of free
silver ions followed by disruption of ATP (Adenosine tri-
phosphate) production and DNA replication, (2) silver
nanoparticle and silver ion generation of reactive oxygen
species (ROS), and (3) silver nanoparticle direct damage to
cell membranes [19, 42, 43].

The mechanisms of the antimicrobial activity of ZnO
particles are not so well understood yet. It is considered to
be one or combination of the following mechanisms pro-
posed to be based on: (1) chemical composition, e.g.,
release of toxic ions, (2) production of ROS and on (3)
direct contact of nanoparticles which includes stress stimuli
caused by the surface, size, and shape of particles; damage
to membrane cell wall through adhesion on the cell
membrane; penetration through membrane cell wall; and
cellular internalization of nanoparticles [13, 44].
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Table 5 Antibacterial activity Sample Number of viable Number of viable Antibacterial Antibacterial
of composite materials E. coli cells recovered  S. aureus cells recovered  activity E. coli,  activity S. aureus,
estimated according to standard per cm? specimen, per cm? specimen, R=1U, — A, R=U, — A,
1SO 22196: 2007 (E) N (CEU/cm?) N (CEU/cm?) (Log CFU) (Log CFU)
Neat PVC 1.3 x 10’ 1.3 x 10° U =11 U, =51
PVCla- L1 x 107 L4 x 10° 0.074 0
cellulose
PVC/P- 1.3 x 107 1.3 x 10° 0.021 0
cellulose
PVC/A1 <1 9.1 >7.1 4.2
PVC/P1 <1 <1 >7.1 >5.1
Neat PVC served as the PVC/A2 <l 2.8 >7.1 4.7
reference sample, therefore, PVC/P2 8.1 41 6.2 45

only its U, can be calculated

Among these mechanisms, direct contact of nanoparti-
cles with bacterial cells cannot be expected in our systems
as the particles are embedded in the polymer matrix. On the
other hand, the mechanisms based on replenishment of
metal ions or ROS to the plastic surface are most likely to
be active, although it cannot be distinguished within this
experimental framework which form or combination of
species plays the crucial role. Enhanced surface antibac-
terial activity in comparison with the Ag/ZnO system
without cellulose [26] can be ascribed to the presence of
the cellulose carrier and dense arrangements of the deco-
rations on the particle surface which causes un-wettability
of the filler resulting into the presence of voids. Such
morphology is suitable for transport of active species from
the volume to the surface of the plastic article made from a
polymer matrix which otherwise hinders transport of in-
organics. This kind of action is categorised as the delivery
system in APS. Moreover, the sparse secondary system of
filler particles loosened from the decorations, dispersed and
distributed homogenously in the polymer matrix during
compounding can play supporting role.

The photoinduced activity of ZnO based fillers may be
linked not only to the antibacterial effect but also to the
stability of the material itself. It is known, that ZnO suffers
from the photoinduced dissolution which dramatically
decreases its photocatalytic activity [45]. The photocorro-
sion process can be roughly expressed as follows:

Zn0 + 2h" — Zn*" + 150, (3)

The holes (h™) transport to the solid surface and react with
surface oxygen atoms, which results to the escape of
oxygen from the surface and release of zinc(Il) cation. It
was observed for hybrid Ag/ZnO material that once Ag
nanocrystals are introduced on the surface of ZnO, the
vacant sites can be occupied by Ag and therefore, the
activation of surface oxygen atoms is suppressed, which
effectively inhibits the photocorrosion behaviour [46]. The
photocorrosion process can be regarded as very slow under
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common interior lightening anyway regardless to the use of
silver containing or pure ZnO materials only. It is not
expected that medical devices are normally exposed to
intensive UV irradiation. The stability of the material shall
be considered from the prospective product life time too.
Flexible PVC medical devices are usually intended for
short or midterm uses even for indwelling devices which
means duration from several hours or days up to several
weeks as maximum and there are other factors limiting the
duration of device’s use than material degradation. The
shelf life of products made from ZnO active filler con-
taining composites could be prolonged by the use of
packaging material impervious to light however this is far
beyond the scope of this article.

4 Conclusion

Microwave assisted synthesis was used for decoration of
surface of micro-cellulose powders by silver-zinc oxide
nano and microparticles. Subsequent stepwise addition of
precipitating and reducing agents allowed controlling of
the morphology of prepared structures.

These surface decorated fillers fulfil the function of a
microfiller and show only weak yet sufficient adhesion to
PVC matrix as their ragged surface is not wetted by the
molten polymer. Due to the voids at the microparticle/matrix
interface, the cellulose work not only as the carrier for the
active particles, but also as the delivery system ensuring
replenishment of the active species at the plastic article
surface. Moreover, microparticles of ZnO and silver nano-
particles are loosely bounded to the carrier surface and they
are released into the polymer matrix during compounding
which creates a secondary system of fillers with smaller size
of particles. This filler system at lower hierarchical level has
relatively homogenous distribution and good dispersion.
Further, it can support the antibacterial performance of the
composite. Observed surface antibacterial activity of
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prepared materials can be assessed as excellent against
E. coli and very high against S aureus in comparison with
other materials available nowadays.

Moreover, the electrical properties of used polymer
resin are not affected with addition of a small amount of
filler. Prepared composites have the same resistivity and
almost unchanged dielectric spectra in comparison with
neat matrix. At used concentration of 5 wt%, the intro-
duction of polar cellulose as the carrier for active species
causes no susceptibility of the material to swelling by water
and subsequent change of electric properties.

These facts testify that antibacterial polymer systems
using cellulose fillers decorated by Ag/ZnO nanostructured
microparticles have potential to be used as additives for
plastic medical devices as well as for other industries
requiring antibacterial action of the material, for example
sanitary, hygienic or other interior applications.
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Abstract:

In order to extend application potential of wood—plastic composites (WPC) in interiors with
respect to hygienic requirements, wood flour (WF) was modified by nanosilver,
nanostructured ZnO and hybrid nanstructured Ag/ZnO surface decorations. A microwave
assisted solvothermal synthesis method was employed starting from soluble precursors.
Composition of source chemicals and synthesis protocol were intentionally varied to prepare
different materials and elucidate the reaction mechanism. Obtained modified wood flour were
compounded into a model PVC matrix to assess their antibacterial performance. The surface
antibacterial activity was tested according to ISO 22196: 2007 (E) standard. Single silver or
ZnO modified WF have significantly lower efficiency than hybrid Ag/ZnO decorating the
surface of WF particles. A simple variation of the synthesis method by additional ammonia
precipitation step increased largely the performance of the material and excellent efficiency
comparable with contemporary medical grade materials was achieved, suggesting the great

application potential of investigated systems in WPC-based materials.
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1. Introduction

Wood flour (WF) originally represented a waste material which was actually needed to be
removed from sawmills in the past. Many waste management strategies have been introduced
over last century, such as bedding, composting, combustion, gas generation, use as feedstock
for chemical industry etc. Among them the use of WF as raw material for making new solids
is the most favourable due to its straightforwardness in application and low energetic costs.
These advantages make WF one of the most abundant yet valuable materials. Due to the need
of replacing pressure-treated solid lumber, wood plastic composites (WPC) have been
developed successfully in the last decades, and have been arousing great interest as important
engineering materials. (Ashori, 2008; Okamoto, 2003) They have become commonly used in
many exterior and interior applications, such as in buildings, decking, automotive, highway
construction, fencing and many other. (Fowler et al., 2006; Karas and Muszynski, 2011; Lin

and Renneckar, 2011)

The industrial applications frequently join the recyclable or recycled thermoplastic polymers
as matrices in composite materials with the WF filler to save costs as the WF is a by-product
of lumber processing. (Najafi, 2013) Completely renewable materials are tested as well, e.g.
WF compounded into polylactide matrix. (Hrabalova et al., 2010) The emphasis in
development of these products is usually put on the sustainability issue. However, nowadays,
the attention has been targeted to improvement of the composite performance, instead of just
simple replacement of expensive recent material by its cheaper substitute with barely
sufficient properties. Silylation, acetylation and melamine-formaldehyde surface modification
of WF are used for improving the interfacial adhesion of the polar wood filler surface with
hydrophobic polymer matrix. (Muller et al., 2013) Besides chemical treatment, the WF is
supplemented by addition of many co-fillers enhancing the performance of the composite in
desired functionality. Carbon and glass fibres, clay minerals are often employed to name a
few. Nanotechnology came to assist recently with the application of nanofillers. (Li et al.,

2013; Turku and Karki, 2014a, 2014b)

The highly hydrophilic characters of lignocellulosic materials make them susceptible towards
various biotic degradation factors and prone to microbial decay. With the exception of
controllable biodegradable materials, any outdoor application requires some resistance of the
composite material to the attack of water and humidity, weather, soil and living organisms.

Much of the research on WPCs has been focused on formulation development and processing
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while high biological durability of the material was assumed. However, the gap between
assumption and knowledge in biodeterioration of WPC still needs to be reduced and efficient
strategies need to be developed to improve the performance of these relatively new materials
and to enable use of WPC for many demanding applications. (Schirp et al., 2008) In order to
overcome the inclination of wood flour based WPCs to decay caused by biotic factors, various
approaches are used for imparting the antimicrobial resistivity to the composite material.
Careful selection of WF sources, their composition and manufacturing conditions of WP is
necessary. (Benthien et al., 2012; Schilling and Norcutt, 2010; Xu et al., 2013) With respect to
the bio-deterioration of the materials, main attention is devoted to antifungal modifications
(Naumann et al., 2012; Simonsen et al., 2004) and to additional improvement of termite
resistance for application in many parts of the world (Kartal et al., 2013; Lopez-Naranjo et al.,
2013; Schauwecker et al., 2006). Allyl alcohol and its copolymers (Solpan and Guven, 1999),
styrene and glycidylmethacrylate (Devi and Maji, 2008) can be used for WF pretreatment to
enhance the WP performance. Materials based on copolymers of lignine and synthetic
monomers have been introduced already, although they require substantial chemical alteration
and processing of the original WF. (Huttermann et al., 2001; Lin and Renneckar, 2011)
Among inorganic chemical treatment methods, boric acid and borates were successfully
applied (Simonsen et al., 2004), especially the zinc borate (Tascioglu et al., 2013) combining
the effect of boric compounds with antimicrobial action of zinc(+II) form. Generally, a lot of

effort is spent to suppress the deterioration of WP by living organisms in outdoor exposure.

On the other hand, in-door applications of WP have different purposes and conditions of use.
Many of interior WP products are expected to meet hygienic criteria to assure the protection
of the population and to help keep the personal well-being of individuals. Although this
function is related to the resistance against biodeterioration, other factors become crucial for
the material performance and new strategies for best achievements have to be formulated. The
in-door application may put to some extent less strict requirements on the resistivity of the
material to biodegradation, but the hygienic standards require reducing of the microbial
adherence and colonisation of the WPC’s surface.

Various organic and inorganic antibacterial additives impart the biostatic or biocidal property
to the inactive polymer matrix and advanced plastic materials are prepared with reasonable
surface antibacterial performance. Among them, composite materials combining excellent
properties of inorganic nanoparticles and polymers have been developed recently. They were

often studied with the aim to be used in highly demanding applications, such as biomedical
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materials etc. A lot of good examples can be found and one can learn much from these
branches, especially in hygienic materials or textiles. (Dastjerdi and Montazer, 2010; Guo et
al., 2013; Marambio-Jones and Hoek, 2010) Currently available inorganic antibacterial
polymer systems most often rely on silver nanoparticles. (Dwivedi et al., 2013; Guzman et al.,
2012; Jayakumar et al., 2012; Llorens et al., 2012) Zinc and other metallic oxide nanoparticles
are utilised in formulations too. (Droval et al., 2014; Farouk et al., 2014; Gowri et al., 2010;
Llorens et al., 2012; Seil and Webster, 2011; Schwartz et al., 2012) Both materials can be
used in hybrid Ag/ZnO system which shows synergy in effect and thus enhanced
performance. (Sadeghi, 2014; Zhang et al., 2014) Easily processable hierarchical Ag/ZnO
filler has been developed and proved as suitable material for even highly demanding
applications in medical materials. (Bazant et al., 2014) We extended this approach and
modified the surface of WF particles by the Ag/ZnO nanostructured decorations which impart
excellent surface antimicrobial activity towards human-pathogenic bacteria. To the best of our
knowledge, no published reports are available regarding the effect of Ag/ZnO modified WF
on the antibacterial properties of WPC.

In this study, WF was not used as reinforcing filler but as a carrier for hybrid Ag/ZnO
nanostructured filler. First, fast microwave solvothermal synthesis method was used to modify
neat WF (n-WF). Soluble silver nitrate and zinc acetate as metal ion sources and
hexamethylenetetramine served as precipitating and reducing agent. Two synthetic routes
employing microwave (MW) heating were examined. After structural and morphological
characterization, modified WF (m-WF) was compounded with polymer matrix and tested
according to ISO 22196: 2007 (E) (2007) to demonstrate the antibacterial performance of the
filler at 5 %wt loading level. The well-known plasticized PVC was used as a model matrix
material — a kind of standard. The choice of the PVC matrix was considered in view of a
report on PVC matrix based WP also (Muller et al., 2013) however the plasticized compound

was preferred due to its easiness of processing.

2. Experimental

2.1 Materials

Zinc acetate dihydrate Zn(CH3COQO),.2H,0, Silver nitrate AgNO; , hexamethylenetetramine

(CH2)¢Ns (HMT) and aqueous ammonia (28-30 wt%) were all purchased from PENTA
(Czech Republic) and used as received without further purification. Soft wood flour BK 40-90
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was supplied by J. Rettenmaier & Séhne GmbH + Co.KG (Germany). The producer declared
following properties of WF: Particle size main 300-500 um; pH 4.5-6.5; bulk density 170-230
g/L. Distilled water was used throughout whole experiments. Plasticized PVC RB3 was used

for composite preparation. The resin was supplied by Modenplast Medical S.r.1. (Italy).

