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Abstract: A bactericidal and structural study on the "cetylpyridinium chloride-clinoptilolite™ associates
has been carried out. For the first time, the samples were synthesized using the powdered clinoptilolite
from the Sokyrnytsia deposit (Transcarpathian region, Ukraine). Eight "cetylpyridinium chloride-
clinoptilolite™ associates have been synthesized using different cetylpyridinium chloride concentrations
and further characterized by elemental analysis and FTIR techniques. The association of the
cetylpyridinium cation with the zeolite anionic matrix has been studied. It was found that the adsorption
of the cetylpyridinium cations occurs on the clinoptilolite surface without destroying the anionic zeolite
framework. Furthermore, the antibacterial activity of the associates was analyzed, and a significant
activity against Staphylococcus aureus and Candida albicans strains was observed, which is caused by
the cetylpyridinium cation presence. Unmodified natural and acid-treated clinoptilolites did not show
antibacterial activity; however, these can be effectively used as a matrix carrier for the cetylpyridinium
cation.
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1. Introduction

The development of new antibacterial [1,2], antifungal [3], and antiviral [4] drugs is
still an actual task of modern medicine, pharmacology, and chemistry. One of the powerful
methods for developing new medicines is the modification of well-known drugs. In a few of
our previous papers, we have investigated some cetylpyridinium-based compounds, which
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potentially have various applications as ionophores [5], ionic liquids [6], or antibacterials [7].
Moreover, cetylpyridinium chloride (CPC) can be used as a titrant in the potentiometric
determination of anionic analytical forms of different lipophilicity [8-11]. To extend the list of
potential applications of cetylpyridinium (CP) derivatives, we have decided to develop a CP-
containing compound with antibacterial action on pathogenic bacteria stamps. The actuality of
the development of CP-containing compositions is confirmed by the numerous recent papers
devoted to the antibacterial action of cetylpyridinium chloride [12-16]. A zeolite has been
selected as a modifier. This selection was dictated by various properties and applications
characteristic of cetylpyridinium-zeolite compounds. For example, Li et al. have utilized
cetylpyridinium bromide-treated clinoptilolite as an effective absorber for the ammonium,
nitrate, and phosphate ions [17]. Similarly, Prajitno et al. have used natural clinoptilolite
modified with the cetylpyridinium cation for the flotation of cesium [18]. Cetylpyridinium-
modified zeolites can also be used for the absorbance of heavy metals [19], dyes [20],
polycyclic aromatic hydrocarbons [21], and toxins [22]. Moreover, it was shown that zeolites
immobilized with the CP cation could be utilized as antibacterials in dentistry [23,24].

Since the spread of the COVID-19 pandemic, antiseptic prices have risen considerably.
Therefore, developing new effective biocide substances based on low-cost components (CPC
and clinoptilolite) remains relevant. We obtained and examined a series of CPC-clinoptilolite
samples in the present study by treating powdered clinoptilolite from the Sokyrnytsia deposit
(Transcarpathian region, Ukraine) with CPC water solutions. It should be highlighted that the
content of clinoptilolite in the zeolite tuff of this deposit reaches 85%, which is a high value
compared with other deposits, and this allows excluding an enrichment stage of the material's
raw. The non-zeolite component of the tuff does not contain harmful substances (like asbestos),
often found in zeolite tuffs. Moreover, as the tuff extraction at the Sokyrnytsa deposit is carried
out in an open-pit way, and since the deposit itself is located at the center of Europe, the price
of the raw material for the European market is reasonably low.

2. Materials and Methods

2.1. Chemicals.

CPC monohydrate (reagent grade) and hydrochloric acid solution (chemically pure
grade) were purchased from "Sfera Sim" company (Lviv, Ukraine). Silver nitrate (analytical
reagent grade) was purchased from Merck. Double distilled water was used in all experiments.

