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The coronavirus pandemic has increased interest in antibacterial agents containing bioactive metals, for which
zeolites are promising carriers. On the other hand, zeolite adsorbents and ion exchangers containing bioactive metals
and endowed with bactericidal properties are promising for water treatment and other environmental and medical
applications. Silver-, copper-, and zinc-containing microporous materials have been prepared on the base of natural
analcime, phillipsite and heulandite from Georgian manifestations using ion-exchange reactions between zeolite
microcrystals and a salt of a corresponding transition metal in the solid phase followed by washing with distilled
water. Synthesized in such way adsorbent-ion-exchangers are characterized by chemical composition based on the
X-ray energy dispersion spectra, powder X-ray diffraction patterns, Fourier transform infra-red spectra and
low-temperature adsorption-desorption isotherms of N». Obtained materials remain the zeolite crystal structure and
contain 130-230 mg/g of silver, 65—72 mg/g of copper, and 58—-86 mg/g of zinc, as compared with modified samples
of synthetic type A zeolite containing up to 380 mg/g of silver, 150 mg/g of copper, and 150 mg/g of zinc. Prepared
metal-containing materials show bacteriostatic activity against Gram negative bacterium Escherichia coli, Gram
positive bacteria Staphylococcus aureus and Bacillus subtilis, fungal pathogenic yeast Candida albicans, and a fungus
Aspergilus niger, and natural zeolites enriched with biometals exhibit a synergistic effect — their mixtures have a higher
bacteriostatic activity. It is shown that mixtures of copper and zinc forms have a higher activity than the silver-
containing form, which is very important from a practical point of view for replacing expensive silver with cheaper
copper and zinc. It has been found that the bacteriostatic activity of metal-containing zeolites is determined not only
and not so much by the ions of bioactive metals released into the liquid medium, but an important role in inhibiting
the growth of microorganisms plays a type of zeolite matrix. Despite the relatively low ion-exchange capacity,
heulandite turned out to be a fairly effective matrix for bioactive metals.
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INTRODUCTION etc.) are recognized as very promising [3],
especially in antibiotic-free strategies [4]. It is
generally accepted that silver ions and
nanoparticles have the highest activity against
many microorganisms, but the practical
application of AgZs is limited due to the high cost
of silver (640 $/kg, August 2022); zinc is a fairly
cheap metal (approx. 3.4 $/kg), but published data
indicate a low activity of ZnZs [2, 5-11], copper
meets the criteria of economy (7.6 $/kg) and
efficiency of CuZs [2, 5-12].

It is believed that zeolites that do not contain
transition metals are not active against
microorganisms [6, 13], and the porous zeolite
structure of MZs is only a depot for bioactive
metal ions [14], but recently it was found that in
some cases, antibacterial activity can be
associated with the zeolite matrix itself [9, 11].

The aim of our study was to enrich natural
Georgian zeolites such as analcime (crystal
chemical data Na16(H20)15[A116Si32096]—ANA,
scientific weight capacity SWC = 5.1 meq/g),

Synthetic zeolites (aluminosilicates with the
general formula M;SixAl,OonixymH20, where
exchangeable M™ ions are compensating the
negative charge of the crystal lattice constructed
from alternating SiOs and AlO4 tetrahedra) in
which ions of alkali (Na', K") or alkali-earth
(2Ca*", 4aMg*") metals M are partially replaced
by silver ions Ag" have been used as bactericidal
materials since the end of the last century [1], and
subsequently synthetic and natural zeolites
containing such bioactive metals as copper and
zinc were obtained and studied; a review of
published work in this area is given in our recent
publication on bactericidal adsorbents obtained
by ion-exchange modification of natural
phillipsite [2].