2.2 Modification of wood flour by Ag/ZnO

In all experiments, 1 g of WF was dispersed in 30 mL of distilled water and stirred by a
magnetic stirrer for 30 minutes prior to process of modification. Meanwhile, solutions of Zinc
acetate dihydrate and Silver nitrate were prepared separately by dissolving in 70 mL of
distilled water to be used as source of Zn?" and Ag*. If only one source salt was used, 70 mL
of water was used for preparation too in order to keep the target initial volume 100 mL of
water in the reaction mixture of WF and salts constant in all experiments. Obtained solution
and WF dispersion (i.e. 70 + 30 mL) were transferred into 250 mL reaction bottle suitable for
MW heating. The precipitation reaction was performed under reflux in the MW open vessel
system MWGI1K-10 (RADAN, Czech Republic; 1.5 kW, 2.45 GHz) operated in continuous
mode (zero idle time) with external cooler. The reaction mixture was always preboiled in MW
oven for 10 minutes. After that, 50 mL of water with dissolved load of HMT was added and
the MW heating continued for 10 minutes. In case of samples denoted with AA in the sample
code, additional amount of aqueous ammonia was added and the MW heating was prolonged
for another 10 minutes. For detailed information about reaction mixture composition, see
Table 1. The value of pH was measured by a pH Meter Lab 8§70 (Shott Instrument, AG
Germany) equipped with a glass electrode. The product was collected by suction
microfiltration and left to dry in a laboratory oven up to the constant weight. Each synthesis

was repeated several times to obtain sufficient amounts filler for all expeiments.

HERE TABLE 1

2.3 Preparation of composites

The PVC composites containing modified WF and one composite containing n-WF were
prepared by melt mixing of PVC pellets with appropriate amount of prepared filler in a
Brabender measuring mixer W50 EHT PL at the temperature 175 °C. The filler concentration

was 5 wt% in all samples. The rotor speed was kept at 20 rpm for first 2 minutes followed by
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increase to 50 rpm for another 4 minutes. After completion of this time, constant torque was
stabilised that signalised achievement of homogeneous mixing of filler into matrix.

Than, 1 mm thick sheets were produced by hot press procedure involving preheating at
175 °C for 2 min followed by compressing for 4 min and subsequent cooling under pressure.
Neat PVC reference sample without any WF was prepared in the same way. Obtained sheets
were used as testing samples for evaluation of antibacterial activity.

The encoding of prepared composites is obvious. It contains an acronym for used filler in
accordance with filler coding indicated in Table 1 a slash and code for the matrix PVC. The

composite with n-WF is simply denoted as WF/PVC; neat PVC has no special code.

2.6 Characterization

The crystalline phase structure was identified by powder X-ray diffraction (XRD). The XRD
patterns of prepared m-WF fillers were recorded by the multi-purpose X-ray diffractometer
X'Pert PRO MPD (PANalytical, The Netherlands) with a Cu-Ka X-ray source (A = 1.5418 A)
in the diffraction angle range 5-85° 20. The phase composition was evaluated by the use of
PANalytical X’ Pert HighScore software using the ratio between the integrated normalised
intensities of the peak of interest and that of a known standard. The morphology and structure
of fillers were observed by scanning electron microscope Vega II/LMU (Tescan, Czech
Republic). Scanning electron microscopy examination was also performed onto composites
fractured surfaces in order to evaluate the degree of homogeneity and to gain insight into

composites internal structure.

2.7 Antibacterial activity testing

The antibacterial activity of prepared composites was assessed against Escherichia coli ATCC
8739 and Staphylococcus aureus ATCC 6538P according ISO 22196: 2007 (E). For the sake
of clarification, a brief description of this standard assay for evaluation of antibacterial
activity on plastic surfaces is given. First, a test inoculum was prepared by transferring one
loop of the pre-incubated bacteria into a small amount 1/500 diluted nutrient broth. The test
specimens (three specimens made from each composite including WF/PVC and three
untreated made form neat PVC) with dimensions 50 mm x 50 mm x 1 mm were placed in
Petri dishes and inoculated by 0.4 mL of the test inoculum. Inoculated specimens surface was
covered with thin piece of polypropylene film (40 mm x 40 mm) and pressed down gently so
that test inoculum spread to the edges. After incubation for 24 h at 35 °C under humid

condition (95 %), test inoculum remaining on covers film and test specimen was completely
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recovered by 10 mL of SCDLP broth (prepared by adding 1 g of lecithin and 7 g of
polysorbate per litter of Tryptone Soya Broth). Recovered SCDLP broth was 10-fold serial
diluted in phosphate-buffered physiological saline and 1 mL of each dilution was placed
together with 1 mL of undiluted recovered SCDLP into separate Petri dishes. 15 mL of plate
count agar was poured into each Petri dish, swing gently to disperse bacteria and incubated
for 48 h at 35 °C under humid condition (95 %). After incubation, the number of colonies was

counted in the Petri dishes containing from 30 — 300 colonies.

3. Results and discussion

3.1 Modification of WF

The size and shape of particles of n-WF can be seen in Fig. 1A. The morphology of n-WF
used throughout these experiments is exemplified on a more detailed SEM image of a particle
in Fig. 1B. Tracheides, typical structural features for softwood can be observed. The
morphology retained from the original wood structure enlarges the specific surface and is
responsible for the evidently rugged topography of the particle surface. The tracheides
enhance the wettability and imbibition capacity of the filler if it comes in contact with water

which is favourable during our modification procedure.

HERE FIGURE 1

In order to investigate the individual contribution of silver, ZnO or Ag/ZnO hybrid and the
influence of modification procedure too, a set of six samples was prepared as indicated in
Table 1. Morphology of obtained products is shown in the set of SEM images in Fig. 2.
Recorded X-Ray diffractograms are shown in Fig. 3 and the results phase composition
analysis and peak broadening analysis are summarised in Table 2. In all cases, the surface of
m-WF particles was decorated by precipitated particles. The distribution of particles was
always quite homogeneous and no large uncovered (bare) surface areas were observed. On the
other hand, the contiguity of the surface coverage by the particles was not complete and
individual particles separated from other can be seen in some cases, while agglomeration
dominates the distribution in other cases. In general, different coverage modes and hierarchies

were observed in dependence on the reaction mixture composition and NH; aq addition.

HERE FIGURE 2
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Silver nanoparticles precipitated by HMT from silver nitrate solution only (sample WF-Ag in
Fig. 2A) were found to be attached to the whole surface of the WF particle including cavities
and tracheides. However, the particles tend to agglomerate and preferentially attach to the
edges of longitudinally cut tracheides. Agglomeration into cake-like structures was observed
to a smaller extent, but even in such case the particles were attached to the m-WF surface. The
development of Ag crystalline structure can be followed in the diffractogram in Fig. 3. Simple
cubic phase of Ag’ corresponding to JCDD PDF-2 entry 01-087-0720 was identified. The
peaks are evidently broad and were further analysed with the use of Scherrer formula. The
average size of metallic silver nanocrystalline domains was about 15 nm. (Table 2)

Surface of WF modified by ZnO precipitated by HMT is presented in Fig. 2B. Typical drum-
like hexagonal frustums and apically joined bifrustums can be seen on the surface of WF-
Zn0. They are about 1-2 um in size. They do not show any preferential crystal wall joining to
the WF surface and cover it with homogeneous distribution. Isolated objects as well as not
numerous clusters may be found. In many cases it can be seen that the particles are hollow,
resembling thus nuts, hexagonal boxes, sandglass or shape of the cezve but without the long
handle. The particles are sometimes capped, so the inner cavity (hole) cannot be seen always.
In some cases, a porous and mostly incomplete soft filling can be observed is most likely an
intermediate in growth of the particles which is consumed during the growth of the lateral
surface walls (facets) of the prism on the expense of the intern of the particle and cavity
formation. Similar cup-like structures were already observed by other authors. (Zhao et al.,
2009) Wurtzite structure was confirmed for prepared ZnO crystalline phase by XRD (see Fig.
3) by the perfect agreement of diffracting lines positions with JCDD PDF-2 entry 01-079-
0207. The peak broadening in the powder X-Ray diffractogram can be observed in Fig. 3 too.
The average crystallite size was estimated about 33 nm (Table 2) which confirmed the
complexity of ZnO decoration morphology although it cannot be directly attributed to the wall
thickness of the hollow frustums because contributions of all diffracting areas are smeared
together by averaging.

Combination of Zn*" and Ag" source solutions resulted in decoration of the WF-Ag/ZnO
surface by particles of both kinds. It seems that ZnO microparticles are slightly smaller in
comparison with WF-ZnO (compare Fig. 2B and Fig. 2C) however the nanocrystallite size is
somewhat bigger according to the peak broadening analysis (Table 2). This effect is more
pronounced for ZnO than for Ag nanodomains. It can be explained by the role of silver ions
as monovalent Ag (+I) impurity in ZnO crystals which enhances the diffusion of vacancies

during ZnO crystal phase growth process. (Chauhan et al., 2012) Silver nanoparticles form
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smaller and not numerous agglomerates. The significant agglomeration of silver nanoparticles
along edges on WF surface was not observed. The composition of crystalline phases ZnO:Ag

was approximately 3:1 by weight.

HERE FIGURE 3

HERE TABLE 2

The morphology of the second triad of samples which were prepared by additional aqueous
ammonia precipitation is shown in lower row of images in Fig. 2, i.e. 2D, 2E and 2F. The
NH; aq addition did not practically influence the material WF-Ag-AA in comparison with
WF-Ag. The size of nanocrystalline diffracting domains remained nearly unchanged (Table
2). Only the tendency to agglomeration along edges was less manifested. Pronounced changes
were observed in the next composition. The surface of WF-ZnO-AA is covered by slightly
more ZnO microparticles of approximately the same size as in WF-ZnO, but this is all
similarity which can be found between these two samples and there are many differences
observable on closer look. The size of diffracting nanodomains is bigger than it was observed
for material without NH3 aq addition. (44 nm in comparison with 33 nm, Table 2) The shape
of ZnO microparticles is rather more like a twinned hexagonal prism than cezva-like as in
WEF-ZnO. Moreover, the rods are only rarely hollow or have much smaller and less developed
central cavity of irregular shape. The prisms seem to have the internal space filled by porous
filling. A second generation of ZnO particles growth of which is induced by NH3 aq addition
is represented by small rods sparsely distributed on the WF surface between the prisms. These
tool rods are of submicrometric dimensions (length about 500 nm and diameter less than 100
nm) and they grow on the WF substrate isolated from each other. However in this case they
form a brush like structure as multiple rods grow side by side perpendicular only from the
basal face of prisms which are not twinned. This hierarchical morphology strongly resembles
observations of (Cho et al., 2008) and the small nanorods can be denoted as cake candles too.

The addition of NHj; aq to the reaction mixture caused extreme changes in the WF-Ag/ZnO-
AA product morphology in comparison to WF-Ag/ZnO. The main difference is that the single
rods (nanowires) densely cover the surface of m-WF particles resembling thus a forest
between the twinned prism ZnO microparticles. The density of the nanorods population can
be explained by the nucleation effect of silver nanoparticles. (Fan et al., 2009) The

morphology of ZnO prisms remained the same including the secondary growing rods on their
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bases, they only look slightly bigger. A third hierarchical level of nanoparticles may by
observed as very fine cotton wool. The average size of ZnO nanocrystalline domains is about
54 nm which is the biggest among prepared samples. However, it can be hardly said what all
contributes to the line broadening, as there are evidently three size hierarchies of ZnO
nanostructures. According to the size analysis with the use of Scherrer equation, the silver
nanoparticles were not altered significantly and their size remained about 17 nm. According
to the microscopic observation, we consider them to be buried beneath ZnO nanorods most

likely as nucleating sites.

3.2 Notes on chemistry of the WF modification

There are two basic factors influencing the chemistry of the modification process. First, the
properties of n-WF surface are crucial with respect to the attachment of synthesised particles
to the substrate which can be influenced by the WF selection. Secondly, the composition of
the reaction mixture and wet process conditions of WF modification can be intentionally
chosen in order to influence the resulting surface decoration and its properties. The
solvothermal synthesis combined together with MW heating offer large variability in particle
design which can be accomplished within very short reaction time. (Bazant et al., 2014)

Three main components can be expected to form the surface of n-WF: cellulose,
hemicellulose and lignin. The first two of these macromolecular compounds are highly polar
and contain abundant hydroxyl or carbonyl groups. Lignin is more hydrophobic than the two
polycarbohydrates creating cell walls because lignin comprises non-polar components besides
polar functional groups. The surface of the n-WF particles is large due to the naturally porous
morphology of wood. Milling can contribute by creation of edges and splintery fractures too.
Therefore, we soaked the n-WF in distilled water for 30 minutes prior any other manipulation
to saturate the surface and especially all cavities and pores of n-WF particles by water in order
to enhance diffusion of soluble precursors to the whole surface of particles. This initial
operation was followed by mixing of the n-WF dispersion in water with solution of
precursors. Obtained reaction mixture was further heated by MW for ten minutes to agitate
the adsorption of Ag’, Zn*" or both species to the surface. No precipitation of white zinc
containing compounds was observed at this stage. On the other hand, darkening of WF was
observed for silver source solutions. Natural wood can contain reducing groups and can
contribute to silver ion reduction even at this stage. Moreover, various silver to oxygen
containing group bonding configurations for adsorbed Ag" may form. These adsorbed or

coordinated sites can play the role of nucleation sites for silver nanoparticle formation in the
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next reaction step, when HMT is added. The HMT decomposes slowly at high temperature in

aqueous solution according to following equation:
(CH3)eN4 + 6H,O — 4NH3 + 6HCHO 1)

This reaction is responsible for gradual increase of pH during reaction as the NOs™ anion does
not undergo hydrolysis and the solution of the source salt has no buffer capacity. The increase

of ammonia concentration and pH causes formation of complex Ag(+I) cations:
Ag" +2NH; — [Ag(NH;),]" )
which undergoes easily to the reduction caused by formaldehyde released from HMT too:
HCHO + 2[Ag(NH3),]" + H,O — HCOO™ + 2Ag” +3NH," + NH; 3)

Formation of silver nanoparticles out of the surface of WF particles was not observed in
microscopic observations and all particles were found to be attached to the m-WF surface or
to agglomerates sessile on the m-WF surface. It can be suggested that pre-adsorbed Ag" on
the WF surface fulfils the role of nucleation sites.

