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By modification of the highly dispersed silica surface with amino complexes of silver, copper
and zinc from aqueous solution with further heat treatment, silica nanocomposites containing surface
compounds of silver, copper and zinc were synthesized. The concentration of the silver in the samples
was 1-2 wt%, and the copper and zinc - 1-5 wt%. Biocidal activity of the composites was tested
against 18 different strains of micromycetes, phytopathogenic bacteria and algae. It was shown, that
the highest efficiency is observed in the samples of silica modified with silver/copper and silver/zinc.

Introduction

It is known that microorganisms have both positive and negative effects on the
environment. In particular, there are many causative agents of many diseases in warm-
blooded animals and plants, species with toxigenic properties and corrosion activity in
different materials and buildings. A malignant bacteria causes significant damages to the
human health and therefore to the economics in general. The main tools to combat the
harmful actions of microorganisms are antibiotic compounds and chemical agents, including
composites those which contains silver, copper, zinc and etc. The biocidal activity of copper,
zinc and silver was well known even in ancient times. New directions in study of those
composites have appeared due to recent developments in the nanotechnology, which caused
an interest in investigation of the bioactivity of the metal and oxides nanoparticles for there
use in industry, biotechnology and medicine [1-9].

Special attention is paid to creation of new advanced materials and coatings, resistant
to the biodeteriorations or with biocidal activity against the microorganisms. In this regard, an
interesting approach is to utilize silica materials (silica gels, zeolites, aerogels, microspheres
and etc.) as substrate for bioactive nanoparticles deposition. The bioactivity of metallic silver
nanoparticles in various materials was widely studied; furthermore, the possibilities of
transformation of the silver nanoparticles into the oxide form on the silica surface and
influence of this process on the biocidal activities have been reported [10-16]. The
antimicrobial effect of the silica matrix modified with nanoparticles of metals or ions of
silver, copper, zinc has been reported [17-22]. Such materials can be used as the bioactive
adsorbent alone as well as a part of polymer composites and textile fabrics with biocide
properties.

Various methods of chemical modification of silica surface with silver, copper and
zinc, were previously reported. However, majority of the traditional methods are multi-stage
and involves the silver salt reduction to the zero valence state; formation of stabilized sol and
precipitating of the obtained nanoparticles in the pores or on the silica surface [23-25]. The
possibility of chemical modification of the silica surface with ammine complexes of silver,
copper and zinc is extremely perspective to obtain bioactive nanocomposites [26-32]. In case
of the fumed silica, this method is simple enough to obtain the composite powder with
nanoscale content of the biocidal metals.
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The aim of this work was to synthesize a highly dispersed solid of the precipitated
silica modified with silver, copper and zinc, and to study their bioactive properties against the
wide range of microorganisms (micromycetes, algae and bacteria).

Materials and methods

Precipitated silica NewSil-125 (China), silver nitrate AgNOs (GOST 1277-75, 99.7%),
copper acetate monohydrate Cu(Ac),-H,O (GOST 5852-70, 98%), zinc acetate tetrahydrate
Zn(Ac),'4H,O (GOST 5823-78 97%), and aqueous solution of ammonia 25%
(Chemlaborreaktiv Ltd, Ukraine) were used to prepare modified silica. All chemicals were
used without further purification.

Ammonia complexes of the metal salts were prepared by dissolving of metal salts in
distilled water with further addition of the ammonia solution. Initially, the metal hydroxides
precipitate, but with further addition of ammonia the insoluble hydroxide transforms into the
transparent solution of metal-ammine complex i.e. silver diammine, copper tetraammine and
zinc tetraammine complexes [30, 33].

Utilizing metal-ammine complexes to prepare the silica-based biocide composites
allows modification of the precipitated silica with two metals at the same time. In this case,
ammonia was added into solution of the two salts in distilled water until transparent solution
of metal-ammine complexes was formed.

In a typical preparation of the modified silica the ammonia complex of metal was
added to 3g of the precipitated silica under stirring at the room temperature in order to obtain
a homogeneous suspension. Then the suspension was aged for 0.5 h and placed into the
thermostatic oven at 200 °C for 2 hours to evaporate ammonia and to dry the sample.

The ratio of the initial components in the synthesis and the calculated content of the
metal content in the samples are given in Table 1.