In the context of the coronavirus pandemic,
not only the demand for various disinfectants has
increased, but also the interest in obtaining new
antibacterial and antiviral materials, among which
metal-containing zeolites (MZs, Me = Ag, 2Cu, 2Zn,
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phillipsite (|K2 (Ca,Naz)z (H20)12| [Al5Si1oO32]—PHI,
SWC = 3.23 meq/g) and heulandite-clinoptilolite
(|Cas(H20)24|[ AlsSizsO072]-HEU, SWC = 3.08 meq/g)
with silver, copper and zinc, and to study their
bacteriostatic activity against a wide range of
microorganisms (bacteria, yeast, fungus); synthetic
type A zeolite (|Na12([‘120)27|8[A11zsi12043]8—LTA,
SWC =6.23meq/g) was used for comparison.

EXPERIMENTAL

(13

Materials. Preparation of MZs by “ion
exchange synthesis” was carried out using
Georgian natural analcime from the Chachubeti
manifestation (Eastern Georgia) described in
[15], phillipsite-containing tuff rock from
Shukhuti (Western Georgia) described in [2], and
heulandite from the Rkoni plot of Tedzami-
Dzegvi deposit (Eastern Georgia, Hr) described
in [16], as well as using synthetic type A zeolite
prepared by hydrothermal recrystallization of
natural analcime [17].

The analcime-containing rock was crushed in
the planetary micro mill Pulverisette 7 (Fritsch
Laboratory Instruments, Idar-Oberstein,
Germany) to a size less than 0.063 mm (240 BSS
mesh), used without washing, and named as Acu
(analcime from Chachubeti). Crushed and sieved
phillipsite- and heulandite-containing rocks were
washed by diluted HCI solution (0.025 N) to
remove clay and other impurities, and named as
Psu (phillipsite from Shukhuti) and Hgr
(heulandite from Rkoni), respectively. As-
synthesized type A zeolite crystallites 3 to 5 um
in size were used in experiments.

Analytical grade silver nitrate AgNOs, copper
chloride CuCl,, and zinc chloride ZnCl, were
purchased from Merck KGaA (Darmstadt,
Germany) and wused without any further
purification.

Preparation of MZs. lon exchange was
carried out as follows: powder of zeolite and the
corresponding salt were mixed in weight ratio 1:6
and thoroughly grinded in an agate mortar for 10
minutes for AgNOs-containing mixtures and for
15 min for CuCl,- and ZnCl,-containing mixtures.
The solid mixture was then transferred to a filter
and washed with distilled water until the absence
of nitrate or chlorine anions, after which the
modified samples were first dried in air and then
at 100-105 °C in a thermostat; samples with a
maximum content of corresponding bioactive
metal are labeled as AgA, AgAcu, AgPsu, AgHr
(silver-containing type A zeolite, analcime,
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phillipsite and heulandite, respectively), CuA,
CuAcny, CuPsy, CuHr (copper-containing
zeolites), and ZnA, ZnAcu, ZnPsp, ZnHg (zinc-
containing zeolites).

Characterization of samples. Chemical
composition of raw material and prepared
samples was determined by elemental analyses
carried out using atomic absorption spectrometer
(model 300, Perkin-Elmer, UK) and energy
dispersive X-ray (EDS) analysis. The crystalline
phase was identified by powder X-ray diffraction
(XRD) patterns obtained from a modernized
Dron-4 X-ray diffractometer employing the CuK,
line (A = 0.154056 nm). The samples were
scanned in the 2@ range of 5to 50° with a 0.02°
step at a scanning speed of 1°min. Fourier
transform infrared spectra were collected by a
10.4.2 FTIR spectrometer (Perkin-Elmer, UK)
over the range of 400-4000 cm ™' with a resolution
of 2 cm™' using the KBr pellet technique for
sample preparation. The surface morphology of
the samples was observed by a scanning electron
microscope JSM6510LV (Jeol, Japan) equipped
with a X-Max 20 analyzer (Oxford Instruments,
UK) for EDS. Nitrogen adsorption-desorption
isotherms were measured at 77 K using an ASAP
2020 Plus physisorption analyzer (Micromeritics,
Norcross, GA, USA), after evacuation of the
samples at 350 °C during 2 hours; water
adsorption capacity was measured under static
conditions.