2.2. Equipment.

Fourier-transform infrared spectra (FTIR) were recorded on a Shimadzu IRPrestige-21
spectrometer in attenuated total reflection (ATR) mode using MIRacle ATR accessory (PIKE)
with a zinc selenide crystal. Computations were performed on a workstation containing 256
GB of RAM and twenty processor cores. Elementar Vario MICROcube was used for the
measurement of elemental composition. Differential thermal analysis (DTA) was carried out
according to the standard technique [25] in the static air atmosphere using a combined K-type
thermocouple (accuracy of £5 °C) as a temperature sensor. High-purity pre-calcined Al>O3
(99.9999% purity) was used as reference material. Measurements were performed using an
open quartz sample vessel in the temperature range of 20-870 °C and the scan heating rate at
700 °C/h. Determination of the temperature of the effects on DTA curves was carried out as
proposed in [26]. Powder patterns of investigated zeolite samples were recorded using an
https://biointerfaceresearch.com/ 20f 12
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AXRD Benchtop diffractometer (Proto Manufacturing Limited, USA) in the Bragg-Brentano
0/20 shooting geometry with the Ni-filtered CuKa radiation and exposition of 1 s. The
polycrystalline samples were ground in an agate mortar and sifted through the same sieves to
avoid unwanted lines expansion through different particle sizes.

2.3. Samples preparation.

The clinoptilolite rock of the Sokyrnytsia deposit, which has a green-blue color with a
clinoptilolite content in the tuff of about 80%, was used for the present work. To obtain the
starting material, a clinoptilolite tuff was ground, and certain fractions of grain size less than
14 um were selected, washed with distilled water, and then dried. In this way, the CL-0 form
was obtained. The hydrogen form of clinoptilolite (CL-H) was synthesized by treating the CL-
0 form with a 1 mol/L solution of hydrochloric acid for 8 hours in a water bath at 90 °C. After
modification, the samples were thoroughly washed with distilled water until a negative test for
chloride ions was reached and then dried in air. The absence of chloride anions was monitored
with a 1% aqueous solution of silver nitrate.

To prepare the CPC-modified clinoptilolite samples, 5.0 g of the clinoptilolite CL-0 or
CL-H were mixed with the 200 mL of CPC solution (1.0 mmol/L, or 5.0 mmol/L, or
10.0 mmol/L). The resulting suspension was stirred overnight, and the final precipitate was
filtered with a water pump on a Buchner funnel. The filter residue was washed with two 20 mL
portions of double distilled water to separate weakly bound CPC molecules. The obtained CPC-
modified clinoptilolites and their code names are presented in Table 1.

Table 1. CPC-modified clinoptilolite samples: preparation and code names.

Sample Preparation

CL-0 powder of natural clinoptilolite with a size diameter < 100 um
CL-0-CPC-1 CL-0 treated with 1.0 mmol/L CPC solution
CL-0-CPC-5 CL-0 treated with 5.0 mmol/L CPC solution
CL-0-CPC-10 CL-0 treated with 10.0 mmol/L CPC solution

CL-H CL-0 treated with 1 mol/L HCI at 90 °C for 8 hours
CL-H CPC-1 CL-H treated with 1.0 mmol/L CPC solution
CL-H CPC-5 CL-H treated with 5.0 mmol/L CPC solution
CL-H CPC-10 CL-H treated with 10.0 mmol/L CPC solution

2.4. Antibacterial activity preparation.

The antimicrobial activity of the CL-0-CPC-10 and CL-H-CPC-10 samples was
determined against clinical isolates of S. aureus, C. albicans, E. coli, K. pneumonia, and P.
aeruginosa. Specified microorganisms were isolated from the patients with chronic generalized
periodontitis and identified using bacterioscopical, bacteriological, and biochemical methods.
Since the CL-0-CPC-10 and CL-H-CPC-10 substances are insoluble in water, the study was
performed according to the following scheme: in Eppendorf tubes with a volume of 2 mL,
different portions of test substances (100, 50, 25, and 10 mg) were made. Next, a standardized
inoculum of microorganisms was prepared (daily agar cultures, adjusted to a turbidity standard
of 0.5 according to McFarland and diluted 100-fold), which was added in a volume of 0.5 mL
to each tube.