Similarly, Zinc(+II) species can be adsorbed and coordinated on the WF surface and may play
the role of initial nucleation seeds. However, observed synthesised particles (the twinned
bifrustums) are quite big, do not form a dense population on the WF surface and do not show
any preferable crystal facet which would serve to anchor the microparticle to the surface. The
Zn(+1I) source salt is an acetate containing thus an anion which hydrolyses and therefore, the
pH remain nearly the same during the second reaction step as at the beginning of the reaction,
i.e. about 6.1-6.4 irrespectively to the degree of HMT decomposition according to the Eq. (1).
According to the reference (Richardson and Lange, 2009), the speciation of Zn(-+II)
compounds strongly depends on both pH and temperature in presence of ammonia in the
solution. The cation ZnOH' is the prevailing Zn(+1I) species in our pH range at the
temperatures nearly to the boiling point. At the laboratory temperature Zn>" would prevail.
Although the HMT is the source of ammonia, [Zn(NH3)s]*" cations would scarcely formed
under weak acidic condition. Bound water molecules are neglected in used notation. The
thermodynamic analysis supports strongly the model of reaction mechanism involving

primary precipitation of layered zinc hydroxy acetates (Biswick et al., 2009):
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570> + 2CH;COO" + 8OH" + H,0 — [Zns(OH)s(H,0),](CH;C00),2H,0  (4)

This mechanism is in accord with our visual observation of very fast precipitation of white
product immediately with the addition of HMT. The decomposition of HMT is the source of
hydroxide ions and the role of HMT at used concentration range is replenishment of
hydroxide ions consumed into growing precipitate and production of NH," involved in the
complicated interplay of chemical equilibria. Ammonium acetate solution provides further
buffering capacity. The hydrolysis of acetate ion as the source of hydroxides can be sufficient
for precipitation only at very high temperatures and pressures as it was shown in single source
water system resulting in ZnO cup-like microparticles. (Zhao et al., 2009) In the synthesis of
ZnO decorated fillers, formaldehyde can play only secondary role if any. Formation of this
layered compound is followed by their transformation into ZnO wurtzite phase at elevated

temperature giving rise to the typical bifrustum like microparticles.

[Zns(OH)s(H,0),](CHsC00),2H,0 — 5Zn0 +5H,0 + 2H;0" + CH3COO" (5)

The transformation into ZnO phase can be fully completed within ten minutes. (Golic et al.,
2011) Released acetic acid neutralises further with decomposition product of HMT. It must be
noted, that the Eq. (5) is only a summary equation and does not represent the mechanism of
solid phase transformation. Similar equation was proposed for synthesis of ZnO via zinc
hydroxy acetates (Golic et al., 2011) however we rebalanced and corrected the Eq.(4) in
comparison with that study.

A combined mechanism is expected in the case of WF-Ag/ZnO preparation. The HMT serves
as the source of NH," and HCHO and the reactions according to Eq. (2), (3) and (4) can run
parallel. Indeed, only slight dependency was observed between the product morphology and
other structural properties of ZnO besides Ag nanoparticles. It can be said that the reactions
are competitive to some extent as they share one source compound, the HMT. The mass of
inorganic decoration on WF-Ag/ZnO (0.89 g) is slightly less than a sum of Ag (0.38 g) and
ZnO (0.66 g) contributions in WF-Ag and WF-ZnO. (See Table 1.)

The addition of ammonia in the third reaction step did not practically influence formation of
silver nanoparticles at sample WF-Ag-AA, but microparticles of ZnO were influenced
significantly in case WF-ZnO-AA. Therefore, we consider the formation of Ag nanoparticles

is finished at the end of the second step. Theoretically 0.445 g of silver metal could be
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obtained from used load of silver nitrate. Observed yield is about 0.38 g, which corresponds

to the 85 % of theoretical value.

The addition of NH3 aq in the third reaction step increases suddenly the concentration of
ammonia by addition of cca 0.2 mol of NH; which corresponds to the increase of ammonia
concentration by 1.2 mol/L. The addition most likely overbalances the buffer capacity of the
reaction mixture and pH increases, theoretically up to the value about 11.5. However, the
addition occurs at elevated temperature under reflux, so the pH will not increase that much, as
the pH of water solution generally decreases with increasing temperature due to increased
self-dissociation of water. Increased temperature supports the precipitation of ZnO because
the solubility of ZnO decreases in ammonia solutions with elevating temperature. The
solubility range of [Zn (NH3)4]*" which is at room temperature up to the pH 11.5 shrinks with
increasing temperature as well and shifts to lower values as the solution is heated and we
expet it to be in range 11-11.5. (Richardson and Lange, 2009) According to the obtained
yield, most of the zinc source compounds remain in the solution at the end of the second
reaction step. The initial load of zinc acetate contains theoretically 4 g of ZnO and only 0.66 g
was observed as the increase in mass for the sample WF-ZnO which corresponds to the 17 %
of the theoretical yield. Therefore, we suggest that at the second reaction step, dissolved
Zinc(+1I) species remain mostly in the solution. Cations Zn>*, ZnOH" and [Zn(NH3)s]*" may
coexist at various concentrations at given pH and temperature. The sudden increase of
ammonia concentration caused by NH; aq addition converts them into [Zn(NH;)s]*" according
to Eq. (6) and (7) at the beginning of the third step. However, as the pH is about 11-11.5 and
the temperature is at the boiling point, the speciation shifts and a transition from positively
charged [Zn(NH;),]*" to negatively charged species as Zn(OH);" and Zn(OH),* occurs.
(Richardson and Lange, 2009) Then, it is followed by fast precipitation of ZnO according to
Eq. (9) and (10) rather than according the Eq. (8) which is more likely the reaction pathway
for lower (room) temperatures although its occurrence cannot be fully excluded because the
reaction system was always left to cool down prior filtering. However, immediately after
ammonia addition we always observed vivid stimulation of the reactions in the system and
increased precipitation. Therefore, formation of zinc hydroxide complex anions as the

intermediate reaction step is a reasonable explanation for the reaction mechanism.

Zn*" + 4NH; — [Zn (NH;)4]*" (6)
ZnOH' + 4NH; — [Zn (NH3)4]*" + OH (7)
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[Zn (NH3),]*" +4H,0 — ZnO+ 20H + 4NH, " +H,0 ®)
Zn(OH);” — ZnO + H,0 + OH )
Zn(OH)s* — ZnO + H,0 + 20H" (10)

This consecutive and parallel reactions may contribute to the faster maturation and secondary
growth of ZnO twinned prisms together by suppression of the formation of the internal
cavities. In next, higher concentration of ammonia and thus higher pH induced growth of the
second generation ZnO rod-like nanoparticles sparsely distributed on the WF surface.
Formation of these objects was described earlier for ZnO precipitation of so called nanowires.
(Cho et al., 2008) Similarly, the cake candle-like structures were observed (see discussion in
Morphology section above and references therein). The mass of inorganic decoration on WF-
Zn0O-AA significantly increased (3.05g) as can be seen Table 1. Such value corresponds to 75
% of the theoretical yield.

The effect of addition of NH3 aq is most pronounced at sample WF-Ag/ZnO-AA. It was most
likely the dense surface coverage by Ag nanoparticles what caused efficient nucleation and
growth of nanowires. It was already observed that nanosilver is a very good nucleating seed
for ZnO. (Fan et al., 2009) The mass increase of the sample WF-Ag/ZnO-AA in comparison
with the initial amount of WF is 3.56 which is nearly the sum of Ag and ZnO yields from
WEF-Ag-AA and WF-ZnO-AA.

To complete the discussion, it must be mentioned that one of the most generally known
reactions of NHj aq with lignin is the cleavage of C-O-C bonds in lignin as well as ether and
ester bonds in the lignin-carbohydrate complex. However we did not observe significant
erosion or deterioration of the m-WF particles. Possible partial delignification and release of
its hydrolysis products might serve as a source of surface stabilizing and capping agents
however we have no indications supporting such hypothesis yet and further research work is
required as this question remains opened. Similarly, it is well known, that Zn(OH)4* may

swell cellulose and this issue requires further studies too with respect to our system.

3.3 Characterization of WF/PVC composites

The morphology of prepared WEF/PVC composites was analysed with the SEM microscopy on
crossections shown in the Fig. 4. The poor surface adhesion of PVC matrix to the WF filler
was not improved by decoration by Ag, ZnO or Ag/ZnO micro- and nano-particles. It is

evident that the morphology of fillers and their components was not altered by the process of
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compounding and that the most of Ag and ZnO material remained attached to the surface of
WF particles. On the other hand, some of the Ag and ZnO particles were peeled off from the
m-WF surface and dispersed into the entire volume PVC matrix during compounding. Such
disagglomeration can be considered as a positive effect as it can only improve the expected

antibacterial property of the material.

HERE FIGURE 4

The relatively low used filler concentration should not influence the mechanical properties of
plasticised PVC dramatically. On the other hand, the antibacterial activity must be
significantly manifested if the filler can truly impart this desired property to prepared
compounds even at 5 %wt loading. Therefore, we focused only on testing of the surface
antibacterial activity against the two bacterial strains representing Gram positive and Gram
negative bacteria. E. coli and S. aureus were used according to the standard ISO 22 196: (E)
2007. The results are summarised in the Table 3. Neat PVC matrix was used as the reference
giving the U; values. The test was performed for n-WF/PVC sample as well, and no
antibacterial activity of unmodified WF was observed against either of the tested bacteria.
Modification of WF by either Ag or ZnO imparted moderate surface antibacterial activity R
about 3 to the model composites towards both kinds of bacteria. Combination of Ag and ZnO
in WF-Ag/ZnO resulted in enhanced activity R nearly about 5. WF-Ag/ZnO-AA was proved
as the best performing m-WF among prepared fillers. Excellent surface antibacterial activity
was experienced testifying for total bactericidal effect against both used bacterial strains at
used testing concentrations, so that no recovery of survival bacteria was observed. It means
that the surface antibacterial performance of the material is fully comparable with the highest
demanding requirements common in medical applications. We consider this result as a strong
indication of the synergic effect between the two principally different antibacterial inorganic
agents — nanosilver which is a metal and hierarchically nanostructured ZnO which is a
semiconductor. Observed results are in agreement with previous studies reported from our
laboratories (Bazant et al., 2014) and from others (Ghosh et al., 2012; Lu et al., 2008;
Sadeghi, 2014) Besides that, the enhancement of antibacterial performance of prepared fillers
positively correlates with the increase of the complexity of ZnO hierarchical morphology

which is in accordance with our other observations. (Machovsky et al., 2014, In Press)
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4. Conclusions

In a conclusion, nanosilver and nanostructured ZnO modified types of wood flour were
prepared by microwave assisted solvothermal synthesis and used as the active filler for wood
plastic composites imparting the surface antibacterial property to the material. The growth of
inorganic particles decorating WF particles was described and the reaction mechanism was
explained with respect to the used wood substrate components and chosen reaction conditions
and synthesis protocol variation. Model m-WF/PVC composites were prepared in order to
demonstrate the filler functionality at only 5 %wt concentration. Moderate effect of single
components (silver or ZnO modified WF) was observed, while combination in a hybrid
Ag/ZnO material decorating the surface of WF particles showed enhanced performance. The
synergy was more pronounced in case of material synthesised by the process facilitated with
additional ammonia reaction step. These results proved that it is possible to obtain materials
with excellent antimicrobial properties for potential hygienic or medical applications even for

WPC.
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Figure captions
Fig. 1 SEM images of n-WF at lower (A) and higher (B) magnification.

Fig. 2 SEM microphotograph of samples, where A) WF-Ag; B) WF-ZnO; C) WF-Ag/ZnO;
D) WF-Ag-AA; E) WF-ZnO-AA; F) WF-Ag/ZnO-AA.