Metal release and antibacterial activity. The
determination of the amount of metals released
from MZs in normal salina solution (9 g of NaCl
in 1 L of deionized water) was carried out under
static conditions in a thermostatic bath (Grant
Instruments OLS26 Aqua Pro) at a temperature of
37+0.1 °C, without stirring or shaking. Sampling
for analysis was carried out after 1, 3, 6 and 24 h,
as well as after 48 and 72 h for copper- and zinc-
containing samples after loading 0.1 gram of
zeolite in 100 ml of salina. Analysis was carried
out using an ion chromatograph CDD-
10Avp/10ASP (Shimadzu, Japan).

Bacteriostatic properties of zeolite samples
were determined by the disk diffusion (Kirby-
Bauer) method in standard conditions using the
cultures of Gram negative bacterium Escherichia
coli (strain ATTC 8739), Gram-positive bacteria
Staphylococcus aureus (ATTC 6538) and
Bacillus subtilis (ATTC 6633), fungal pathogenic
yeast Candida albicans (ATTC10231) and a
fungus Aspergillus niger (ATTC16404 —
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A. brasiliensis) placed (109 CFU/cm’) on
Mueller—Hinton agar (3 mm deep) poured into
100 mm Petri dishes. Before testing the
antibacterial activity, all dry zeolite products were
sterilized at 70 °C for 2 h in a dry sterilizer. No
microbial contamination of the prepared samples
was found.0.2 g of zeolite in the form of pellets
with 8 mm in diameter was placed into the plates.
The plates contaminated with E. coli, St. aureus
and B. subtilis were incubated at 37 °C over 5 %
CO; medium and, finally, the width of inhibition
zone of each sample in the plates was measured at
the end of the first day. The plates contaminated
with Candida albicans and Aspergillus niger
were incubated at 25 °C during 3—4 days. All
experiments were done in triplicate and the values

obtained were averaged to give the final data with
standard deviations of 3—7 %.

RESULTS AND DISCUSSION

Chemical composition and crystal structure.
Chemical composition of native zeolites and their
modified forms with a maximum silver, copper or
zinc content are listed in the Table 1 in terms of
the empirical formulas
(MaNachCadMgeMef)[AlXSiyO3z]'nH20, Where
z =96 for analcimes, z = 32 for phillipsites, z =72
for heulandites, and z = 48 for type A zeolites,
Me" ion corresponds to the impurity metals
('/sFe™, 1hCu®', hZn*', aMn?', etc)), M = Ag",
%Cu®*, or Zn**, and deviations are given in
parentheses.

Table 2. Chemical composition of native and modified zeolites

Sample Empirical formula Si/Al
Acn (Nay 25K2.25Ca1.1Mg1.0)Meo.so[ Ali6.25132.0096] 18.4H,0 1.98(15)
AgAcu Ago s(Nai.oKi1.7Cao sMgo.s)Meo.10[ Al15.25132.0096] 18.9H,0 2.10(20)
CuAcH Cus.7(Nasz 2K 3Cag.7sMgo.75)Meo.20[ Ali5.0S132.00096]19.5H,0 2.13(15)
ZnAcu Zn3.3(Na3.7K1.4Ca0.7sMgo.75)Meo.20[ Alis.15132.0096]'19.2H,0 2.13(15)
Psu (Nay 30K2.0Cag 30Mgo.25)Meo.10[ Als 50S111.80032]'11.4H,0 2.62(16)
AgPsu Ags.4:(Nag.01Ko.08Cao.2sMgo.20)Meo.03[ Als 44Si11.20032] 14.2H,0 2.52(15)
CuPsy Cu 30(Nag22Ko.17Ca0.12sMgo.12)Meo.075] Ala 50S111.70032]-14.3H,0 2.60(16)
ZnPsy Zn 34(Na.01Ko.35Ca0.075Mg0.125)Meo.025[ Alg 47S111.70032]'15.6H,0 2.64(16)
Hr Nai.95010)K0.47¢2)Cai.437Mg1.16(6)Me0.13(1)(Al7.83(48)Si28.2(1.7)072) 24.0H,O 3.6(2)
AgHr Ags.62)Nag 37(4)Ko.4702)Ca0.794)Mg0.714)(Al7.95)S128 41.7)072) 24.1H20 3.6(2)
CuHr Cus.1515Nag.23(1)Ko.382)Cao.151yMgo.151)(Al7.55)S120.21.8)072) 24.4H,0 3.9(2)
ZnHr Zn7 5002)Na0.553)K0.402)Ca0.402)Mgo.553)(Al7.5(5)S128.8(1.8/072)24. 7TH,0 3.7(2)
A Nai12505)(K,2Ca, 2Mg)o.7(1)(Al11.9525S112.33)045) 18.0H,0 1.03(5)
AgA Agios@Nai o5 (K, 2Ca,2Mg)o.2005)(Al11.73)S112.33)045) 18.6H2 O 1.05(6)
CuA CLI5A0(3)N8.1A35(25)(K,1/2Ca,1/zMg)0‘35(7)(A111}7(3)Si12(3(3)048)' 1 94H20 105(6)
ZnA Zns‘os(zs)Nal‘2(3)(K,1/2Ca,l/zMg)oAzo(s)(Ah 1A5(3)Si12A2(3)O48)'19.7H20 106(6)

