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PRODUCTION OF NANOPOROUS ZEOLITES MODIFIED BY SILVER
IONS WITH ANTIBACTERIAL PROPERTIES

Z.0.Znak,' S.A.Kornii,>® A.S.Mashtaler,” and O.I.Zin' UDC 543.544: 541.183

We study the effect of activation of clinoptilolite specimens by the solutions of HCI, H,SO,4, NaOH,
and NH4Cl with their subsequent thermal treatment for the sorption capacity in silver ions. It is shown
that the highest sorption capacity is observed for the clinoptilolite activated by a sodium-hydroxide solu-
tion. It was established that, in all cases, the increment of sorption capacity observed upon attainment of
a temperature of 200°C is insignificant. The rate of sorption of silver ions by clinoptilolite preliminari-
ly activated by reagents is higher than the initial rate (without activation) by an order of magnitude.
We also established the influence of the temperature of treatment of chemically activated clinoptilolite
on the sorption rate of silver ions. It was shown that their absorption by clinoptilolite occurs according
to the mechanisms of ion exchange and sorption.

Keywords: corrosion, biocorrosion, clinoptilolite, silver ions, modification, chemical activation, ther-
mal activation.

Introduction

At present, the solution of corrosion problem remains one of priority problem in various branches of indus-
try. The contemporary trends of protection against electrochemical and biological corrosion are connected with
the development of protective materials with the certain anticorrosive and antimicrobial additions. In this case,
it is also necessary to take into account the ecological aspects, i.e., to use ecologically safe materials [1, 2].

In recent years, the development of ecologically safe means of anticorrosive protection is more and more
connected with the application of silver in ionic and free (in the form of nanoparticles) states in which it has the
strongest antimicrobial action. Silver nanoparticles immobilized in the polymer or as a component of the coat-
ing materials provide corrosion protection and enhance the antibacterial resistance of the metals [3-7]. Silver
and copper nanoparticles are used as components of nanocomposites based on polyethylene [8]. For the protec-
tion of aluminum alloys against biocorrosion, it was proposed to use sol-gel coatings alloyed with silver parti-
cles encapsulated in silicon oxide [9]. Acrylate silver dispersions and polymeric composite materials based on
these dispersions are now extensively used, in particular, as materials with antibacterial properties [10].

The efficiency of anticorrosive materials containing silver in one or another form increases if they are im-
mobilized in porous fine-grained materials, which play the role of carriers. They guarantee the possibility of
preservation of silver in the ionic and fine-grained forms and provide a large area of its contact with corro-
sive media. Note that natural zeolites and, in particular, clinoptilolite are characterized by high porosity and ion-
exchange properties required for sorption and preservation of silver.
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High susceptibility of zeolites to cation exchange makes them promising materials for the development of
ecologically safe inhibitors of the cathodic corrosion of metals [11]. However, the inhibiting activity of natural
zeolites is insufficiently high and, hence, their modification with ions of various metals proves to be a promising
method for the improvement of anticorrosive properties of zeolites [12—14]. At the same time, natural clinoptilo-
lite reveals a noticeable antibacterial action [15, 16].

The results of investigations of the modification of natural zeolite-containing rocks with silver ions and the
antibacterial properties of the obtained materials were described in [17]. It was indicated that the absorption of
silver ions by zeolite can be realized according to different mechanisms: ion exchange and sorption. Therefore,
parallel with the term “ion-exchange capacity,” it is customary to use the term “sorption capacity.” Clinoptilo-
lite modified with silver ions exhibits a strong antibacterial action, in particular, against Staphylococcus aureus,
Pseudomonas aeruginosa, Candida albicans, etc. However, in all cases, the researchers used zeolites from dif-
ferent deposits, which differ by the content of the main component, i.e., clinoptilolite, and by the kind and con-
tents of antiions.

It is known that the thermal, electromagnetic [18], or chemical activations of clinoptilolite make it possible
to increase the sorption capacity for different cations. However, the data on the influence of activation of this
kind on the capacity of clinoptilolite with respect to silver ions is quite poor.

The aim of the present work is to study the modification of preliminarily chemically and thermally activated
clinoptilolite with silver ions for the controlled production of materials with the required silver contents.

Experimental Procedures

For our investigations, we used clinoptilolite (TU U 20.5-43073742-002:2019) from the Sokyrnytsya De-
posit (Zakarpats’ka Oblast, Ukraine). The natural zeolite rock contains clinoptilolite (65-80%) as the main
component and also admixtures of montmorillonite, calcite, and quartz. Therefore, in order to decrease the in-
fluence of admixtures (whose contents may vary) on the results of investigations, we performed preliminarily
mechanical crushing of clinoptilolite (with an initial size of 2-3 mm). Since the hardness of montmorillonite
and calcite is lower than the hardness of clinoptilolite, the rock particles are subjected to mechanical break at
the sites of localization of these components. After grinding of the rock in a ball mill down to sizes < 1.5 mm,
we rejected the finest fraction (0—0.25 mm) containing the maximum amount of admixtures. Then the remaining
zeolite (0.25—-1.5 mm) was ground once again. The investigated fraction of clinoptilolite was as large as 0.056—
0.063 mm.