Fig. 3 XRD patterns of m-WF decorated by Ag, ZnO and Ag/ZnO particles obtained by the
two synthetic methods; symbols represent diffraction peaks of metal silver (full circles, ®),

ZnO (crosses, +) and wood flour cellulose (hollow circles, o).
Fig.4 SEM microphotograph of WF/PVC composites where A) WF-Ag/PVC; B) WF-

ZnO/PVC; C) WF-Ag/ZnO/PVC; D) WF-Ag-AA/PVC; E) WF-ZnO-AA/PVC; F) WF-
Ag/ZnO-AA/PVC

90



Table 1 Overview of samples, sample codes, amounts of used chemicals and average

synthesis yields.
Sample code Wood  Precursor  Precursor HMT  NHjzaq.  Yield
flour of Zn** of Ag"

(8 (8 (8 (8 (mL) (8
WF-Ag 1.000 - 0.701 6.928 - 1.38
WF-ZnO 1.000 10.800 - 6.928 - 1.66
WF-Ag/ZnO 1.000 10.800 0.701 6.928 - 1.89
WF-Ag-AA 1.000 - 0.701 6.928 14.2 1.38
WF-ZnO-AA 1.000 10.800 - 6.928 14.2 4.05
WF-Ag/ZnO-AA  1.000 10.800 0.701 6.928 14.2 4.56
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Table 2 Summary of XRD analysis: Weight ratio of inorganic phases in m-WF and size of

nanocrystallites of silver and ZnO obtained by Scherrer formula from line broadening

Composition of inorganic Diameter of nanocrystalline

crystalline phase in m-WF diffracting volume
Sample code (%owt) (nm)
Ag ZnO Ag ZnO

WF-Ag 100 - 15 -
WF-ZnO - 100 - 33
WF-Ag/ZnO 24 76 19 47
WF-Ag-AA 100 - 16 -
WF-ZnO-AA - 100 - 44
WF-Ag/ZnO-AA 10 90 17 54
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Table 3 Surface antibacterial activity evaluation of WF/PVC composites

Number of viable Number of viable Antibacterial Antibacterial
E. coli cells S. aureus cells Activity activity
recovered per cm? recovered per cm’ E. coli, S. aureus,
Sample code specimen, N specimen, N R=U-A,  R=U;-A
(CFU/cm?) (CFU/cm?) (Log CFU)  (Log CFU)
neat PVC 6.9 x 10° 1.3 x 10° Ui=6.8 Ui=5.1
WE/PVC 9.5 x 10° 6.1 x 10° -0.14 -0.68
WE-Ag/PVC 7.5 % 10° 6.3 x 10° 2.9 1.3
WE-ZnO/PVC 7.3 % 10° 2.8 x 10 3.0 2.6
WE- Ag/ZnO/PVC 2.4 % 10 1.0 4.5 5.1
WE-Ag-AA/PVC 1.3 x 10° 1.2 x 10° 3.7 2.0
WE-ZnO-AA/PVC 3.6 x 10* 3.1 x 10 2.3 2.6
WF —-Ag/ZnO-AA/PVC <1 <1 >6.8 >5.1
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Figure 3
Click here to download high resolution image
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14

15  Abstract

16  Study of microstructure of hybrid silver/zinc oxide (Ag/ZnO) decoration on the cellulose
17  substrate surface and description of the synthesis process was elaborated. The surface analysis
18  was performed by XPS and obtained data were corroborated with the results from x-ray
19  diffraction (XRD) and scanning electron microscopy (SEM). The surface of a-cellulose was
20  always treated by hydrogen peroxide before synthesis with a relatively milt effect manifested
21  in water contact angle measurement and X-ray photoelectron spectroscopy (XPS) high
22 resolution spectra. The Ag/ZnO decoration system was identified as a true nanodispersed
23 metal/semiconductor hybrid with a unique collective plasmonic structure observed on Ag 3d
24 core lines for the first time. Series of experiments with single precursor’s solution contributed
25  to the characterization of the interaction of precursor’s ionic species with the surface and to
26 description of reaction mechanism. In contrast to previous reports, a specific interaction
27  between cellulose substrate and Zn®" was observed. No specific non-thermal effects of
28  microwave heating were observed.

29

30  Keywords: cellulose; hybrid Ag/ZnO; plasmon; microwave synthesis; nanoparticle; XPS
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1. Introduction

Cellulose is a very important renewable resource for the development of environmentally
friendly, biocompatible and functional materials. (Sannino et al. 2009; Siqueira et al. 2010;
Sirolli et al. 2000) Various method of their preparation have been proposed and products have
been implemented in praxis, such as films, fabrics, powders, fillers, paper, and nonwovens, to
name a few, but new functionalities are still required and intensively examined.(Abdul Khalil
et al. 2014; Liu and Hsieh 2002; Missoum et al. 2013; Roy et al. 2009) Among them, hybrid
combination of the cellulose with inorganic nanoparticles attached to its surface become to be
attractive recently. (Song and Rojas 2013; Wu et al. 2012)

Nowadays, direct synthesis/growth of metal or metal oxides nanoparticles on substrates or
carriers arise a considerable attention mainly due to their ability to address various challenges
associated with the immobilization of nanoparticles on different substrates. (Ashraf et al.
2014; Fan and Lu 2005; Nam and Condon 2014; Yang et al. 2013) These composite
nanomaterials play an important role for their potential applications in electronic devices,
catalysis, sensors, optic and medical applications, etc.(Duan and Wang 2013)

The main disadvantage of application of un-immobilized nanoparticles is their potential
danger associated with their size. (De Jong and Borm 2008; Jud et al. 2013) Considering that
such unanchored nanomaterials can be hazardous and fatal, hybrid processes in combining
nanoparticles with other environmentally friendly, inert and stable materials are underway to
take advantage of their full properties in various applications. Immobilization of nanoparticles
on surface of cellulose can be considered harmless to humans and animals due to reasonably
strong physical or chemical bonding between nanoparticles and cellulose surface. Attachment
of the nanoparticles to a surface can avoid release of single nanoparticle from the carrier into
its environment and therefore minimise the risks of contamination. A lot of effort has been
devoted to develop new synthesis routes and strategies of anchoring nanoparticles using
cellulose as a carrier substrate due to its biocompatibility, biodegradability, and specificity in
adsorption of metal ions. Moreover, introducing nanoparticles with cellulose substrates or
fillers would result in composites of novel and enhanced properties that cannot be
accomplished by the individual components. (Ashraf et al. 2014; John et al. 2011; Motshekga
et al. 2013; Silva and Unali 2011)

Raw and modified cellulosic substrates have been already utilized either as supporting

materials or as reducing agents for the synthesis of gold, silver and platinum nanoparticles.
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These substrates include oxidized cellulose microfibrils, carboxymethyl cellulose sodium salt
and nanoporous cellulose gel. (Ashraf et al. 2014; Boufi et al. 2011)

Besides catalysis, the main prospect is seen in antimicrobial application of such materials.
Metallic Ag and Ag” ions have a strong antibacterial effect which has been known and used
for a long time. (Aymonier et al. 2002; Gogoi et al. 2006; Marambio-Jones and Hoek 2010).
Silver nanoparticles are efficient antimicrobials (Morones et al. 2005; Panacek et al. 2006;
Smetana et al. 2008) with size (Morones et al. 2005; Panacek et al. 2006) and shape
dependence (Pal et al. 2007) of their performance, but there is still some uncertainty with
regards to mechanism/s of their action (Smetana et al. 2008).

Metal oxide nanoparticles have attracted extensive interest too. For instance, ZnO is a
“‘green’’ material that is biocompatible, biodegradable, and nontoxic for medical applications
and environmental science. The ZnO is a semiconductor which can impart to the composite
material other beneficial properties than metals; nevertheless a considerable antibacterial
efficiency is among them.(John et al. 2011) The action of ZnO can be regarded as
complementary to that of various silver formulations. Moreover, synergetic effects of both
components used in hybrid metal-semiconductor nanoparticles result in an enhanced
antibacterial performance against bacteria. (Ghosh et al. 2012; Lu et al. 2008; Motshekga et
al. 2013)

A variety of synthesis routes have been reported for the synthesis of metallic nanoparticles,
for example thermal decomposition, laser ablation, microwave irradiation, sonochemical,
reverse micelles process, chemical reduction, ultrasonic irradiation, radiolysis, solvothermal
and electrochemical. However, most of these methods are limited for research purpose
because of high temperature, high pressure, expensive equipments, toxic reagents, or long
reaction time. (Zhang and Zeng 2012) In contrast to that, microwave-assisted synthesis has
become an effective tool in synthetic organic chemistry due to its unique features such as
rapid and selective heating, higher reaction rates, increased product yields, and energy saving.
(Baghbanzadeh et al. 2011; Bilecka and Niederberger 2010; Kathalingam et al. 2011;
Lidstrom et al. 2001) We have already demonstrated the suitability of MW assisted synthesis
for Ag/ZnO hybrid nanostructured microparticulate filler which has been successfully
compounded in polymer matrix composite for antibacterial purposes. (Bazant et al. 2014a)
However, attachment of such hybrid material on the surface of cellulose carrier particles can
assure other additional benefits for prospective application as described above. Indeed, we
developed a simple and low cost microwave assisted solvothermal synthesis method for

surface modification of cellulose particles by the hybrid Ag/ZnO decorations and successfully
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tested the antibacterial performance of this material in a polymer matrix composite. Excellent
results were obtained against Escherichia coli and Staphylococcus aureus. (Bazant et al.
2014b) The fast development of various laboratory protocols for synthesis of nanocomposite
materials requires deeper understanding to the reaction mechanisms underlying the described
procedures. Therefore, we report hereby a detailed study of structure and reaction mechanism
involved in preparation of our novel hierarchically nanostructured hybrid Ag/ZnO decoration
on surface of cellulose carrier particles. In order to analyse the problem in a complex way, we
prepared materials with single component (i.e. only Ag and only ZnO) containing
nanostructured decorations on cellulose surface as well, besides the hybrid ones. The
influence of reaction mixture concentration was taken into account too and an interpretation

framework for synthesis, structure and properties of our material was elaborated.

Experimental

Materials

Zinc acetate dihydrate Zn(CH3;COO),2H,0 (ZAD), silver nitrate AgNO;,
hexamethylenetetramine (CH)¢Ns (HMT) and 30% hydrogen peroxide (w/w) in H,O were
purchased from PENTA (Czech Republic) and a-cellulose was purchased from Sigma-
Aldrich Co. The chemicals were of analytical purity (p.a.) and used as received without

further purification.

Activation of surface of a-cellulose particles

In all experiments, surface activation of a-cellulose was performed by oxidation as the first
step. The procedure was as follows: 1 g of a-cellulose was dispersed in 20 mL 30 % (w/w)
H,O, stirred by a magnetic stirrer for 10 minutes. Suspension was filtered through
microporous filter membrane with pore diameter 0.40 um. Cellulose particles were dried at
40°C to the constant weight. No significant change in mass of the powder was observed. The

activated material is denoted as ox-o-cellulose.

Surface decoration of ox-a-cellulose by Ag, ZnO and Ag/ZnO
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Microwave open vessel system MWGIK-10 (Radan, Czech Republic, 800 W, 2.45 GHz)
equipped with an external cooler was used for material synthesis. Experimental details on this
modified domestic MW oven are described elsewhere. (Bazant et al. 2014a; Bazant et al.
2014b) The oven was operated in quasi-continuous mode at full power of 800 W.

Zinc acetate dihydrate and Silver nitrate were used as sources of Zn*" and Ag". Source
solutions of ZAD and AgNO; were prepared separately by dissolving the respective salt in
smaller amounts of distilled water with the target volume 100 mL. In a typical procedure 50,
5, and 1 mmol of Zn(CH3COO), . 2H,0 was dissolved in 100 mL water corresponding to
(10.975 g, 1.098 g and 0.220 g) of mass precursor dissolved. 5, 0.5 and 0.1 mmol precursor of
AgNOs was dissolved in 100 mL distil water corresponding to (0.849 g, 0.085 g, 0.017 g). In
the case combination of precursors Zn’>" and Ag’, the solutions were prepared separately and
then mixed so the total volume of water in the solution was 100 mL, the same as in previous
cases.

Prepared ox-a-cellulose (1 g) was added to source salt solution and dispersed by stirring in a
250 mL reaction bottle. The bottle with obtained suspension was placed into the microwave
oven cavity and connected to an external condenser equipped with a dropping funnel. The
reaction mixture was heated for 2 minutes by MW then a solution of C¢H; 2N, of (50, 5, and 1
mmol) corresponding to (7.001 g, 0.700 g, 0.140 g) in 50 mL water was added quickly
through the dropping system and microwave heating continued for other 10 minutes. The
suspensions were left to cool down naturally after switching of microwaves. Finally, the
particles were collected by microfiltration and washed by demineralised water. Obtained
powders were dried in a laboratory oven at 40°C to the constant weight. For detailed

information about composition of reaction mixtures, see Table 1.

HERE TABLE 1

Characterization techniques

Powder X-ray diffraction analysis for crystal phase identification was performed on a
PANalytical X'Pert PRO X-ray diffractometer (PANalytical, The Netherlands) in the
diffraction 26 angle range 5-90°, using Cu Kal radiation (A = 1.5418 A). The crystallite size
D of the samples were estimated using the Scherrer’s equation, (0.91)/( cosd), by measuring

the line broadening (B, the full width at half-maximum, corrected by the instrument response)
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of the main intensity peak for zinc oxide (101) and (111) for silver, where A is the wavelength
of Cu Ka radiation, and 26 is the Bragg’s angle.

The morphological and elemental microanalysis observation was made with a scanning
electron microscope (SEM) Vega II/LMU (Tescan, Czech Republic) equipped with a
backscattered electron (BSE) detector, secondary electron (SE) detector and an energy
dispersive X-ray (EDX) analyser (Oxford Instruments INCA) integrated into the SEM. In
order to assess generally the impact of modification on surface properties of cellulose
powders, static water contact angles (WCA) of materials powders was measurement by See
System E (Advex Instruments, Czech Republic). For measuring the contact angle of a liquid
drop on a solid surface, pellets were prepared from powders by hydraulic press. The diameter
of the pellets was 8 mm, thickness less than 2 mm. Distilled water was used as the testing
liquid.

The ATR FTIR analysis was performed with the use of the spectrophotometer Nicolet 6700
(Thermo Scientific Co, US) equipped with germanium crystal ATR accessory.