According to the elemental analysis data, when
silver, copper, and zinc ions are introduced into the
crystal lattice of zeolites, the ratio Si/Al changes
insignificantly, and the number of water molecules
in the crystal lattice increases.

Ion exchange reactions do not change the
crystal structure of the zeolite, this is confirmed by
the powder X-ray diffraction patterns of the
modified samples (details for modified phillipsites,
analcimes and heulandites see in [2], [11, 15] and
[16], respectively; characteristic peaks of the PHI,
ANA and HEU structures remain in XRD patterns,
only their intensities change; XRD pattern of the
LTA structure [17] remains unchanged). No notable
changes were observed in the IR spectra of the
modified samples as compared with the vibration
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bands of starting zeolitic material, only the intensity
of the broad band at 3200-3700 cm ™' corresponding
to the asymmetric stretching of OH group is
increased due to the larger number of water
molecules in the samples containing silver, copper,
and zinc.

The degree of substitution (the ratio of the
charge of transition metal ions to the number of
aluminum atoms, DS = a/x for AgZs, and DS = 2a/x
for CuZs and ZnZs) is highest for synthetic zeolite
and lowest for heulandite and analcime, but the
specific content of bioactive metals in analcimes is
not inferior to their content in phillipsites (see
Table 2).

The degree of substitution and the content of
metals in heulandite from the Rkoni plot is
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somewhat lower, but comparable with the
maximum possible content of silver, copper, and
zinc calculated from ion-exchange isotherms
measured on natural clinoptilolite from Gordes,
Turkey (1.85, 1.21 and 1.03 mmol/g for Ag, Cu and
Zn, respectively) [S]. In [2], results for phillipsite
were compared with the literature data for different
clinoptilolites [5, 6, 9, 18], and it was shown that

phillipsite is a more promising carrier of silver,
copper, and zinc than natural clinoptilolite. The DS
achieved for synthetic zeolite A corresponds to
silver content of 3.54, copper content of 2.33, and
zinc content of 2.36 mmol/g, that are much higher
than those shown in [6] — 0.27, 0.27, and
0.28 mmol/g, respectively.

Table 2. Degree of substitution and metal content in modified zeolites

Sample Degree of substitution

Metal content

mg/g mmol/g
AgAcn 0.625 234 2.17
CuAcn 0.49 65 1.03
ZnAcu 0.50 69 1.05
AgPsy 0.77 230 2.13
CuPsn 0.80 66 1.04
ZnPsy 0.82 86 1.31
AgHr 0.46 134 1.24
CuHgr 0.32 72 1.14
ZnHg 0.72 58 0.89
AgA 0.88 382 3.54
CuA 0.85 149 233
ZnA 0.88 154 2.36

The features of the incorporation of silver,
copper, and zinc ions into the structure of the
studied zeolites are discussed in our publications
[2, 10, 11, 15, 16], which also show that ion
exchange reactions do not significantly affect the
mesopore system present in natural zeolites and
their adsorption capacities. With regard to
morphology, ion exchange affects the size
distribution of crystallites only for phillipsites [2].