Next, the contents of the tubes were thoroughly mixed and incubated in a thermostat at
37 °C for 24 hours. The growth of microorganisms in test tubes was determined by reseeding
their contents (0.05 mL) on solid nutrient media in Petri dishes with nutrient agar. The growth
intensity on Petri dishes was measured in four degrees: "I" — the absence of growth; "11" — poor
growth (1-30 colonies); "llII" — abundant growth (many distinguished colonies); "IV" —
https://biointerfaceresearch.com/ 30f 12
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continuous growth of microorganisms. Control tubes contained 0.5 mL of microbial inoculum
without test substances. Additionally, the antimicrobial activity of zeolites CL-0 and CL-H in
the amount of 100 mg was studied.

3. Results and Discussion

3.1. Composition and structure of CPC-clinoptilolite samples.

The elemental analysis of the synthesized CPC-clinoptilolite samples was performed in
triplicate by using an Elementar VVario MICROcube automatic CHNS-analyzer. The obtained
average values are summarized in Table 2. As can be seen, none of the samples contains the
sulfur element, which is some kind expected. Analogously, no nitrogen was identified in the
samples, which is unexpected at first glance. However, we should mention that the calculated
nitrogen content in a CP cation is only 4.60%. The nitrogen content became indeterminate in
the case of low CP-content association with the clinoptilolite. The hydrogen content is not too
informative, as this parameter is sensitive to the storing conditions, primarily moisture and
temperature.

On the other hand, the carbon content is the most reliable parameter for estimating the
composition of the formed CPC-clinoptilolite samples. Using a more concentrated CPC
solution leads to an increased carbon content (and, therefore, a CP cation content) in the target
samples, which is reasonably expected. And which was less expected is the less carbon content,
and thus CP cations, in the case of acidic forms of the clinoptilolite CL-H. At first, it was
suggested that the ionic exchange would be preferable in the case of acidic form. However, the
anionic matrix of clinoptilolite contains the tetrahedral aluminate AlO4 fragments that
determine the cation-exchange properties of zeolites. These aluminate fragments are acid-
sensitive and can be destroyed by the action of acid, which decreases the ability of zeolite to
associate with cations. This assumption was confirmed by the Si/Al-elemental analysis made
in the previous work [27], where authors have shown that the treatment of zeolite with
hydrochloric acid leads to a decrease in aluminum content and thus the number of anionic
centers, which can take place in ion exchange decreases also.

Table 2. Elemental analysis of CPC-clinoptilolite samples.

C, % H, %
CL-0 0.00 1.85
CL-0-CPC-1 0.99 0.79
CL-0-CPC5 1.72 1.04
CL-0-CPC-10 1.87 0.92
CL-H 0.00 058
CL-H-CPC-1 0.80 0.78
CL-H-CPC5 1.07 0.81
CL-H-CPC-10 114 0.88

Normalized FTIR spectra of the CL-0 series are presented in Figure 1. There is no
considerable difference between the spectra, except in the region of 2800-3000 cm™, where
the C—H vibrations are observed. The peaks at 780 and 800 cm™ correspond to the Al/Si-O
symmetric stretching; a wide and very intense region of 917-1210 cm with a maximum at
1032 cm™? corresponds to the asymmetric Al/Si—O stretching. A wide signal at 1632 cm™ is
caused by the chemically bounded water molecules' H-O-H bending. A wide depth at
3615 cm™ is due to water molecules' symmetric and asymmetric O—H stretching.

https://biointerfaceresearch.com/ 4 of 12


https://doi.org/10.33263/BRIAC134.348
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC134.348

The peaks at 2848 cm™ and 2916 cm™ correspond to the symmetric and asymmetric
C—H stretching vibrations of the cetyl chain of the CP cation. It is clear that the peak intensity
of C—H vibrations increases with an increase in the CPC solutions' concentration.