The XPS analyses were carried out with Axis Ultra DLD spectrometer (Kratos Analytical Ltd,
Manchester, UK) using Al Ka (hv = 1486.7 eV) X-ray source operating at 150 W (10 mA, 15
kV). Instrument base pressure was 2 x 10 Pa. The spectra were obtained using an analysis
area of ~300 um x 700 pm. The spectra were measured with the step size 0.7 eV and 160 eV
pass energy for survey resolution spectra, respectively 0.1 eV and 20 eV for high resolution
spectra and have been charge corrected to the adventitious C 1s spectral components (C-C, C-
H) binding energy set to 284.8 eV. The process has an associated error of at least + 0.1 eV up
to 0.2 £ eV for insulating samples. (Miller et al. 2002) In addition, the measurement
procedure followed specific recommendation of Johansson and Campbell in (Johansson and

Campbell 2004) Measured spectra were analysed using Casa XPS software (version 2.3.15).
Results and discussion
Oxidation of surface of a-cellulose substrate

In order to improve reactivity of the a-cellulose substrate, the surface of particles was
oxidised in 30 % hydrogen peroxide for 10 min prior to any other experiment. SEM images of
surface of a-cellulose (left side) and ox-a-cellulose (right side) are shown in Fig. 1. Particles
in both samples are sized about 100-200 um. The surface of both samples is rough but no
effect of oxidation of cellulose is observed on surface ox-a-cellulose. The XRD measurement
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did not revealed any difference between diffraction patterns of the cellulose powders prior and
after peroxide treatment. Neither phase composition nor crystallinity changed. The

diffractograms are not shown for the sake of brevity.

HERE FIGURE 1

The WCA measurement revealed a decrease of the water contact angle from 65° to 53° (see
Table 3) which testifies for at least some change of surface properties. The ATR spectra of
raw o-cellulose and ox-a-cellulose are shown in Fig. 2. There is hardly observable any
increase of the absorbance in the carbonyl peak region. The spectra were recorded with the
aid of Ge ATR crystal accessory with the probing depth about a few hundreds nanometres. It
means that the oxidation of the cellulose substrate is only a surface phenomenon if it occurs at
al. It can be assumed that the low molecular products of the oxidation are instantaneously
removed from the crystalline surface during the action of the peroxide solution. In other

words, the process can be considered rather as cleaning or etching than surface modification.

HERE FIGURE 2

In order to clarify this issue, XPS spectra were collected for both — raw and treated material.
The results of high resolution XPS are shown in Fig. 3. The pioneering works of Dorris and
Gray (Dorris and Gray 1978a; Dorris and Gray 1978b; Dorris and Gray 1978c) laid the
foundations of the interpretation of XPS spectra of cellulose. In pure cellulose, all carbon
atoms have one or two bonds to oxygen; thus the C-C component of the C 1s line signal is
assigned to adventitious carbon which stem from unavoidable contamination of air-exposed
samples. The C 1s spectrum of raw a-cellulose comprises from three relatively well resolved
yet overlapping peaks at 284.8 eV (C-C), 286.4 eV (C-0O) and 287.7 eV (O-C-O) which are
the typical binding energies according to Dorris and Gray. The shape of a-cellulose C 1s
spectrum testifies for successfully elimination of charging and other instrumental artefacts
according to (Johansson 2004). Although the concentrated peroxide may be considered as
strong oxidizing agent, the distribution of various bonding configurations of carbon atoms
manifested at C 1s line measured for ox-o-cellulose material shows only small increase of the
signal at 289.3 eV which can be assigned to C 1s in carboxylic (C[1O) group. The rest of
photoelectron spectra remained relatively unchanged which again points towards the etching-

like interpretation.
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The O 1s line has low resolution to indicate small chemical shift between individual bonding
configurations of O atom in cellulose. However a small shift of it is maximum towards higher
binding energies (+0.3 eV) together with the significant broadening of this line testifies for
increase of variability of oxygen energy states. The full width at half maximum (FWHM) of
a-cellulose O 1s line is 1.3 eV and 1.5 eV was obtained for ox-a-cellulose. The simplest
explanation is due to higher water absorption enhanced by the increased of surface polarity.
Above described results of peroxide treatment of cellulose material can be explained due to
the resistance of the crystalline cellulose towards chemical attacks. Crystalline cellulose is
generally not susceptible to chemical modification as the polymer chains are densely and
regularly packed. Significant enhancement of cellulose reactivity can be achieved at high pH,
e.g. by concentrated ammonia or alkali hydroxides treatment. The increased efficiency of such
reactions is due to the swelling or dissolving of the cellulose. It can be concluded that H,O,
cannot penetrate the volume of a-cellulose particles and its action is limited to the surface
only. (Haskins and Hogsed 1950; Lewin 1969) Moreover, we chosen relatively short
treatment time, which suppresses the removal of cellulose material by surface oxidation and
thus we did not observe any significant mass reduction of cellulose powder after treatment.
The only considerably manifested change was the improvement of the surface’s WCA and all
experiments described in following sections were performed with the use of this ox-o-

cellulose.

HERE FIGURE 3

SEM study of morphology of ox-a-cellulose surface decorations

SEM images of samples series A, B and C taken by BSE detector are shown in Fig. 4. The
microphotographs of ox-a-cellulose decorated by ZnO microparticles (left column), silver
nanoparticles (middle column) and combination of Ag/ZnO micro and nanoparticles (right

column) are presented.

HERE FIGURE 4

For sample Al, it can be seen that the decorating ZnO microparticles on surface of ox-o-

cellulose are hollow and resemble thus twinned nuts or hexagonal boxes. These ZnO
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microparticles are sometimes capped, so the inner cavity cannot be always seen. ZnO
microparticles are sized up to 1 um and the thickness of their walls is about 100 nm. This
observation suggest that although overall size of ZnO particles is in micro or sub-micro metric
scale the components of these particles are in size scale typical for nanoparticles. In other
words, the ZnO particles can be described as nanostructured microparticles. Many of them are
attached by their bottoms to the substrate surface and resemble thus calyces or sponges in sea.
The whole surface of ox-a-cellulose particles is densely covered by spherical silver
nanoparticles in sample A2. The diameter of these particles is below 100 nm. The particles
can be identified in the picture as bright points due to material contrast in BSE regime.
Combination of silver nanoparticles and zinc oxide microparticles is observed for sample A3.
Bright dots covering cellulose represent silver nanoparticles as in A2 and grey hexagonal
hollow particles correspond with nanostructured ZnO microparticles as in Al. Material with
similar morphology and size but without any substrate was prepared and reported in our
previous work. (Bazant et al. 2014a)

The coverage density of cellulose surface by ZnO microparticles in B1 sample is obviously
smaller than in A1 sample. However, the distribution of particles over the surface area seems
to be homogeneous. Sample B1 has different shape and size of ZnO microparticles compared
with sample Al. At the first sight, ZnO particles have higher aspect ratio in comparison with
centroid hollow nuts in Al. ZnO synthesized at ten times lower concentration has the shape of
twinned rods similar as in (Distaso et al. 2012; Cho et al. 2008). Some particles seem to be
hollow or to have some soft or not well developed filling of their inners. The terminal faces
are often not developed and their edges are disrupted. Occasionally, X-shaped twinned
particles can be found. On the other hand, single rods can be seen too. The twinned rod
prisms are not strictly symmetrical and often are observed particles where the second rod
prism is smaller than the first one. Length of prisms is non-uniform too and ranges from 1 um
for single rods up to 3 um for well-developed twins. The diameter of particles is from several
hundreds of nanometres up to nearly 1 pm.

The sample B2 seems to be covered by silver nanoparticles similarly yet less densely as the
sample A2, no other differences we observed.

In the case of sample B3, both silver and zinc oxide decorations were synthesised on ox-o-
cellulose surface. The silver nanoparticles seems to be unaffected in comparison with samples
A2, A3 and B2, while zinc oxide particles resemble those in sample B1, but they are generally

smaller, have more regular shape, all seems to be hollow and almost no X-shape particles are
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present. Their size variability is much smaller than in B2. The length is nearly 2 pm and
diameter is up to 500 nm. The wall thickness is less than 100 nm.

The images captured for samples of the series C are shown in the lower row of the Fig. 4.
These materials were synthesized from precursor solutions of the lowest concentration
therefore the surface coverage is the lowest among series. Silver nanoparticles are not
observed at sample C2 and C3. ZnO particles keep the basic twinned morphology however
they have rounded ends and resemble dumbbell-like structures reported by Baruah (Baruah
and Dutta 2009). The particles are also smaller than in previous series. Again here the
particles in sample C3 seems to be better developed in terms of shape and narrower and size
distribution. The silver particles are hardly to be seen although the present the silver was

confirmed by EDS integrated in the microscope.

XRD study of decorated ox-a-cellulose phase structure

Powder XRD patterns of ox-a-cellulose with silver nanoparticles, ZnO microparticles and
hybrid Ag/ZnO material nanostructured decorations are shown in Fig. 5 a, b, and c. The
positions and relative intensities of peaks observed at 26 = 31.7°, 34.4°, 36.2°, 47.5°, 56.6°,
62.8°, 67.8°, 68.9° and 72.47° matches perfectly to ZnO with the hexagonal wurtzite crystal
structure according to JCDD PDF-2 entry 01-079-0207. Diffraction peaks at 26 = 38.8°,
44.4°, 64.6°, 77.6° and 81.8° correspond well with fcc crystal structure of silver to JCDD
PDF-2 entry 01-087-0720. All diffraction peaks listed above for pure ZnO and silver or both
species can be unambiguously assigned in XRD patterns. Diffraction patterns of a-cellulose
are manifested in the spectra in dependence on the thickness of the decoration layers covering
the cellulose microparticles. In the series A, the cellulose substrate is deeply buried and only
the most intensive diffraction line at 26 angle 22.5° can be observed. With the decrease of the
coverage thickness the cellulose diffraction pattern becomes more visible as in diffractograms
recorded for samples series B and C. The characteristic relatively broad peaks at 26 angles
15° and 22.5° (002) can be seen in all curves and the third characteristic peak at 26 angle
34.5° (040) is visible for samples B2 and C2 only where is its manifestation not interfered by
the peaks associated with ZnO. The broad peak at 26 angles 15° actually represents two
merged peaks (101) and (101). No changes were observed for the cellulose structure in this
analysis. It can be concluded that the bulk of cellulose particles remain unaltered by used

synthesis method.
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The materials stratification and large differences in amount of crystalline surface decoration
synthetized on the substrates surface are responsible for large differences in overall intensity
of difractograms observed for the three series for samples. Therefore, a Y-axis scaler was set
in the right upper corner of each graph in Fig. 5, to allow comparison.

In the case of combination Ag/ZnO, if the silver is substituted for Zn>", a corresponding peak
shift would be expected in the XRD. Similar situation would be observed if the silver atom
enters and interstitial position. (Chauhan et al. 2012; Sahu et al. 2012) No such shifts in the
peak positions were observed in any of our prepared hybrid samples. This indicates that Ag
doping of ZnO occurs at very small or negligible level, if at all. The segregation of Ag
nanoparticles at the boundaries of ZnO nanocrystallites is very sharp and proceeds during
synthesis rather than going of the silver in the lattice of ZnO similarly as reported by
Georgekutty et al. (Georgekutty et al. 2008). By corroboration of available literature, the
doping requires a high temperature calcination synthesis step most likely over 500 °C or
reaction conditions were silver oxide may come into existence. Other methods using
manipulation at molecular or atomic level like epitaxial growth, plasma deposition etc.,
instead high temperature, may results into controlled doping too. (Kim et al. 2009; Li et al.
2011) According to our experience and literature survey, it can be formulated as rule of thumb
that wet chemical methods (solvothermal, co-precipitation and other) gives phase separated
(hybrid) Ag/ZnO products.

The diffraction peaks of metal silver are evidently broader than that of zinc oxide ones which
suggest smaller size of silver nanoparticles than zinc oxide particles. This issue was analysed
with the use of Scherrer’s formula and obtained results are summarised in Table 2. The
average size of metallic silver nanocrystalline domains ranges from 15 nm to 26 nm without
any observable trend. The size of ZnO nanodomains was observed in the range from 20 nm to
63 nm. The size of ZnO nanocrystallites decreases with decrease of concentration of
precursors. The size of nanocrystallites estimated from line broadening is evidently smaller
than the size of features observable in SEM. Most likely, the nanocrystallites are just building
blocks of larger structures.

Powder XRD analysis allows quantification of inorganic crystalline phases concentration.
Only metallic silver or pure wurzite phase of ZnO was found in samples prepared from single
silver nitrate or single zinc acetate source, respectively. When mixed precursor solution was
used, both phases were identified with the concentration as indicated in the Table 2.

HERE FIGURE 5
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HERE TABLE 2

WCA evaluation of surface properties

Table 3 shows the results of the static contact angle measurements obtained on all examined
materials. The effect of hydrogen peroxide treatment is discussed in a previous section. The
water contact angle increases with concentration of silver and zinc source chemicals used for
modification of the ox-a-cellulose. The combination of the two elements enhances the effect
significantly. The WCA 102° for A3 material is the highest among all observed values, while
the WCA obtained for A1 and A2 are about 80° and do not differ significantly. Similar
tendency can be observed for samples B1, B2 and B3. The series C cannot be practically
distinguished from a-cellulose, but its WCA is significantly higher than that of ox-a-cellulose.
Even here, the angle measured for C3 was the highest among the three. Synergy or at least
additive effect between silver and zinc oxide modification can be identified with respect to
surface properties. The A3 material can be classified as hydrophobic. Hydrophilic materials
are substances with WCA lower than 90° while hydrophobic ones are displaying a WCA
higher than 90°. We did not observe super-hydrophobicity which is attained when the water
contact angle is greater than 150°. (Song and Rojas 2013)

It is not only the contribution of surface energy of silver and ZnO as material properties, but
also the surface morphology plays important role. As described in the microscopic
morphology analysis section the surface of decorated materials is very rugged. According to
SEM images, it seems that the roughness on micro and sub-micrometric scale increases
strongly with the concentration of precursors. The highest observed WCA values correspond
to highest coverage of the substrate surface in samples from the series A. The dense
decoration of A3 resembles a coral reef in the variability of shapes and large amount of

asperities, hence it achieved hydrophobicity.

HERE TABLE 3

XPS analysis of surface decoration of ox-a-cellulose

The surface chemical composition and chemical states of sample components were

investigated by XPS. Examples of survey spectra of a-cellulose, ox-a-cellulose, Al, A2, and

A3 are shown in Fig. 6. Spectra of B1-3 a C1-3 are not shown for the sake of brevity, the
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signal at respective lines for identified elements are proportional to concentration as
summarized in the Table 4.