Table 3. The leaching of metals (mM/MIC) from MZs

Release of metal ions. Data on the leaching
of metals from modified zeolites are given in
Table 3 in terms of the values of minimal
inhibitory concentration (MIC) in relation to
E. coli for the corresponding bioactive ion: MIC
of silver ions toward E. coli is 3.996 mg Ag" in
dm® [19] or 0.037 mM, MIC value for copper and
zinc ions toward E. coli is 1 mM [20].

Sample Ion Inlh In3h In6h In24h In48 h In72h
Ag" 0.20(2) 0.43(5) 0.92(8) 1.6(2)

MAcH Cu? <0.05 0.20(2) 0.34(4) 0.52(5) 0.53(5) 0.54(6)
Zn* <0.05 0.23(3) 0.38(5) 0.60(7) 0.61(6) 0.62(7)
Ag" 0.75(8) 1.3(2) 1.8(4) 5.2(5)

MPsu Cu? <0.05 0.13(2) 0.25(3) 0.45(5) 0.46(5) 0.48(5)
Zn* 0.08(1) 0.20(2) 0.35(4) 0.50(5) 0.52(6) 0.54(6)
Ag" 0.70(8) 1.2(2) 1.5(2) 2.8(6)

MHgr Cu?* <0.05 0.13(2) 0.25(3) 0.45(5) 0.47(5) 0.48(5)
Zn* 0.08(1) 0.20(2) 0.35(4) 0.50(5) 0.53(6) 0.55(6)
Ag" 1.05(15) 2.403) 3.2(6) 5.009)

MA Cu?* <0.05 0.11(1) 0.22(3) 0.32(4) 0.35(4) 0.36(4)
Zn* <0.05 <0.05 <0.05 0.15(3) 0.16(3) 0.16(3)
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The amount of silver ions released from Bacteriostatic activity. Results of the Kirby-
silver-enriched synthetic zeolite AgA after 1 h is Bauer test are given in Tables 3—7. All original
somewhat higher than the MIC, from AgPsy and zeolites that do not contain bioactive metals were
AgHr inhibitory concentration is reached after inactive, enriched synthetic zeolites equally
about 2 h, and from AgAcu only after approx. inhibit the growth of gram-negative and gram-
12 h. The leached amounts of copper and zinc ions positive bacteria, but the copper form is not active
from the zeolites are lower than MIC and against yeast and fungus, while the zinc form is
negligible for ZnA, and this is in full agreement not inferior in activity to silver, and in relation to
with the results of [9]. Type A zeolite was E. coli even shows a slightly higher activity
designed for water softening by removing (Table 4). Previously, researchers from Serbia
divalent ions during ion-exchange reactions such and Croatia showed that the activity of synthetic
as 2Na"«+Ca*"(Mg>"). Apparently, type A zeolite type A zeolites against E. coli decreases in the
irreversibly captures zinc ions, but copper ions series AgA > CuA >> ZnA, but this discrepancy
retain the possibility of ion exchange with the can be attributed to the use of commercial
aqueous environment. It is important to notice that zeolite A in [9] and low degree of enrichment,
the amount of the leached Cu** and Zn** ions is in about 0.25 mmol/g.

the range of the maximum allowable
concentrations in drinking water [21].

Table 4. Diameter (mm) of the zone of inhibition of the growth of microorganisms by type A zeolites

Microorganism A AgA CuA ZnA
Escherichia coli 0 23 17 26
Staphylococcus aureus 0 25 25 23
Bacillus subtilis 0 26 23 25
Candida albicans 0 20 0 24
Aspergillusniger 0 24 0 24

Of the enriched forms of analcime (see microorganisms, a mixture of silver and copper
Table 5), only the silver form AgAcn slows down forms in the same 1:1 molar ratio shows a rather
the growth of all microorganisms used in the high activity. A mixture of copper- and zinc-
study, the copper form CuAcn is not active at all, containing analcimes, which are absolutely
and the zinc form ZnAcn is active only against inactive against staphylococci, shows little
B. subtilis hay bacillus. However, a mixture of activity against this bacterium; the addition of
silver and zinc forms in a 1:1 molar ratio shows a inactive CuAcn to ZnAcy slightly increases the
synergistic effect — increased activity against all activity of the latter against B. subtilis.