FTIR spectra of the CL-H samples are shown in Figure 1 (b-e). Similarly to the CL-0
series, the vibrations related to the Al/Si—O and O—H stretching are clearly observed in the CL-
H samples. The cetyl chain C—H stretching vibrations are observed as two peaks at 2856 cm™
and 2924 cm 1. Analogously to the CL-0 series, there can be tracked that the peak intensity
depends upon the concentration of a CPC solution used for the treatment of starting
clinoptilolite.
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Figure 1. (a) FTIR spectra of CPC monohydrate and normalized FTIR spectra of (b) CL-H, (c) CL-H-CPC-1,
(d) CL-H-CPC-5, (e) CL-H-CPC-10, (f) CL-0, (g) CL-0-CPC-1, (h) CL-0-CPC-5, and (i) CL-0-CPC-10. A
region of 2600-3200 cm-1 is zoomed in on the inset.

To better understand the interaction of clinoptilolite with the CP cation, the analysis of
the size of pores in the clinoptilolite structure and the size of the CP cation should be analyzed.
Figures 2a-b show the sizes of the most important channels in the clinoptilolite structure.
Moreover, the dimensions of the CP cation obtained from the X-ray single-crystal structure
were considered [28] (Figure 2c). At first glance, it can be supposed that the CP cation can fit
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into the clinoptilolite structure via the relatively large 12-ring pores. However, the effective
pore size of the zeolite excludes molecules larger than ~4 A [29]. This can be explained by the
non-zero van der Waals radius of atoms, which significantly reduces the effective interatomic
distances and, thus, the pore size. At the same time, the size of the pyridinium "hydrophilic
head" in the CP cation should be increased by at least the radius of hydrogen atoms, which can
be taken as 1.09-1.20 A [30]. In such a case, the radius of the CP head can be considered as
about 8 A, which is twice the size of the effective pore size. Considering all the above, we have
concluded that the CP cations should be associated with the clinoptilolite on its surface rather
than be embedded in its anionic matrix. This allows us to suggest that the CPC-clinoptilolite
compounds can be suitable transporting/conservation forms of the CP cation. Considering the
well-known antibacterial activity of the cetylpyridinium compounds, in the next stage of our
study, it was decided to analyze the activity of the synthesized CPC-clinoptilolite samples
against various pathogenic microorganisms.
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Figure 2. (a) General view of the clinoptilolite lattice from the a side; (b) general view of the clinoptilolite
lattice from the c side; (c) general view of the cetylpyridinium cation. The interatomic distances are given in A,

The curves of the differential thermal analysis (DTA) of the CL-0 and CL-0-CPC-10
samples are present in Figure 3. The DTA results have shown that the most considerable effects
are related to the elimination of the water molecules, which can be divided into three different
types. Physically bound water is removed first, corresponding to the endothermic effect at
73 °C. Water molecules bounded to the non-frame cations and aluminum can be removed in
the temperature range of 100-400 °C. The water molecules of silanol surface groups "hydroxyl
water" are removed at about 540 °C. The lack of a clear CPC melting endothermic effect can
be explained by its overlay with the water extraction effects. The notable endothermic effect at
354 °C in the case of the CL-0-CPC-10 sample corresponds to the CPC decomposition, whereas
the exothermic effect at 799 °C should be attributed to the combustion of the CPC
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decomposition products. It should also be highlighted that after the DTA experiment, the mass
of the CL-0 and CL-0-CPC-10 samples have been reduced by 11.6% and 13.4%, respectively.
This fact additionally testifies to the adsorption of CPC onto zeolite. The difference between
the mass losses equals 1.8%, which perfectly matches the elemental analysis data.

heating

A

799

exothermic

Differential temperature

endothermic

200 400 600 800

200 400 600 800
Temperature (°C)
Figure 3. DTA curves of CPC monohydrate (blue line), CL-0 (black line), and CL-0-CPC-10 (red line).