HERE FIGURE 6

HERE TABLE 4

The oxygen-to-carbon atomic ratios determined from low-resolution data and percentage of
C-C in total carbon from high resolution C 1s spectra can be employed for construction of a
correlation plot which allows compare experimental values with the theoretical prediction
from suitable model compounds. (Dorris and Gray 1978a; Dorris and Gray 1978b; Dorris and
Gray 1978c; Johansson and Campbell 2004) The graph is shown in Fig. 7. Pure cellulose
contains theoretically oxygen and carbon in the ratio 0.83 according to glucose structural unit
formula and no C-C signal should be present. Considering expected release of formaldehyde
from HMT during its decomposition, formation of paraformaldehyde might occur in the
reaction system and this oligomeric product could contaminate surface of particles therefore a
theoretically predicted point for this compound (containing -CH,O- chain only) is included
into correlation graph too. Surprisingly, the zinc acetate has no intrinsic intensity at C-C
position in C 1s spectrum (Mar et al. 1993), while the O/C ratio is 0.5 so it might be plotted at
the same position as the point for paraformaldehyde.

It is evident that all experimental samples suffer from contaminations by volatile compounds
commonly occurring in laboratories as reported in many literature sources. Specially
elaborated procedures have to be applied to obtain cellulose surface clean enough to at least
partially approach the theoretical value. (Dorris and Gray 1978a; Dorris and Gray 1978b;
Dorris and Gray 1978c; Johansson 2004) Three distinctive features may be identified in the
plot. The first (i) and second (ii) are singular points belonging to samples Al and A3. The
third (iii) is the data point cloud in the left lower quarter of the graph window. They can be
interpreted as follows: (i) The A1 sample contains reasonable amount of ZnO on its surface. If
the O/C ratio for this sample is corrected by subtraction of stoichiometric amount of oxygen
belonging to Zn concentration indicated in Table 4, one obtain a shift of composition marked
by the arrow pointing towards the hollow symbol for corrected Al. (ii) The A3 sample
contain evidently the highest amount of contaminants and its unique properties will be
discuses more in detail in following section, it seem that this samples has the most altered
surface in comparison with the starting material. (iii) There is a trend observable in the data
point cloud. It is evident that the more the samples is modified the more it is shifted to the left
or upper side from both theoretical value and the data point for a-cellulose. No attraction

towards paraformaldehyde or acetate component can be traced.
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HERE FIGURE 7

XPS high resolution spectra for C 1s and O 1s regions are shown in Fig. 6 for A, B, and C
series of samples. C 1s was fitted with maximum of 5 peaks centred at 284.8, 286.4, 287.7,
288.6 and 289.3 eV, assigned to the sp3 carbon, C-O-C, and C-O of cellulose and C[1O for
ox-cellulose, while low binding energy peak is not cellulosic in nature (Mitchell et al. 2005)
and is assigned to C-C from C-C and C-H bonding configurations in adventitious
contaminations. The binding energy of this peak is set to 284.8 eV as described in
experimental section.

The C 1s region of photoemission spectrum of sample series A and B in Fig. 5 differs from
the one of ox-a-cellulose in Fig. 8. Namely, samples A3 and B3 show strong declination from
the standard cellulose pattern. The spectrum is dominated by the line belonging to the
adventitious carbon and the peaks seem to be broader and wider. Additionally, a broad O-
C[10 peak appearing at 288.6 eV can be observed for sample A3, which may be associated
with carboxyl groups or carbonates or other similar moieties containing C atom in high
oxidation state. The higher concentration of precursors hence denser coverage of cellulose
substrate by particles the less the C 1s spectrum resembles the ox-a-cellulose spectrum. This
trend may be followed from series B to A and with increasing number code from 1 to 3. The
spectrum of A3 sample is the most different. On the other hand, the C 1s spectrum becomes
similar to that one of ox-a-cellulose with decreasing concentration of precursors. For the
series C, the peaks attributable to C-O and O-C-O attain ratio and prominence similar to
cellulose spectrum and the intensity of contaminant C-C line decreases nearly to the ox-o-
cellulose level. It can be correlated with expected decrease in amount of surface nano and
micro decorations. This behaviour may be followed in correlation plot shown in Fig. 7 too.

HERE FIGURE 8

The XPS high resolution spectra for O 1s in Fig. 8 was fitted with maximum of 3 peaks
centred approximately at 530.4 eV, 532.8 eV, and 535.2 eV. It can be expected that the
omnipresent water contamination contributes to the broadening of the central peak in all
samples. The main broad peak at 532.8 eV corresponds mainly to C-OH bond and slight shift
of its maximum above to 0.3 eV to higher binding energy was observed for A2 and B2, which
correlates with the presence of silver on surface of ox-a-cellulose. The central peak becomes
broader especially for samples containing zinc species where other contributions than just

water can be expected. However, the resolution of the O 1s line is too low to extract such
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components with relatively small chemical shift by deconvolution at a reasonable significance
level. In some samples, namely A3, the high binding energy component in the range 534.8-
535.2 eV can be extracted although its identification is not clear. Most likely it could be
assigned to oxygen in C-O or C[]O containing groups.

A relatively well developed peak on the low binding energy side of the O 1s spectrum at
530.4 eV can be attributed to ZnO presence at the sample surface and corresponds to O ions
in the wurzite structure of the hexagonal Zn>" ion array surrounded by Zn atoms with their
full complement of nearest neighboring O* ions (Lee et al. 2007; Moulder 1992). The
intensities at higher binding energies located between 530.4 eV and 532.8 eV can be
attributed to either the presence of loosely bound oxygen or hydroxide (OH"). These moieties
may be produced by the interaction of the sample surfaces under atmospheric conditions. The
formation of Zn(OH); is discussed in following section, however the occurrence of hydroxide
groups on the ZnO surface cannot be excluded in waterborne samples as well as due to
interaction of ZnO with air moisture. The loosely bond oxygen defects can be expected on the
ZnO crystal surface especially in highly disordered nanostructures. Indeed, these features are
most observable in spectrum for sample A3.

Again here, the character of O Is spectra is dominantly influenced by dense coverage of
cellulose surface by silver and zinc oxide or hybrid nanoparticles. For samples C1, C2, and
C3, only the main peak for binding energy 532.8 eV is seen which most likely means that the
surface of cellulose is only in-contiguously covered by nanoparticles and main signal
contribution stem from the substrate surface.

HERE FIGURE 9

The specimens containing silver, zinc or both elements were investigated by high resolution
XPS in the binding energy regions characteristic for these elements. Obtained results are
shown in Fig. 9. The binding energies of Ag 3ds» and Ag 3ds,, for samples A2 and B2 were
observed at 368.3 eV and 374.3 eV, respectively. The orbital interaction splitting of the 3d
doublet of Ag was 6.0 eV and together with typical binding energy values (the standard
binding energy of Ag 3ds, for bulk Ag is about 368.2 eV) suggest the formation of metallic
silver on the cellulose surface. In addition, also the asymmetric shape of peaks testifies for
metallic silver rather than for eventual silver oxide.(Powell 1991; Schon 1973) The signal for
Ag 3d lines of samples C2 and C3 was not recorded with sufficiently good statistics to be

separated well against the background and therefore XPS spectra in this region are not shown.
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Position of Ag 3d doublet for the sample A3 is shifted about 0.6 eV towards lower binding
energy compared with the corresponding value of the synthesized pure metallic Ag’ (368.3
eV). This remarkable shift suggests interaction between Ag and ZnO nanocrystals at
microstructural level. The electronic band structures bend and adjust their energy positions
when the metal and semiconductor nanoparticles attach together. The band structures of such
metal/semiconductor nanostructures were proposed by Wang (Wang et al. 2007). The Fermi
levels are aligned and because the conduction band of ZnO nanocrystals is empty the free
electrons could tunnel in to the conduction band resulting according to (Zheng et al. 2007) in
the higher valence of Ag. The binding energy of monovalent Ag is lower than that of
zerovalent Ag (Moulder 1992), therefore the binding energy of Ag 3d lines shifts to lower
binding energy (Gu et al. 2009; Zheng et al. 2007; Zheng et al. 2008). Similar observations
and interpretation can be found in: (Ansari et al. 2013; Lu et al. 2008; Yang et al. 2011; Zhang
and Zeng 2012). In spite of correct description of band structure alignment, the authors
(Zheng et al. 2007)give synoptically the aforementioned interpretation, however it is based
just on formal similarity with tabulated values from (Moulder 1992). The valence concept
taken from molecular or ionic compounds are non-realistic explanation, one must trace back
to Wang (Wang et al. 2007). Since the work function of silver (4.26 e¢V) is smaller than that of
ZnO (5.2-5.3 eV) electron transfer occurs from Ag to ZnO at the interfaces of the Ag/ZnO
hybrid structures resulting thus in a new Fermi level which is located slightly lower at the
energy scale. Hence, the binding energy of 3d electrons in this silver phase is lower by the
same difference as the Fermi level is shifted.

It must be pointed out that the above described mechanism requires interaction on nanoscale
which is in accordance with the size of nanocrystallites revealed by XRD. However these
building blocks must be in intimate contact and this observation confirms that true Ag/ZnO
hybrid structure was synthesised and that there are no single silver phase structures remaining
unattached to ZnO phase.

Another interesting feature can be recognized in the satellite region at higher energy
belonging to the Ag3dss line. The surface plasmon resonance is well manifested at the
position 371.3 eV for A3 sample and less at 371.9 eV for A2 sample. This can be classified as
A, satellite with the 3.8 eV separation from 3ds, line and can be identified as a surface
plasmon according to (Leiro et al. 1983) In our case, the energy difference between the
plasmon and the Ag 3ds, emission line maximum is 3.7 eV. This value corresponds to a
photon with the wavelength 335 nm however the plasmon resonance frequencies in optical

regime are of complex nature and depend on many factors including particle shape, size,
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eventual shell, voids and surrounding medium. (Amendola et al. 2010; Khlebtsov et al. 2008)
An absorption peak at this wavelength can be found in diffuse reflectance spectra of Ag/ZnO
powder published in (Alammar and Mudring 2009) although they reported a plasmonic
absorption peak at 405 nm in ethanol dispersion of their material too. Silver nanoparticles
with diameter ranging from nanometres up to several tens nanometres have the plasmonic
absorption peak in UV-Vis absorption spectrum situated close to 400 nm (below or over).
(Amendola et al. 2010) Another observation of nanosilver associated plasmonic peak at
higher wavelengths in the region 400-450 nm was reported by Zheng et al. (Zheng et al. 2008)
for Ag/ZnO hybrid.

It is generally known, that the plasmon associated peak in absorption spectra of silver
nanoparticles can be found often in violet or blue region giving thus to their dispersions the
well-known colour appearance from yellowish to red. Smaller nanoparticles absorb light near
400 nm, while larger nanoparticles or aggregates have broader peaks shifted towards longer
wavelengths. Further increase in particles dimension or their aggregation results into
development of pale yellow-brownish dispersions. Without special stabilization, the
aggregation process continues usually up to grey coloration of dispersion indicating thus
absorption maximum above 600 nm. Alternatively, under suitable condition, a silver mirror
can be formed on the glass wall of reaction vessel. Aggregation of nanoparticles allows the
conducting electrons to be shared amongst neighbouring particles if the edge-to-edge particles
separation is one particle diameter or less. This extension of plasmon coupling results into
collective oscilations of conductive electrons which red-shifts the plasmon resonance
wavelength to lower energies which is manifested in absorption spectra as described above
and dispersion or material gains grey appearance. (Amendola et al. 2010; Borys et al. 2013;
Khlebtsov et al. 2008). Indeed, our silver containing samples A3 and to some extent A2 has a
second satellite feature in the photoemission spectrum at 369.5 eV for A3 and 370.1 eV for
A2. There are no chemical states of silver expectable in our system which can be manifested
in this energy region by photoemission of Ag 3ds,. All possibilities like silver oxides or other
compound or silver adsorbates on cellulose should have lower binding energy than Ag’.
Therefore, we refused origin of this satellite from initial states and explain its manifestation
with the aid of a final state effect. The energy difference of the satellite from the main line is
1.9 eV which corresponds to the wavelength 653 nm. Therefore, we claim that the best
plausible explanation for this feature is collective plasmon resonance manifestation already
well-known from optical measurements as discussed above. According to our best knowledge,

this report is the first observation of such phenomena in XPS on metal nanoparticles, although
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serious works with very close results on different materials have been published (Compagnini
et al. 2011; Mohapatra 2014) and our research was not specifically targeted in this direction.
Similar behaviour can be observed for the pair of samples B2 and B3, where the shift of
Ag 3ds, peak maximum is only 0.4 eV to lower binding energy. The smaller shifts
correspond to lower content of silver with respect to Zn concentration in B3 sample in
comparison with the composition of the sample A3. On the other hand, the satellite lines are
relatively much more pronounced (13 % of the peak area) and they become merged into one
broad peak centred at about 371 eV. The two individual modes as in A3 sample cannot be
distinguished here. Therefore, wide energy distribution of final states of possible plasmonic

resonances can be deduced.