Table 5. Diameter (mm) of the zone of inhibition of the growth of microorganisms by analcimes

Microorganism Acu  AgAcn CuAcs ZnAcn (Ag+tCu)Acn (Ag+Zn)Acn  (Zn+Cu)Acn
Escherichia coli 0 21 0 0 25 28 0
Staphylococcus aureus 0 25 0 0 24 27 13
Bacillus subtilis 0 23 0 20 18 29 21
Candida albicans 0 20 0 0 16 24 0
Aspergillus niger 0 25 0 0 17 35 0

Synergism was also found for enriched forms (Table 6). On the other hand, mixtures of copper
of phillipsite — the greatest activity against E. coli and zinc forms display an antagonistic effect in
and staphylococcus is shown by a mixture (1:1) of relation to E. coli (no inhibition), and the addition
silver and copper forms, against a black fungus — of inactive CuPsy to ZnPsy significantly decreases
by a mixture (1:1) of silver and zinc forms the activity of the latter against fungi.
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To the greatest extent, the synergistic effect is activity against all microorganisms (see Table 7,
manifested in enriched forms of heulandite — amore detailed picture of the synergistic effect for
despite the relatively low activity of copper and heulandites is presented in Figs. 1-3).

zinc forms, their mixture exhibits the highest

Table 6. Diameter (mm) of the zone of inhibition of the growth of microorganisms by phillipsites

Microorganism Psu AgPsuy  CuPsu  ZnPsa (Ag+Cu)Psn  (Ag+Zn)Psu (Zn+Cu)Psn
Escherichia coli 0 20 11 15 30 20 0
Staphylococcus aureus 0 19 20 0 22 16 20
Bacillus subtilis 0 16 23 22 20 19 19
Candida albicans 0 29 0 18 14 26 24
Aspergillus niger 0 27 0 28 0 29 7

Table 7. Diameter (mm) of the zone of inhibition of the growth of microorganisms by heulandites

Microorganism Hr AgHr CuHr ZnHr (Ag+Cu)Hr (Ag+Zn)Hr (Zn+Cu)Hr
Escherichia coli 0 21 15 0 27 27 40
Staphylococcus aureus 0 19 19 0 41 40 40
Bacillus subtilis 0 30 21]36* 19 40 34 50
Candida albicans 0 20.5 15 15%* 40 40 50
Aspergillus niger 0 25 14* 17 44 40 70

* secondary growth

Fig. 1.

Fig. 2.
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Despite the fact that the zinc form ZnHg is
inactive to E. coli, even a small addition of the silver
AgHr or copper CuHr form dramatically increases
the activity; the highest bacteriostatic activity is
observed for the ¥4ZnHg + ¥4CuHgr mixture (Fig. 1).

The synergistic effect is also manifested in
relation to the both Gram positive bacteria (Fig. 2),
the mixtures “4AgHr + %CuHg, 2AgHr + 2ZnHg
and 4CuHr + %ZnHr have the greatest activity
against staphylococcus, and mixtures of copper and
zinc forms are most effective against hay bacillus
B. subtilis.

In inhibiting the growth of fungi (Fig. 3),
mixtures with the AgHr show low activity, the most
effective are mixtures of CuHgr and ZnHg, which is
very important from a practical point of view, to
replace expensive silver with cheaper copper and
zinc.

As follows from the data obtained for mixtures
of modified heulandites, a mixture with a high
copper content, Cu/Zn = 3, is the most effective
against £. coli and hay bacillus, while the zone of
inhibition is two times higher than that of the silver-
containing form. On the contrary, against
staphylococcus and C. albicans, the most effective
is a mixture with a high zinc content, Zn/Cu = 3, and
the maximum inhibition of the growth of A. niger is
caused by a mixture with equal amounts of copper
and zinc.