Zeolite was chemically activated with subsequent drying (activation) at different temperatures. Chemical
activation was carried out by using 0.1 N solutions of HCI, H,SO,4, NaOH, and NH4ClI taken in the following
mass ratio: clinoptilolite : reagent = 1: 10. Modification was carried out for 30 min and then zeolite was sepa-
rated by filtering and washed with distilled water up to the attainment either of a stable pH value (for acids
and alkalis) or of the absence of chlorine ions in washing water. After washing, zeolite was dried (thermally
activated) at a temperature of 20-300°C up to the attainment of a stable mass. Further, clinoptilolite with
a mass of 10 g was modified in 100 em® ofa 0.1 N AgNOj3 solution under the conditions of permanent intense
stirring [19]. In the course of modification of zeolite, we potentiometrically measured the concentration of silver
ions in the solution. An F-30 millivoltmeter was used as a measuring instrument and Ag-selective (ESS-01) and
silver-chloride (EVL-1M) electrodes were taken as measuring and reference electrodes, respectively. The refer-
ence electrode worked in contact with corrosive media through an electrolytic cell of the original structure
filled with a 1 N KNOj solution. Zeolite was modified up to the attainment of a stable value of potential of the
Ag-selective electrode.
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Fig. 1. Temperature dependences of the sorption capacity (S ) of chemically activated clinoptilolite: (1) initial; (2) activated by NH,4Cl;
(3) HySOy4; (4) HCI; (5) NaOH.

Modified zeolite was washed with distilled water under the conditions of intense stirring up to the complete
absence of Ag" ions in water. The concentration of silver ions in washing water was taken into account in find-
ing the number of Ag™ ions sorbed by zeolite. Prior to each test, the Ag-selective electrode was calibrated in
AgNOj; solutions (0.001-0.1 mole/dm?).

The concentration of Na*, K*, Ca®*, and Mg2+ ions in the modifying solution was found with the help of
a PAZh-3 flame photometer.

The sorption capacity of clinoptilolite was determined by analyzing the decrease in the concentration of sil-
ver ions in the solution. The chemical composition of modified zeolite was determined with the help of energy-
dispersion X-ray (EDX) microspectral analysis by using an INCA Energy-350 instrument integrated in the sys-
tem of a Zeiss EVO-40X VP scanning electron microscope.

Results and Discussion

By the EDX method, we determined the contents of exchange cations (Na+, K*, Ca2+, and Mg2+) in the
original specimen of clinoptilolite. They were as follows [wt.% (mEq/g)]: 1.39 (0.604) Na*; 2.89 (0.74) K*;
1.56 (0.78) Ca’",and 0.54 0.45) Mg2+. The total content of exchange cations was equal to 2.57 mEq/g. Ac-
cording to the technical certificate of zeolite from the Sokyrnytsya Deposit, its total cation-exchange capacity
is equal to 1.8-2 mEq/g. Hence, the mechanical enrichment of the clinoptilolite rock enables one to increase
its cation-exchange capacity by ~22% as a result of the removal of admixtures that do not contain exchange
cations.

The chemical activation of clinoptilolite by the indicated reagents enables one to increase the static sorption
capacity of zeolite with respect to silver ions (Fig. 1).

The ion-exchange capacity of the original clinoptilolite for silver ions noticeably (by a factor of 4.4) in-
creases upon the attainment of treatment temperatures higher than 100°C: from 0.19 to 0.42 mEq/g. This is ex-
plained by its dehydration, i.e., by the separation of physically bound water. If the activation temperature is equal
to 300°C, then the ion-exchange capacity becomes as high as 0.84 mEq/g.

The preliminary chemical activation of clinoptilolite for 30 min makes it possible to increase the ion-
exchange capacity of zeolite in the entire temperature interval. For a drying temperature of zeolite equal to 20°C,
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Fig. 2. Time dependences of the content of silver ions in clinoptilolite for a drying temperature of 20°C (a) and an activation tempera-
ture of 300°C (b): (1) original; (2) activated by NH4Cl1; (3) H,SO4; (4) HCI; (5) NaOH.

the increase in the ion-change capacity of clinoptilolite in the case of its activation by the solutions of NH4Cl,
H,SO4, HCI, and NaOH (as compared with the nonactivated specimens) is equal to 0.26; 0.36; 0.36, and
0.47 mEq/g, respectively. In other words, the zeolite capacity becomes 2.37; 2.89; 2.89, and 3.47 times higher
than for the nonactivated substance.