Formation of ZnO on the surface of the cellulose surface was also confirmed by Zn 2p high
resolution XPS scans (Fig. 9). Zn 2p;,; and Zn 2p;,; peaks of the Zn 2p doublet located at
1021.6 eV and 1044.8 eV were observed for each sample. The intense Zn 2p;, and 2p,»
splitting indicates the presence of a single Zn*" divalent state, corresponding to both Zn(OH),
and ZnO. The spin-orbit splitting of 23.2 eV derived from spectra is evidently in good accord
with the literature value of 23.0 eV. (Moulder 1992; Pradhan and Leung 2008; Zheng et al.
2007)

The deconvolution analysis is exemplified on the peak Zn 2p;/, recorded for sample Al. It can
be decomposed into the two peaks at binding energy of 1021.6 eV and 1022.8 eV by fitting
the main Zn 2ps; line and a better separated peak at 1024.9 eV. According to (Moulder 1992;
Schon 1973), the Zn 2ps); pattern of the ZnO oxide bond is at 1021.6 eV, whereas the shift of
the peak position is generally observed while the changing in chemical environment of the
Zn*" ions in the ZnO wurzite structure. The much weaker peak at 1022.8 ¢V was added to
improve the fitting of the line envelope as it was too broad for single fit by the main line at
1021.6 eV only. It is reasonable to expect that some zinc hydroxide species may be found on
the surface of ZnO. Similar broadening effect could be induced also by defects in ZnO crystal
structure. (Huang et al. 2010; Jiang 2013)

Another situation is about the significance of the peak at 1024.9 eV which is well resolved.
There is an empty space in tables at this energy range. Similar additional peak at 1024.9 eV
was previously observed by Jiang and interpreted as being possibly due to ZnO bonding
caused by the secondary coordination between carbonyl oxygens and Zn. (Huang et al. 2010;
Jiang 2013) The binding energy of zinc in zinc acetate dihydrate is much higher, i.e. 1026.3
eV (Mar et al. 1993; Naumkin et al. 2012). The reason of such high binding energy may be
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found in coordination situation of Zn®" ion in zinc acetate dihydrate were the zinc
coordination is octahedral, wherein both acetate groups are bidentate ligands and oxygen
atoms from the two water molecules complete the coordination sphere. (Vanniekerk et al.
1953) The coordination of zinc ion changes when the dihydrate losses its crystal water. The
anhydrous zinc acetate contains Zn”" tetrahedraly coordinated to four oxygen atoms. The
tetrahedrons are connected to the neighbouring ones by the acetate groups and due to these
bridging ionic ligands the material adopts structure of a polymer. (Capilla and Aranda 1979)
These considerations go beyond the simplistic ionic picture and the local coordination
geometry has to be taken into account. Instead of a salt with highly positively charged zinc
jon, a possibility of Zn*" complexation in a coordination type of compounds must be
searched. Various carboxyl, carbonyl, aldehyde, acetal and alcohol groups on the ox-o-
cellulose surface are possible ligands to bind the Zn*". Although the form of zinc coordination
to the surface cannot be exactly figured out, there is no other reasonable possibility than what
was described above. On the other hand, the chemical alteration of cellulose surfaces by
hydrogen peroxide treatment is very mild, thus this special Zn*" bonding state was manifested
only in XPS spectrum for the sample prepared from highest concentration of the single Zn-

precursor solution.

On the chemistry of decoration synthesis

Three basic factors controlling chemistry of the modification process have to be considered.
First, the properties of cellulose surface play a role in adsorption of reactive species and
further growth of nanoparticles on the surface. (Kongdee and Bechtold 2009; Lewin 1969)
Second, the concentration precursors and other reactants in the reaction mixture is important
as well as the way of the synthesis conduction and sequence of addition of chemicals.
(Baghbanzadeh et al. 2011; Bilecka and Niederberger 2010) Third significant factor is the
MW heating which offers volume heating of the reaction mixture assuring thus very short
reaction time, besides other thermal or non-thermal effects that may influence the synthesis

process. (Bazant et al. 2014a)

Throughout the literature, it is often reported that the interaction between zinc hydroxide and
the cellulose surface is due to hydrogen bonding only e.g. (Ghule et al. 2006) and that this
interaction is not specific and needs relatively high values of pH above 11.5 (Kongdee and

Bechtold 2009). According to our knowledge, this actually means precipitation. At the pH
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higher than 13, the Zn*" is present in solution as zincate [Zn(OH)4]2' which swells and even
dissolves the cellulose (Ashfold et al. 2007). Our system is far from these extreme conditions.
The peroxide treatment increased the polarity of cellulose surface, although the degree of
surface modification through oxidation was relatively low and only small increase of
functional groups containing carbon in higher oxidation states was confirmed by XPS.
Nevertheless, there exist a specific interaction between the dissolved precursor and the
substrate surface. The XPS spectra analysis confirmed specific bonding situation for Zn*"
besides the attachment of ZnO particles. According to the reference (Golic et al. 2011), the
speciation of Zn(+II) compounds strongly depends on both pH and temperature in presence of
ammonia in the solution. The cation ZnOH" is the prevailing Zn(+1I) species in our pH range
at the temperatures nearly to the boiling point. At the laboratory temperature Zn>" would
prevail. It can be suggested that during the first 2 minutes of heating of the ox-a-cellulose
suspension in precursor solution, prior HMT addition, the Zn(OH)" ions react with the surface
active (oxidised) sites and form the species responsible for the high binding energy peak in
XPS spectrum in the sample Al. It can be hypothesised, that the structure may look like in the
Fig. 10. Besides this adsorption, no precipitation of solid product or any colour change of the

suspension should be visible and, indeed, this was observed.
After HMT addition, the situation is changed. HMT decomposes according to equation

(CH3)¢N4 + 6H,O — 4NH3 + 6HCHO 1)
The ammonia is in equilibrium:

NH; + H,0 < NH; ™ + H,0 )
However as the precursor salt is zinc acetate, the acetate undergoes hydrolysis too:

CH;COO" + H,0 «» CH3COOH + OH" 3)
Hence, all necessary components are available to form a buffer system and the pH remains
nearly the same during the second reaction step as at the beginning of the reaction, i.e. about

6.1-6.4 irrespectively to the degree of HMT decomposition according to the Eq. (1) because

the hydroxide ions and zinc cations are consumed into newly created zinc hydroxide acetate
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which is the very first product of precipitation under such conditions (Biswick et al. 2009;
Moezzi et al. 2013). The thermodynamic analysis supports strongly the model of reaction
mechanism involving primary precipitation of layered zinc hydroxide acetates (Biswick et al.
2009) against interpretations involving zinc hydroxide formation from zinc acetate (Wang et

al. 2005).:

5Zn*" + 2CH;COO™ + 80H™ + (n)H,0 — [Zns(OH)s(H20),](CH;COO), (n-2)H,0 4)

Where n can be 2, 3 or 4. In spite of increasing concentration of ammonia with the
decomposition of HMT, [Zn(NH;)4]*" cations would scarcely formed in this pH range.
Further thermal treatment, especially under MW heating (Ashfold et al. 2007; Zhang and Mu

2007), results into rapid transformation of zinc hydroxide acetate into ZnO.

[Zns(OH)s(H,0)](CHsCOO0),(n-2)H,0 — 5ZnO +(n+1)H,0 + 2H;0" + 2CH;COO™ (5)

According to the literature, this reaction is responsible for the characteristic shape of the
twinned ZnO microparticles described in the SEM analysis section. Due to nice agreement of
the results with the literature on substrate-less synthesis, we did not arrange the experiment in
time lapse regime hence this mechanisms still requires to be confirmed experimentally for the
cellulose containing systems. With decreasing initial concentration of precursors, the
mechanism produces smaller amount of particles that have taller shape. The formation of
dumbbells under suitable conditions has been already observed too. (Wang et al. 2011)

Other mechanism controls the reaction in case of single silver precursor solution. Light
discoloration of ox-a-cellulose was observed immediately after addition of the silver source
solutions. The ox-a-cellulose contains reducing groups and can contribute to silver ion
reduction even at the stage of MW preheating. On the other hand, the 2 minutes interval is too
short to produce dark discoloration of the originally white cellulose powder by silver nitrate
solution. To some extent, the Ag" ions may be adsorbed on the modified cellulose surface.
These sites with adsorbed or coordinated silver can play the role of nucleation sites for silver
nanoparticle formation in the next reaction step (Maria et al. 2010), when HMT is added. As
the HMT decomposes slowly at high temperature in aqueous solution according to equation

(1), formations of silver cation complex occur:

Ag+ +2NH; — [Ag(NH3)2]+ (6)

21

121



708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

739
740
741

which undergoes easily to the reduction due formaldehyde released from HMT too:

HCHO + 2[Ag(NHs),]" + H,0 — HCOO™ + 2Ag’ +3NH," + NH; (7)

Silver nanoparticles were formed attached on the surface of ox-a-cellulose particles. The size
of silver nanoparticles was found to be independent on the used concentrations or
combinations of precursors. The amount of synthesised particles decreased strongly with the
decrease of initial precursor concentration.

The reaction in the mixture of precursors resulted in true hybrid Ag/ZnO structure and no
doping of ZnO by Ag was observed. Both above discussed mechanisms can run in parallel
and compete about the attachment sites on the cellulose substrate. However, in this case, the
freshly nucleating or growing particles of one kind might serve as heterogenous nucleation
sites for the particles of the second kind. According to the XPS, there must be much greater
degree of dispersion than observable with magnification of our SEM where the ZnO particles
are seen in micrometric size. A hetero-structure similar to that in (Ansari et al. 2013; Yang et

al. 2011) is expected to be present in the walls of the twinned particles.

HERE FIGURE 10

The use of MW heating was proven as useful and safe, although metallic particles were
synthesised. Due to their small size and preferential growth on the substrate, no “silver
mirror” was created on the reaction flask wall and thus, no glittering was observed. The
volume heating speed up the reaction as well as it may contribute to the homogeneity of the
product due to suppression of gradients typical for convectional heating. As it was already
mentioned above, the fast precipitation and conversion of the layered compounds into ZnO
was experienced. It can be hardly attributed to a specific non-thermal effect, due to the lack of
relevant evidences as the reference experiment with exactly the same heat distribution without
electromagnetic radiation cannot be arranged. Therefore, it is easier and more reasonable to

accept, that it is the volume heating what contributes mostly to the success of MW reaction.

Conclusion
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A method of microwave solvothermal synthesis of our own design was successfully applied to
surface modification of a-cellulose by nanostructured hybrid Ag/ZnO particles. This
“particulate decoration — cellulose carrier” system was shown to perform excellently as
antibacterial filler in model polymer matrix composite in our previous work. The
microstructure of the particles was revealed in this study as well as the reaction mechanism of
the synthesis was enlightened. No evidences of specific non-thermal effects of MW heating
were observed. It is most likely the volume heating which is responsible for the benefits from
MW enhancement of the synthesis reaction. The surface of the substrate was activated by
concentrated hydrogen peroxide short treatment while the bulk of carrier particles remained
unchanged during the whole process. Series of Ag, ZnO and Ag/ZnO samples were prepared
at three different concentrations of precursor solution. The concentration of precursor
correlated with the development of the surface decoration structures resembling coral relief in
the richness of shapes complexity. The heavily decorated particles showed significant
increase of hydrophilicity in comparison to the original cellulose. Specific interaction between
oxidised a-cellulose surface and Zn(II+) cations was confirmed by XPS besides the study of
the surface oxidation process. Formation of silver nanoparticles and ZnO nanostructured
microparticles from single precursor solutions was described. The true hybrid character of
Ag/ZnO was confirmed by shifts of binding energy of Ag 3d lines observed by XPS due to
Fermi level alignment at the metal/semiconductor interface which also confirms
interconnected nanodispersion character of the material, in addition to the analysis of X-Ray
diffraction line broadening. On the other hand, doping of ZnO by silver was excluded by
XRD study which can be accepted as a rule of thumb for solvothermal synthesis of silver and
ZnO containing particles according to our experience and knowledge. Moreover, the satellite
structure of Ag 3d lines at higher energy was observed. We showed that both of them are
associated with final rather than initial states. The one separated by 3.7 eV from the core line
correspond to the Al surface plasmon. The second shake-up separated by 1.9 eV from the
core line was observed by XPS in our study for the first time and it was identified as the
collective plasmon resonance on neighbouring aggregated silver nanoparticles which was

previously well-known from optical studies only.
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Table 1 Overview of samples, their codes and amounts of used chemicals. Plus sign means
the substance was used. Hyphen means the substance was not added to the reaction mixture.
Sample codes consist of one capital letter (A, B or C) and one figure (1, 2 or 3). The letter
points towards concentration and the Fig. indicates used source materials. For example, the
B2 sample was prepared from 1 g ox-a-cellulose, 0.5 mmol AgNO; and 5 mmol HMT,
volume of water was 150 mL. The last column refers to the composition of obtained surface
decoration on ox-o-cellulose substrate.
Serial sample code
A B C
1 g ox-a-cellulose 1 g ox-a-cellulose 1 g ox-a-cellulose
Sample and and and Product
ind modified
mdex— zn**  Ag" HMT  Zn** Ag" HMT  Zn> Ag" HMT by:
50 5 50 5 0.5 5 1 0.1 1
(mmol)(mmol)(mmol) (mmol)(mmol)(mmol) (mmol)(mmol)(mmol)
1 + - + + - + + - + Zn0O
2 - + + - + + - + + Ag
3 + + + + + + + + + Ag/ZnO
32
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Table 2 Summary of XRD analyses: Weight ratio of inorganic phases in cellulose and size of

nanocrystallites of silver and ZnO obtained by Scherrer’s formula from diffraction line

broadening.