Table 1. Composition and reagent consumption for the modification of 3 g of precipitated

silica*.
Sample Initial salt Salt Water, Aqueous Metal
content, ml solution of content,
mg ammonia, wt%
ml
Ne2 AgNO; 50 9 1 1
Ne3 AgNOs3 100 9 1 2
Ned Cu(Ac)2'H,O 600 8 3 5
Ne5 Zn(Ac),-4H,0 130 10 1 1
Ne6 Zn(Ac), 4H,0 660 7 4 5
Ne7 AgNOs/Cu(Ac),-H,O 100/120 10 1.5 2/1
Ne8 AgNOs/Zn(Ac), 4H,0 100/130 10 1.8 2/1
Ne9 Cu(Ac),'H,0/Zn(Ac),"4H,O0  120/130 8.5 1.5 1/1

*Sample Nel is the initial precipitated silica

NewSil-125 is a white powder with silica content over 98% and values of specific
surface area is about 110-140 m*/g. Surface silanol groups of the silica react with amino
complexes of the metals in the aqueous solution via ion exchange reaction with the formation
of the surface metal amino compounds. A thermal treatment at 200 °C leads to evaporation of
ammonia and the subsequent cooling in the ambient condition forms the hydroxo-complexes
or chemisorbed molecules of metal hydroxide on the silica surface [30-32]. Obtained samples
of silica modified with silver, copper and zinc were tested for biocidal activity against
micromycetes of phytopathogenic bacteria and algae. The pristine precipitated silica was used
as a blank test (sample Nel).
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In this research 12 cultures of microscopic funguses (8 of them with corrosion activity
(Penicillium funiculosum 16721, P. chrysogenum 16719, P. aurantiogriseum 16244,
Aspergillus terreus 16184, A. niger 73001, Aspergillus oryzae 16718, Paecilomyces variotii
16724 and Trichoderma viride16516) and 4 with toxic activity (P. urticae 811, Fusarium
oxysporum 220, Myrothecium verrucaria 324 and Stachybotrys chartarum 526)) were used to
test the biocidal properties of synthesized composites. Stachybotrys chartarum 526 is known
as the initiator of the so-called "sick building syndrome" appearance [34]. Along with this,
three strains of pathogenic bacteria and three strains of green algae were tested too. The
cultures of microscopic funguses and phytopathogenic bacteria are from Ukrainian Collection
of Microorganisms (UCM), and cultures of green algae are from National Herbarium of
Ukraine (NHU).

Biocidal activity was determined by the wells method in Petri dishes using appropriate
agar medium at 26 £ 1 °C. Test cultures were introduced into the molten broth (=40°C) in
amounts of x10° 1x10° and 1x10? cells/ml, for fungi, green algae and phytopathogenic
bacteria, respectively.

Nanocomposites (10 mg of the powder) were placed in holes on the agar surface in
Petri dish. All experiments were performed under sterile conditions and in triplicate. The
biocidal efficacy was assessed by measuring of the diameter of the zones of inhibition of
culture growth (bright zone) and expressed in mm as the average for three experiments (Table
2 and 3).

Results and discussion

According to the obtained data (Table 2), the highest inhibition effect on the
micromycetes growth has a silver/copper and silver/zinc nanocomposites (samples NeNe 2, 3,
7, 8). It should be noted that nanocomposites with high concentration of zinc (sample Ne 6)
shows the selective activity against toxigenic strains of P. urticae 811 and M. verrucaria 324.
Moreover, those samples act equally according to the corrosion-active and to the toxigenic
strains. Slightly greater sensitivity in the investigated micromycetes was established for
Penicillium and Aspergillus. High sensitivity of Penicillium and Trichoderma strains as to
copper (sample Ne4) and zinc (sampleNe6) must be noted too.

Table 2. Antifungal activity of silica nanocomposites containing surface compounds of silver,
copper and zinc (diameter of the zones of inhibition, mm)
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Nel (silica) 0 0 0 0 0 0 0 0 0 0 0 0

Ne2 30 22 32 18 22 15 16 20 36 18 16 31
Ne3 33 20 46 26 26 16 19 22 32 28 18 30
Neq 15 0 20 0 0 0 0 16 35 24 0 21
Ne5 0 0 0 0 0 0 0 0 0 0 0 0
Ne6 20 0 0 0 0 0 0 0 30 0 23 0
Ne7 52 45 51 28 30 25 30 30 49 23 28 39
Ne8 30 25 32 22 23 19 20 26 42 25 26 28
Ne9 0 0 0 0 20 0 0 0 28 0 0 0
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The improved biocidal activities of the mix-metal samples can be explained by differ
in biostatic action. In particular, if the silver composites are characterized by biocidal activity,
the others have static activity. It has to be noted that, the active agents together with the
suppression of fungal growth inhibited sporogenesis. Using silver together with copper or
zinc compounds in the sample synthesis increases the biocidal activity of the final silica
composites. All these characteristics of active composites can be utilized in prospective
protective agents by incorporating of such composite within the building element structure or
into the anticorrosion coating. It opens a way to depress the growth of the Stachybotrys
chartarum fungus and to protect the buildings from the so-called "sick building syndrome" by
treatment with active nanocomposites.