A similar synergistic effect was noted in the
study of synthetic zeolite fibres [22]. It has been
shown that the bacterial inhibition for nanofibres
containing a three metal (Ag+Cu+Zn) nano-zeolite
Y is higher than for containing bimetals (Ag+Cu,
Ag+Zn, or Cut+Zn), while for containing
monometals (Ag, Cu, or Zn), it was lower compared
to the others.
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Metal-containing forms of synthetic zeolite A
do not exhibit synergism — mixtures demonstrate
bacterial growth inhibition zones of the same size as
AgA, CuA and ZnA (zone diameters from 18 to 26
mm), in the presence of a copper form in the
mixture, the activity against yeast and fungus
slightly decreases (zone diameters less than 20 mm).

A recent study of mono- and bimetallic
antibacterial type A zeolite materials [23] showed
that bimetallic samples (Ag"and either Cu**, Zn*")
exhibit a synergetic or antagonist effects against £.
coli, depending on the quantity of the second metal.
However, this results were obtained on sequentially
exchanged samples (NaA — AgNaA — AgCuNaA
or AgZnNaA), and cannot be compared with our
results obtained for mechanical mixtures of different
metal forms.

CONCLUSION

As a result of the conducted research, it was
found that solid-state ion-exchange reactions
between Georgian natural zeolites (analcime,
phillipsite, heulandite) and a salt of the
corresponding transition metal (Ag, Cu, Zn)
followed by washing lead to the formation of
zeolite materials with a high content of silver
(130-230 mg/g), copper (6572 mg/g), and zinc
(58-86 mg/g), comparable to the content achieved
in a synthetic ion exchanger (382, 149 and
154 mg/g of silver, copper and zinc, respectively).
The resulting materials have sorption and
bactericidal properties, sufficient for their use in
the purification and disinfection of water, as
fillers in paper production [24], efc.

Natural zeolites enriched with biometals
exhibit a synergistic effect — their mixtures have a
higher bacteriostatic activity. Analysis of the
obtained results shows that against Escherichia
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coli and hay bacillus, as well as against yeast and Thus, contrary to the opinion that the
black fungus, a mixture of zinc and copper forms bacteriostatic activity of metal-containing zeolites
of heulandite is most effective, and against is determined exclusively by the ions of bioactive
staphylococcus, all mixtures of silver, copper and metals released into the liquid medium, the study
zinc forms of heulandite in a molar ratio of 1:1 has shown that the type of zeolite also plays a very
have approximately equal activity. Thus, despite important role.
the lower ion-exchange capacity than that of
analcime and phillipsite, heulandite turned out to ACKNOWLEDGEMENT
be a more effective matrix for bioactive metals. This work was supported in part by the Shota
Taking into account the rate of leaching of Rustaveli National Science Foundation of
bioactive metals compared to the values of the Georgia and International Science and
minimal inhibitory concentrations, it can Technology  Center  (https://www.istc.int/).
concluded that the antibacterial activity of Authors thank Prof. Giorgi Tsintskaladze for help
copper- and zinc-containing zeolites could be in the FTIR study and Mr. Vakhtang Gabunia for
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self, and not only to the leached metal ions.

BaxkrepuuuaHi MeTaJ0BMICHI HeoJIiTH
B.I'. Hinimsini, H.M. Josabepinze, H.A. Mipassesi, M.O. Hizkapan3ze, 3.C. Amipinze, b.T. Xyuumsisi

Inemumym ¢hizuunoi ma opeaniunoi ximii im. I1. Menikiwsini Toinicoxoeo Oepoicagroeo yHigepcumeny im 1. prcasaxuusing
syn. I'. [lonimkoscwroi, 31, Toinici, 0186, I'pysis, v.tsitsishvili @gmail.com