Composition of
inorganic crystalline

Diameter of
nanocrystalline

phase diffracting area
Sample

(Yowt) (nm)

Ag ZnO Ag ZnO
Al - 100 - 53
A2 100 - 22 -
A3 38 62 26 63
Bl - 100 - 38
B2 100 - 15 -
B3 9 91 15 40
Cl - 100 - 22
C2 100 - 22 -
C3 38 62 15 20
33
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1026  Table 3 Summary from measurement of static contact angle of samples

Water contact Standard

Sample angle (°)  deviation
a-cellulose 65 +6
ox-a-cellulose 53 +2
Al 80 +4
A2 83 +5
A3 102 +2
Bl 68 +3
B2 70.5 +0.6
B3 76.5 +0.6
Cl 60 +5
C2 62.0 +0.7
C3 67.9 +0.7
1027
1028
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Table 4 Elemental composition by XPS

Element concentration (at %)

sample
O C Zn Ag
o-cellulose 36.2 63.8 - -
ox-o-cellulose 35.6 644 - -
Al 38.7  50.1 11.2 -
A2 32.6 62.6 - 4.8
A3 29.0 534 8.1 9.5
B1 340 63.7 2.3 -
B2 33.1  66.6 - 0.3
B3 33.7 60.0 4.4 1.9
Cl1 33.3 66.0 0.7 -
2 348 652 - too
low
C3 357 634 09 '
low
35
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Figure captions

Fig. 1 SEM microphotograph of a) a-cellulose and b) ox-o-cellulose

Fig. 2 FTIR ATR spectrum of a-cellulose (solid line) and ox-a-cellulose (dashed line)

Fig. 3 C Is and O 1s spectra of a-cellulose and ox-o-cellulose

Fig. 4 SEM image of samples series A, B and C

Fig. 5 XRD patterns of Cellulose decorated by Ag, ZnO and Ag/ZnO particles obtained by
synthetic method; symbols represent diffraction peaks of metal silver (hollow circles, o), ZnO

(crosses, +) and cellulose (full circles, ®).

Fig. 6 Survey XPS spectra of a-cellulose (a) and ox-a-cellulose (b), Al (c), A2 (d) and A3
(e). The binding energies are calibrated by using that of C-C line (284.8 eV) in C 1s high
resolution spectrum. In Fig. 3a-3e, all peaks are ascribed to photoelectron or Auger emissions

of Zn, Ag, O, and C elements and no peaks corresponding to other elements were observed.

Fig. 7 Correlation plot of the aliphatic C, carbon percentage against O/C concentration ratio

for all samples.

Fig. 8 XPS high resolution of C 1s and O 1s spectra of samples of series A, B, and C

Fig. 9 XPS high resolution of Ag 3d and Zn 2p spectra of samples of series A, B, and C

Fig. 10 Schematic of synthesis stages for preparation of silver, zinc oxide and hybrid Ag/ZnO

decorated ox-a-cellulose substrate
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Figure5
Click here to download high resolution image
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Figure8

Click here to download high resolution image
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Utility model

Kuritka, 1., Bazant, P. (50%), Machovsky, M., Saha, P., Sedlatik, V., Gregorova, A. Multik-
omponentni antimikrobidlni pfisada, zejména plastovych smési, Uzitny vzor 24410, cislo
ptihlasky 2012-26553, 2012
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Multikomponentni antimikrobislni pFisada, zejména plastovych smési

Oblast techniky

Technické feseni se tyka multikomponentni ptisady, uréené pro pouZiti zejména jako antimikro-
bilni slozka plastovych smési, ale vhodné i do papiru, ochrannych nat&rd a kosmetickych smési.

Dosavadni stav techniky

Antimikrobialni latky jsou pouZivany v mnoha priimyslovych odvétvich za tiéelem redukce nebo
Gplnému omezeni mikrobialniho riistu. Tohoto efektu je zapotiebi pfevain& v potravinafstvi.
Nicmén€ s poZadavky na uZivatelsky komfort a ochranu zdravi obyvatelstva se v poslednich le-
tech vyskytuji dalsi Sirok4 uplatnéni antimikrobialnich technologii, jako tomu je naptiklad u vy-
robkil z plasti, které jsou nasledné pouZivany pro specialni zdravotnické prostfedky, ale ipro
vyrobky nachézejici uplatnéni v primyslu obalovin, automobilovém a stavebnim prumyslu.

Pfisady do plasti na bazi ptirodnich materiald, tzv. bioplniva, jsou zkoumény jiz fadu let a v
disledku snahy o vyuzivani obnovitelnych surovin se v souasnosti stavaji stale aktualngj$imi.
Z pohledu materialového sloZeni téchto p¥isad se vétinou jedné o materidly na bézi celulézy
a jejich derivati. Tyto latky zvy3uji podil obnovitelné slozky ve vysledném polymernim systému,
mohou zlepsit nékteré z materidlovych vlastnosti (mechanické, bariérové) a Ize uvazovat i o sni-
Zeni vysledné ceny. Nicméné pokud jde o jejich ucinek, nedosahuji poZadované tirovné antimik-
robialni aktivity.

Antimikrobialni i¢innost stiibra a zinku je zndma JiZ fadu let a uplatnéni téchto latek jako anti-
mikrobidlnich piisad je jiZ detailng popséno v odbornych publikacich a tyto poznatky jiz byly
pfeneseny do praxe. Byly popsany polymerni systémy s inkorporovanymi &asticemi sloudenin
stfibra nebo zinku. Praktické aplikaci vSak brani vysoka cena téchto plniv a zaroveti problémy
béhem zpracovatelskych procesti, kdy je nutno zajistit homogenni distribuci plniva v pouZité
polymerni matrici, antimikrobialni u&innost, redukci degrada¢nich reakci vyplyvajici z povahy
procesu. Jsou také znimy plastové produkty obsahujici anorganické porézni &astice s imobilizo-
vanymi Césticemi stifbra. V3echny uvedené aplikace zaloZené na vyuZiti stfibra nebo zinku viak
maji dalSi spole¢nou nevyhodu - netesi otdzku vyuzivani obnovitelnych zdroji.

Podstata technického fe$eni

Uvedené nevyhody a nedostatky dosud znamych antimikrobialnich pfisad do plastd a dalsich
smési do zna¢né miry odstratiuje multikomponentni antimikrobialni pfisada, zejména do plasto-
vych smési, podle technického feseni. Podstata technického fegeni spo€iva v tom, Ze multikom-
ponentni antimikrobialni pfisada je tvofena nosi¢em na bazi biopolymeru, na némz jsou povrcho-
v€ navazany Eastice Ag/ZnO o velikostech v fadu 0,1 az 10 pm v mnoZstvi 0,01 aZ 50 hmotn. d.
na 100 hmotn. d. nosice.

Nosifem na bazi biopolymeru jsou s vyhodou polysacharidy a/nebo jejich derivéty, zejména
celul6za a/nebo skrob. Jinou vyhodnou alternativou noside na bazi biopolymeru jsou polyestery
a/nebo jejich derivéty, zejména polylaktid a jeho kopolymery. Mohou to v$ak byt také naptiklad
polyfenoly a/nebo jejich derivaty, zejména lignin.

Vyhodnost multikomponentni antimikrobialni pfisady podle technického feseni pro aplikace
u plastovych smési a dalsi aplikace je zaloZena na kombinaci vyhod biopolymerti jako materiala
z obnovitelnych zdrojii a antimikrobialniho G&inku na nich zakotvenych sloudenin zinku a slou-
Cenin stiibra, tedy vytvoreni tzv. aktivniho bioplniva s imobilizovanymi hybridnimi antimikro-
bidlnimi ¢4sticemi Ag/ZnO.

Pfi procesu mikrovlnné syntézy dochazi za pritomnosti uréité koncentrace biopolymeru ke vzni-
ku hybridnich ¢astic Ag/ZnO pravé na povrchu bioplniv. Velikost t&chto &astic se v zavislosti na
podminkdch syntézy pohybuje v jednotkach mikrometri a¥ stovkich nanometri. Vysledkem
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tohoto procesu je pak multikomponentni antimikrobidlni ptisada, kterou lze zapracovat do poly-
merni matrice.

Stiibrné a zine&naté ionty maji silné antimikrobilni uginky vii¢i $irokému spektru Gram pozitiv-
nich i Gram negativnich bakterialnich kment i nékterym plisnim. Prekurzorem iontl jsou ¢astice
ve formé Ag’, poptipadé stiibrné nebo zine¢naté soli schopné disociace za pfitomnosti vody.
Vyhody multikomponentni antimikrobiélni p¥isady podle technického feseni jsou nasledujici:

- ziskani antimikrobialni aktivity;
- redukce moZnych zpracovatelskych problémii;

- stabilita systému dan4 tim, Ze hybridni antimikrobialni ¢astice Ag/ZnO jsou ukotveny - imo-
bilizovdny na biopolymernim nosiéi - nedochazi k jejich migraci a tedy potencidlnimu ne-
bezpeci pro Zivé organismy;

- sniZena finanéni naroénost - efektivni vyuziti drahych surovin na bazi stifbra a zinku pro
G¢innou a stabilni modifikaci polymerni matrice (ukotvenim na nosici na bazi biopolymeru).

Piehled obrazkt na vykresech

Piikladné provedeni technického feSeni je dokumentovano na pfiloZzeném vykrese, kde znadi:

- obr. 1 - snimek z elektronového mikroskopu zachycujici celulézové vldkno pokryté Ag/ZnO
Casticemi,

- obr. 2 - schéma aparatury pro mikrovinnou syntézu Ag/ZnO ¢&éstic.
Piiklady provedeni technického feSeni

Ptiklad 1
Mikrovinna syntéza hybridnich Ag/ZnO ¢&astic byla provedena v aparatufe (viz obr. 2) tak, Ze 20
100 ml vodného roztoku octanu zineénatého (CAS 557-34-6) (11 % hmotn.), dusi¢nanu stiibrné- |
ho (CAS 7761-88-8) (0,7 % hmotn.) a polyvinylpyrrolidonu (CAS 9003-39-8) (0,7 % hmotn.) |
bylo nalito do baiiky o objemu 250 ml. Dale byla do baiiky pfidana celuléza (CAS 900434-6) *
(1 g) ve form& prasku, ktera byla nasledn& pfipojena k aparatufe. Rekce probihala po dobu |
10 min pfi maximélnim vykonu mikrovinného zdroje (1150 W). Nasledné bylo do reakéni smési
pfiddno 50 ml roztoku hexametylentetraminu (CAS 100-97-0) a syntéza pak pokracovala po do-
bu 3 min. Reakéni produkt byl ochlazen na pokojovou teplotu, odfiltrovan a né€kolikrat promyt
destilovanou vodou. SuSeni produktu probihalo pii teploté 40 °C po dobu 24 hodin.

25

Ziskany produkt obsahoval na 100 hmotn. d. celulézy (biopolymerniho nosice) 0,1 hmotn. d.
imobilizovanych Ag/ZnO ¢&astic.

Piiklad 2

Za stejnych podminek, jako je uvedeno v ptikladé 1, byla pfipravena multikomponentni anti- L 30
mikrobialni pfisada obsahujici imobilizované Ag/ZnO ¢&éstice v mnozstvi 2 hmotn. d. na
100 hmotn. d. biopolymemiho nosiée, kterym byla dfevni moucka-buk.

Ptipravena multikomponentni antimikrobialni ptisada byla v mnoZstvi 2 % hmotn. zamichéna do
polymerni matrice tvofené kopolymerem ethylen/okten. Takto ziskané filmy byly testovany na
antimikrobidlni vlastnosti pomoci metody zaloZené na Kirby-Bauerové testu. ZkouSené vzorky
vykézaly inhibi€ni G¢inek riistu Gram negativni Escherichia coli i Gram pozitivni Staphylococ-
cus aureus.
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Priklad 3

Za stejnych podminek, jako je uvedeno v piikladé 1, byla pfipravena multikomponentni antimik-
robidlni pfisada obsahujici imobilizované Ag/ZnO &astice v mnoZstvi 20 hmotn. d. na
100 hmotn. d. biopolymerniho nosie, kterym byly mikro&astice polylaktidu.

Pfipravena multikomponentni antimikrobialni pfisada byla zamichana v mnoZstvi 3 % hmotn. do
polyvinylalkoholové polymerni matrice roztokovou metodou. Filmy ziskané z tohoto roztoku
byly testovany na antimikrobidlni vlastnosti pomoci metody zaloZené na Kirby-Bauerové testu.
Zkousené vzorky vykazaly inhibi€ni G¢inek ristu Gram negativni Escherichia coli i Gram pozi-
tivni Staphylococcus aureus.

Primyslov4 vyuZitelnost

Technicke feseni je vyuZitelné zejména jako antimikrobidlni slozka plastovych smési p¥i vyrobs
spotfebnich vyrobkl s pozadavky na antimikrobialn{ vlastnosti. Dal$i vyuZiti viak nalezne také
jako antimikrobialni ptisada do papiru, ochrannych natérd a kosmetickych smési.

NAROKY NA OCHRANU

1. Multikomponentni antimikrobidlni ptisada, zejména do plastovych smési, vyznaéuji-
ci se tim, Ze je tvofena nosi¢em na béazi biopolymeru, na ném2 jsou povrchové navézany
Castice Ag/ZnO o velikostech v fadu 0,1 aZ 10 pm v mnoZstvi 0,01 aZ 50 hmotn. d. na
100 hmotn. d. nosice.

2. Multikomponentni antimikrobidlni ptisada, zejména do plastovych smési, podle naroku 1,
vyznaéujici se tim, Ze nosiCem na bazi biopolymeru jsou polysacharidy a/nebo jejich
derivaty, zejména celuléza a/nebo $krob.

3. Multikomponentni antimikrobialni p¥isada, zejména do plastovych smési, podle naroku 1,
vyznalujici se tim, Zenosiem na bazi biopolymeru jsou polyestery a/nebo jejich de-
rivaty, zejména polylaktid a jeho kopolymery.

4. Multikomponentni antimikrobialni pfisada, zejména do plastovych smési, podle néroku 1,
vyznalujici se tim, Ze nosi¢em na bazi biopolymeru jsou polyfenoly a/nebo jejich de-

rivaty, zejména lignin.

5. Multikomponentni antimikrobidlni pfisada podle naroku 1, vyznaéujici se tim,
Ze je zaClenéna do matrice piirodniho nebo syntetického polymeru v mnoZstvi 1 a% 80 % hmotn.

1 vykres
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