Experimental powder patterns are shown in Figure 4. The phase analysis was performed
by comparison of the experimental and available in the diffractometer's database cards. The
phase content of the investigated samples corresponds to the mineral clinoptilolite. The
diffraction patterns of the initial zeolite (CL-0) and modified ones (CL-0-CPC-10, CL-H, CL-
H-CPC-10) are similar. This indicates that chemical treatment of natural clinoptilolite does not
lead to changes in the crystal structure. Also, it is observed that the acid treatment of zeolite
(CL-H, CL-H-CPC-10) leads to a slight increase in intensity due to the dissolution of fine
fractions from pores. The peak intensity of CL-H-CPC-10 is less than for CL-H, which can be
explained by the adsorption of CP on the surface of clinoptilolite.

The absence of the characteristic intensive peaks of CPC (Figure 4e) at ~6°, ~16°, and
~19° in the powder patterns of CL-0-CPC-10 and CL-H-CPC-10 testifies the absence of the
CPC crystalline phase in these samples. In combination with the FTIR analysis, it justifies the
idea of the adsorption of the cetylpyridinium cations on the surface of clinoptilolite rather than
the formation of a mechanical mixture of clinoptilolite and CPC.
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Figure 4. Powder patterns of investigated zeolite samples: CL-0 (a), CL-0-CPC-10 (b), CL-H (c), CL-H-CPC-
10 (d), CPC monohydrate (e).

3.2. Antibacterial activity of CPC-clinoptilolite samples.

Figure 5 shows the plot of the antibacterial action of CPC-clinoptilolites against five
microorganisms strains (C. albicans, S. aureus, E. coli, K. pneumonia, and P. aeruginosa) after
cultivation with different quantities of the CL-0/H-CPC-10 substance, as well as with the CL-
0 and CL-H clinoptilolites and without any additives (control). The percentage of growth was
calculated as the ratio between the area of bacteria growth and the initial agar medium seeded
area multiplied by one hundred. As the E. coli, K. pneumonia, and P. aeruginosa bacteria were
less sensitive to the CPC-clinoptilolites, the experiments with pure zeolites were omitted for
these microorganisms. An example of Petri dishes after reseeding C. albicans and S. aureus is
presented in Figure 6.

It was found that the studied substances showed pronounced antimicrobial activity
against some microorganisms. Thus, 10 mg of CL-0-CPC-10 only slightly inhibited the growth
rate of the studied strain of C. albicans, manifested by a decrease in growth rate compared with
the control. Pure clinoptilolite CL-0 doesn't show antimicrobial activity — the growth identical
to control was observed. In turn, the CL-0-CPC-10 substances in the amount of 25, 50, and 100
mg almost completely inhibited the growth of yeast-like fungi C. albicans (also see Figure 6a).
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Figure 5. Antibacterial action of CPC-clinoptilolites. Percentage of growth area after reseeding: 1 — control, 2 —
100 mg of pure CL-X zeolite, 3 — 10 mg of CL-X-CPC-10, 4 — 25 mg of CL-X-CPC-10, 5 — 50 mg of CL-X-
CPC-10, 6 — 100 mg CL-X-CPC-10, where, X can be 0 (a) of H (b). | — the absence of growth; Il — poor growth
(1-30 colonies); 11l —abundant growth (many distinguished colonies); IV — continuous growth of
microorganisms.

From Figure 5b, it is clear that the pure CL-H zeolite, as well as 10 mg of CL-H-CPC-
10, inhibit the growth of C. albicans only partially, while the increase of the amount of CL-H-
CPC-10 to 25 mg or more leads to the complete inhibition of the growth of the studied strain
of C. albicans. Figure 6b shows the growth of C. albicans after cultivation with the CL-H-CPC-
10 sample.