It is worth noting that, for the purposes of washing of zeolite after its activation in a NaOH solution, it is
necessary to use more water than in the other cases (by 25-30%).

The kinetics of sorption of silver ions by the original and chemically activated clinoptilolite are some-
what different. Indeed, the content of silver ions in the nonactivated zeolite fairly smoothly varies for ~ 10 min
(Fig.2). The initial ion-exchange rate is equal to 9.26- 1074 mole/(sec-dm3) (per unit volume of zeolite).
The fraction used for the investigations was very fine (<0.063 mm) and, therefore, the procedure of evaluation
of the integral area of the surfaces of clinoptilolite particles required to determine the rate of heterogeneous pro-
cess is incorrect.

At the same time, the rate of sorption of silver ions by chemically activated clinoptilolite is higher by an or-
der of magnitude. The rates of sorption (ion exchange) with participation of zeolite chemically activated in
solutions of NH4Cl, H,SO,, HCl, and NaOH are as high as 6.12- 10_3; 7.5- 10_3; 7.65 - 10_3, and
9.12-1072 mole/ (sec-dm3), respectively. For the first 60 sec after activation, we observe the absorption of more

than 80% of the entire amount of sorbed ions. Therefore, in the time dependences of the content of Ag* ions for
activated zeolite specimens, we observe a sharp inflection as early as in the first or second minute of the process
(Fig. 2a).

As the temperature of treatment (drying) increases from 20 to 100°C, the sorption capacities of clinoptilo-
lite specimens chemically activated in solutions of NH4CI, H,SO,4, HCI, and NaOH become equal to 0.78;
0.86; 099, and 1.16 mEq/g, respectively. Moreover, the increments of sorption capacity of these zeolite spec-
imens with respect to silver ions are equal to 0.33; 0.31; 0.44, and 0.5 mEq/g, respectively. As compared
with nonactivated zeolite, the ion-exchange capacities of the activated specimens at a temperature of 100°C be-
come 1.86;2.05;2.33,and 2.76 times higher, respectively.

At a temperature of 150°C, when we observe a significant, as compared with 100°C, increase in the ca-
pacity of the original clinoptilolite, the capacity of chemically activated clinoptilolites, on the contrary, in-
creases insignificantly. Thus, the content of silver ions in nonactivated zeolite increases from 0.42 to 0.74 mEq/g.
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Fig. 3. Typical EDX analysis of zeolite specimens modified with silver ions and preliminarily activated in solutions of NH,4CI,
H2$O4, and HCI.

At the same time, the increments of capacity of clinoptilolite specimens activated in solutions of NH4ClI,
H,SO4, HCI, and NaOH in the same temperature range are equal to 0.1; 0.12; 0.07, and 0.09 mEq/g, respec-
tively.

A subsequent increase in temperature within the range 150-300°C causes an insignificant increase in the
capacity of chemically activated zeolite for silver ions (see Fig. 1). In particular, the increments of the sorption
capacity of specimens treated in solutions of NH4Cl, H,SO4, HCI, and NaOH were equal to 0.14; 0.163;
0.095, and 0.115 mEq/g, ie., 13.7; 14.2; 8.2, and 8.6% of the total capacity of clinoptilolite specimens, respec-
tively.

The rates of sorption of Ag® ions by zeolite specimens thermally activated at a temperature of 300°C in-
crease in all cases (even for the original specimen) (Fig.2b). Thus, it becomes equal to (mole/(sec-dm3)):
4~10_3; 1.18~10_2; 1.28~10_2; 1.52~10_2, and 1.85-1072 for the original zeolite specimen and specimens
activated by solutions of NH4Cl, H,SO4, HCI, and NaOH, respectively. In other words, by analogy with
a temperature of 20°C, the rate of sorption of silver ions by activated zeolites is higher than for the nonactivated
zeolite by an order of magnitude.

In general, for a treatment temperature of 300°C, the following values of sorption capacity with respect to

silver ions were attained (mEq/g) : 0.84 for the original zeolite and 0.98, 1.4, 1.15, and 1.33 for zeolites
activated in solutions of NH4Cl, H,SO4, HCI, and NaOH. The most pronounced effect observed in the case

of application of NaOH solutions can be possibly explained by a weak dealumination of zeolite as a result of
the interaction of Al,O3 with the alkali.