Ilanoemis koponasipycy nioguwuna inmepec 00 anmudaxmepianbHux 3acobis, wjo Micmams Oi0aKMUEHi Memanu,
nepCcneKmueHUMU HOCIIMU SIKUX € yeorimu. 3 iHuio2o 00Ky, Yeoimosi aocopbenmu ma iOHOOOMIHHUKU, WO MICMSMb
bioakmueHi Memanu ma Haodineni 6aKmepuyuOHUMU GIACMUBOCHIAMU, € NEPCHEKMUBHUMU OJISI OYUWEHHST 600U MA
[HWuUXx exonoeiunux i meouynux zacmocyganv. Cpibno-, miob- ma YUHKOEMICHI MIKponopucmi mamepianu 6yau
OMPUMAHI HA OCHOBI NPUPOOHO20 AHANLYUMY, QININCUmMy ma 2etiaHoumy 3 epy3UHCLKUX NPOABI6 3a 00NOMO2010
[OHOOOMIHHUX pearyili MidC MIKPOKPUCIMAIAMU YeOaimy ma CILII0 8i0N06I0H020 nepexioHo2o Memary 8 meepoitl ghasi
3 NOOANLUUM NPOMUBAHHAM OUCTNUILOBAHOW 6000t0. CUHME308aHi MAKUM YUHOM AOCOPOEHMU-IOHOOOMIHHUKY
Xapaxkmepusyromocs XiMIYHUM CKIAOOM HA OCHO8I eHepeemuyHux OUCNEepCiUHUX CHeKmpié pPeHmMeeHiBCbKo2o
BUNPOMIHIOBAHHS, NOPOUIKOBUX PEHM2EHO2PAM, IHpaueps8oHux )yp 'e-cnekmpis ma i3omepm HUZLKOMeMnepamypHoi
aocopbyii-decopoyii azomy. Ompumani mamepianu 36epicaromv KpUCMANIYHYy CMPYKMYpy yeoaimy i Micmambs
130-230 me/2 cpibna, 6572 me/e midi, 58—86 me/2 yunky 6 nopieHsnHi 3 MOOUDIKOBAHUMU 3PAZKAMU CUHMEMUYHO20
yeonimy A, wo micmsimo 0o 290 me/2 cpibna, 75 me/e mioi ma 100 me/e yunky. [pueomoesani memanoemicui mamepianu
BUABTAIOMb OAKMEPIOCMAMUYHY AKMUBHICIb w000 epamnezamusnux baxmepiti Escherichia coli, epamnosumuenux
b6axmepin Staphylococcus aureus i Bacillus subtilis, namoeennux opixcoxcie Candida albicans i epubxa Aspergilus
niger, a NPupoOHi yeonimu, 30azayeni GioMemaniamu, NPOsSGISLIOMsb CUHEP2eMUYHy 00 — Y iXHbol cymiwi 6ibuL BUCOKA
baxkmepiocmamuuna akmugnicmo. Ilokasano, wo cymiuti gpopm Mioi I YuHKY Maroms OLIbUL 8UCOKY AKMUBHICMb, HIJIC
cpibnosmicHa popma, wo Oydice 8aNCIUBO 3 NPAKMUYHOL MOUKU 30Dy OISl 3AMIHU 00p02020 cpibna Ha binbul Oeutesi
MiOb [ yunk. Bcmarosneno, wo 6axmepiocmamuyna akKmMugHiCms Memanio8MiCHUX Yeolimie GU3HAUAEMbCs He MITbKU
i He cminbKU BUBITLHEHUMU 8 PIOKe cepedosuiye IOHAMU OIOAKMUBHUX MeMAli8, CKLIbKU 8ANCIUBY POJIb Y NPUSHIYEHH]
pocmy MiKpoopeaHizmie eidiepae mun yeonimuoi mampuyi. Hessadcarouu Ha BIOHOCHO HU3LKY IOHOOOMIHHY
30amHicmb, 2etiiaHOUm BUABUBCS OOCUMb eeKMUBHOIO MAMPUYero 01 Oi0aKMUBHUX MemaJis.

Knrouosi cnosa: cpibno-, mioo-, YuHK-6MICHI aunaivyum, Girincum ma eeunanoum, baxmepiocmamuyna
aKMueHicmbo
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