Significant inhibition of S. aureus growth should be noted when cultivated with the CL-
0-CPC-10 substance already in the amount of 10 mg (Figure 5a). When cultured in test tubes
with the CL-0-CPC-10 quantities of 25-100 mg, the growth of the studied strain of S. aureus
was completely inhibited. When cultivated with the pure zeolite CL-0, the growth rate of S.
aureus was similar to the control (Figure 6c).

Figure 6. Antibacterial action of CPC-clinoptilolites. Growth of C. albicans (a, b) and S. aureus (c, d) on Petri
dishes after reseeding: 1 — control, 2 — 100 mg of pure CL-X zeolite, 3 — 10 mg of CL-X-CPC-10, 4 — 25 mg of
CL-X-CPC-10, 5 - 50 mg of CL-X-CPC-10, 6 — 100 mg CL-X-CPC-10, where, X can be 0 (a,c) or H (b,d).

From Figure 5, the CL-H-CPC-10 substance is less active against S. aureus as compared
to the CL-0-CPC-10 substance. Thus, only after the cultivation with CL-H-CPC-10 in
quantities of 50 and 100 mg was the growth of S. aureus completely inhibited, while in the
case of 10 and 25 mg of CL-H-CPC-10, the growth was only partially inhibited. The acidic
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form of clinoptilolite CL-H did not show antimicrobial activity against S. aureus. Figures 6d
show the growth of S. aureus after cultivation with different amounts of the CL-H-CPC-10
sample.

Identical studies were performed on bacteria E. coli, K. pneumonia, and P. aeruginosa.
In the case of E. coli, it should be noted that at different quantities of CL-0-CPC-10, the growth
of E. coli is not inhibited completely but only partially suppressed. However, the CL-H-CPC-
10 sample in the amount of 100 mg showed an antimicrobial effect on the studied E. coli strain.
In the case of K. pneumonia and P. aeruginosa bacteria, the lack of antimicrobial effect was
noted even when using CL-0-CPC-10 or CL-H-CPC-10 at an amount of 100 mg. Also,
clinoptilolites CL-0 and CL-H were not studied as antimicrobials against E. coli, K. pneumonia,
and P. aeruginosa, as these were not active against first studied C. albicans and S. aureus.

The presence of the cetylpyridinium cations has determined the antibacterial activity of
the synthesized composites. The preferential antibacterial activity of the prepared composites
matches other studies' results, where pure, unmodified CPC was explored [31-33].

4. Conclusions

The treatment of powdered clinoptilolite from the Sokyrnytsia deposit (Transcarpathian
region, Ukraine) with aqueous solutions of cetylpyridinium chloride leads to the adsorption of
the cetylpyridinium cation on the surface of the clinoptilolite samples. This was confirmed by
the elemental analysis, FTIR spectra analysis, and DTA. No structural changes in the
clinoptilolite framework were observed by means of the XRD analysis.

According to the microbiological studies, it can be stated that the CL-0-CPC-10 and
CL-H-CPC-10 substances showed a pronounced antimicrobial effect against the studied
isolates of Staphylococcus aureus and Candida albicans. However, only at a high amount
(about 100 mg) the samples CL-0-CPC-10 and CL-H-CPC-10 showed a medium and high
antibacterial effect against Escherichia coli; no antimicrobial activity was detected against the
studied strains of K. pneumonia and P. aeruginosa. It was determined that acid treatment of
clinoptilolite has almost no effect on the antibacterial activity of clinoptilolite-cetylpyridinium
associates. In all cases, the antibacterial action is conditioned by the presence of the
cetylpyridinium cation in the "clinoptilolite-cetylpyridinium™ associates. Although the
untreated zeolite and its acid form do not show an antibacterial effect, they can effectively act
as a matrix for CP, which was demonstrated by our results.
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