The results of the EDX analysis show that, the specimens of chemically activated clinoptilolite modified
with Ag" ions do not contain sodium ions. Almost all sodium ions are replaced with hydrogen protons under
the action of sulfuric and hydrochloric acids and ammonium chloride. This is confirmed by the analysis of the

corresponding solutions for the content of sodium ions. Under the action of a NaOH solution, sodium ions are
not replaced in zeolite. However, in the case of modification with silver ions, they are completely replaced. At the

same time, the contents of other cations (K+, Ca2+, and Mg2+) depends, first of all, on the nature of activating
reagent (Fig. 3). Under the action of both acids and NH4Cl, as in the case of sodium ions, we observe the re-
placement of magnesium ions in the major part of the specimens. In this case, under the influence of NaOH so-
lutions, the degree of replacement of magnesium ions varies within the range 11-33%.
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Fig. 4. SEM image of clinoptilolite particles activated by a NaOH solution (for a silver content of 8.74 mEq/g).

For the degree of replacement of K* and Ca”" ions, we did not reveal any clear regularities of its variations
depending on the nature of reagent. This quantity varies from 5.8 to 35.7%.

By analyzing the composed balance for the contents of Na®, K*, Ca’*, Mg2+, and Ag® ions (via the
number of equivalents per 1 g of zeolite), we made a conclusion that the number of equivalents of Na*, K*,
Ca®*, and Mg2+ ions participating in ion exchange is larger than the number of equivalents of Ag™ ions in the
samples of modified zeolites. Thus, as a result of activation of zeolite by a NaOH solution with subsequent mod-
ification in a solution of silver nitrate, the content of silver ions becomes equal to 0.87 mEq/g, whereas the inte-
gral amount of substituted Na*, K", Ca”", and Mg2+ ions constitutes 1.01 mEq/g. Hence, it is possible to as-
sume that a part of the indicated ions participates in exchange processes in the course of their interaction with acti-
vating reagents and, possibly, a certain part is replaced with silver ions.

The results of the EDX analysis demonstrate that the process of ion exchange (sorption of Ag* ions) on dif-
ferent particles of clinoptilolite is nonuniform and, therefore, the contents of silver ions can be different. Thus,
the particles of zeolite preliminarily modified in a NH4Cl solution contain 48.6-70.8 mg of silver per 1 g
of zeolite. The process of sorption of silver ions on zeolite samples modified, e.g., in a NaOH solution is much
more uniform. Hence, the silver content varies within the range 82.9-94.4 mgAg/g. In this case, the integral
content of silver ions in the process of modification is equal to 143 mgAg/g.

At the same time, it was established that, in the course of holding, the obtained zeolite specimens with high-
er contents of Ag” ions acquired dark color. This color is typical of finely divided silver. On this basis, we can
make a conclusion that Ag* ions penetrate into zeolite by two mechanisms: ion exchange and sorption. Moreo-
ver, sorbed silver nitrate is preserved in the structure of clinoptilolite because it is not desorbed in the course of
washing of modified zeolite with distilled water.

The presence of finely divided silver in the specimens activated in NaOH solutions is confirmed by the fact
that, under the action of nitric acid, the clinoptilolite particles become lighter and silver ions appear in the solu-
tion. The SEM images of particles indirectly confirm the presence of finely divided silver on the clinoptilolite
surfaces. Indeed, the particles are covered with a friable spongy film (Fig. 4).

The accumulated results demonstrate that the preliminary chemical activation of natural clinoptilolite ena-
bles one to get significant contents of silver ions in clinoptilolite (even up to 143 mgAg/g). Hence, there exist
preliminary technological background (conditions of chemical activation, thermal treatment, etc.) for the con-
trolled modification of natural clinoptilolite with Ag™ ions. This enables us to guarantee efficient antibacterial
action of modified clinoptilolite on certain cultures of microorganisms. Thus, in particular, the antimicrobial
action is confirmed for Pseudomonas aeruginosa bacteria (blue pus bacillus) and Candida albicans yeast.
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CONCLUSIONS

The procedure of activation of natural clinoptilolite by solutions of HCI, H,SO4, NaOH, and NH4CI with

subsequent treatment at different temperatures enables one to guarantee its required static capacity with respect
to silver ions in a broad interval; its value can be as high as 1.33 mEq/g (143 mg/g). This confirms the possibil-
ity of controlled modification of clinoptilolite under certain conditions (the choice of chemical activators, tem-
perature of treatment of zeolite, etc.) aimed at getting the required content of silver ions, which is important for
the creation of corrosion inhibitors and significantly broadens the possibilities of application of clinoptilolite in
other fields. The modification of chemically and thermally activated clinoptilolites with silver ions is character-
ized by a high rate and, therefore, the duration of the process constitutes only 15-20 min, which provides its
high productivity. The obtained specimens of clinoptilolite modified with silver ions have noticeable bactericid-
al properties, which makes it possible to use them for the creation of new compositions aimed at the biocorro-
sion protection of various structures. The procedures of chemical activation of zeolite and its modification with
silver ions, as well as the product obtained as a result, are not harmful for people and environment because the
concentrations of reagent solutions are low and, moreover, these solutions can be easily neutralized.
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