High activity of nanocomposites was shown against to phytopathogenic bacteria and
green algae (Table 3), which also gives an opportunity to use them to treat the agricultural
crops diseases. A green algae overgrowth of the structures and communications within the
buildings at high humidity also can be averted by the active nanocomposites application.

Table 3. Biocidal activity of silica nanocomposites containing surface compounds of silver,
copper and zinc (diameter of the zones of inhibition, mm).
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Nel (silica) 0 0 0 0 0 0
No2 55 25 33 34 29 24
No3 32 25 31 40 38 25
Ne4 19 34 20 29 28 23
No5 26 33 14 0 0 0
Ne6 0 0 22 29 31 27
No7 54 35 41 48 45 42
No§ 47 29 34 54 44 53
Ne9 26 24 19 22 20 18

In prospective this work needs additional studies, in particular extending the range of
test cultures and in development of technology of the nanocomposites application.

Conclusions

A high biocidal efficiency of the precipitated silica modified with silver, copper and
zinc has been shown. An increase in the biocidal activity of the modified silica when silver is
combined with copper or zinc was discovered.

The resulting material can be used as filling compounds for organic and inorganic
polymer coatings of the building constructions imparting a high bio-resistance.
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BUOLHUIHAA AKTUBHOCTDB OCA’KAEHHOTI'O KPEMHE3EMA C
ITOBEPXHOCHBIMH COEJUHEHUAMMU Ag, Cu U Zn

B.M. BOFaTblpeBl, M.B. Fanaﬁypnal, A.M. 3aiiuenko’,
E.C. HblraHeHKOZ, SAN. CanyK2
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Moouguyuposanuem  nogepxHocmu  8bICOKOOUCNEPCHO20 — KpeMHe3eMd  aMUHO-
Komniekcamu cepebpa, Mmeou U YUHKA U3 B00HO20 pacmeopa ¢ nocieoyroueu
mepmMooopabomKol, CUHMe3UPOB8aHbl KpPeMHe3eMHble HAHOKOMNO3UMbL, — COOepicaujue
no8epxXHOCmHble coeOUuHenus cepebpa, meou u yunka. Konyenmpayus cepebpa 6 obpaszyax
cocmaeniana 1-2 %, a meou u yumka — 1-5 %. Buoyuomas axmusHOCmMb NOJYYEHHLIX
KOMNO3Umog Ovlia usyyeHa no OomuoweHuto K 18 paziuuneim wmammam MUKpoMuyemos,
¢umonamocennvlx  Oaxkmeputl U 8000pocael.  YcmanosnieHo, umo  HauOOILULA
appexmusnocme  HabwOaemcs 6  obpazyax — KpemHesemda, — MOOUDUYUPOBAHHOZO
cepebpom/meovio, a makaice cepeopoM/YuHKOM.

BIOIINJIHA AKTUBHICTDb OCA/IKEHOI'O KPEMHE3EMY 3 IIOBEPXHEBUMU
CIIOJIYKAMMU Ag, Cu TA Zn
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Moougixysanuam noeepxHi 8UCOKOOUCHEPCHO20 KpPeMHe3eMy aMIHO-KOMNIeKCAMU
cpibna, mMioi ma YuHKY 3 800HO20 PO3UUHY 3 HACMYNHOIO MEPMOOOPOOKOIO, CUHME308AHO
KpeMHe3eMHi HAHOKOMNO3UMU, WO MIiCMamb NOBepXHesl CNONYKU cpibaa, Midi ma YuHK).
Konyenmpayisn cpiona 6 spaszxax cmanosuna 1-2 %, a mioi ma yunky — 1-5 %. Bioyuowny
AKMUBHICb  00EPHCAHUX KOMNO3UMIE BUBUAIU NO GIOHOWEHHIO 00 18 pizHux wmamis
MiKkpomiyemis, imonamozennux 6axmepiil i odopocmeti. Bcmanogneno, wo Haubitbua
eghekmusHicmob cnocmepieacemsbCs 8 3pa3Kax KpemHesemy, MoOOUPIKo8arno2o cpidiom/mioorw, a
MaKod’c cpioroM/YUHKOM.
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