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Abstract

Ag*, Cu* or Ag*-Cu* ion-exchanged nitrate-sodium cancrinite-type zeolites were tested as bactericidal agents
against Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa). Nitrated-sodium cancrinite was synthesized
using solutions of NaOH and NaNO,, and using zeolite X as Al and Si sources under hydrothermal conditions at 80 2C and
autogenous pressure during 40 h. Solids were characterized by powder X-ray diffraction (XRD), Fourier transformed infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM) and chemical analysis. Then, different masses of these ion-
exchanged zeolites were mixed with the microorganisms. Results showed that E. coli was more sensitive than P, aeruginosa,
and 2.5 mg of Ag* or Cu?**-Ag* cancrinites were enough to inhibit the E. coli growth, while for P. aeruginosa larger amounts of
Ag® (5 mg) and Ag*-Cu?®* (20 mg) of the cancrinites were necessary. Cu-zeolites did not show bactericidal activity. Different
treatments times between these microorganisms and the modified zeolites were also investigated. A 20 min treatment was
enough to inhibit totally the bacterial growth. As a reference system zeolite A exchanged with these metals was used.

Keywords: nitrate cancrinite, silver, antibacterial, E. coli, P. aeruginosa.

Propiedad antibacteriana de zeolitas tipo cancrinita
intercambiadas con iones plata y cobre

Resumen

Se estudiaron zeolitas tipo cancrinita sédica-nitrada intercambiadas con Ag*, Cu** o Ag*Cu®* como agentes
bactericidas contra Escherichia coli (E. coli) y Pseudomonas aeruginosa (P. aeruginosa). La zeolita sédica-nitrada fue
sintetizada utilizando soluciones de NaOH, NaNO,, y zeolita X como fuente de Al y Si en condiciones hidrotérmica, 80 °C,
presion autégena durante 40 h. Los sélidos fueron caracterizados por difraccién de rayos X de polvo (DRX), espectroscopia
de infrarrojo con transformada de Fourier (FT-IR), microscopia electrénica de barrido (MEB) y andlisis quimico. Diferentes
masas de zeolitas intercambiadas fueron puestas en contacto con estos microorganismos. Los resultados mostraron que
la E. coli es mas sensible que la P aeruginosa y 2,5 mg de la cancrinita intercambiada con Ag* o Ag*-Cu?* fue suficiente para
controlar la poblacién completa del microorganismo. Sin embargo para controlar la poblacién de la P aeruginosa, se necesité
una cantidad mayor de la cancrinita modificada Ag* (5 mg) y Ag*-Cu®* (20 mg). Las zeolitas intercambiadas con cobre no
presentaron actividad bactericida. Se estudié el efecto de diferentes tiempos de contacto entre estos microorganismos y
las zeolitas modificadas; encontrandose que a los 20 minutos un efec to bactericida. Zeolitas A intercambiadas con estos
mismos metales fueron usadas como referencia.

Palabras claves: nitrato-cancrinita, plata, antibacterial, E. coli, P. aeruginosa.
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Introduction

Cancrinites are special zeolites conformed by
small cages (g-cages) distributed in a hexagonal structure
and a big channel of 12 rings along the direction of the
hexagonal c axis of the structure, forming one-dimension-
al rectilineous channels along this axis. Access to these
channels occurs through windows formed by 12 member
rings [1]. Usually, anionic species such as: nitrate, sulfate,
oxalate, thiosulfate, etc., are found inside of the big chan-
nel of the structure compensating the positive charge gen-
erated by sodium cations placed in the g-cages [2-4]. Due
to the blocking of pores by anions inside of the cancrinite’s
structure, few pharmaceutical or industrial applications
have been reported in the literature [5-7].

Sodium-zeolite, per se, do not have bactericide ef-
fect but several ion-exchanged cations in its structure are
active as bactericidal agents. Due to the fact that cancrin-
ite-type zeolites show a Si/Al ratio close to 1, they could be
good candidates to be exchanged with cations such as Ag*
or Cu** which are recognized antibacterial agents.

Likewise, Rivera-Garza [8] studied a mexican
natural zeolite (clinoptilolite-heulandite) exchanged with
different Ag* proportions. These modified zeolites were
tested as antibacterial agents in contaminated waters with
Escherichia coli and Streptococcus faecalis. Results showed
that both bacteria could be eliminated at the highest used
silver amount after 2 h of contact time.

Milan [9] modified natural clinoptilolites with
different heavy metals (Ni%*, Zn?*, Fe** and Cu?*). These
zeolites were tested on pure cultures of E. coli and P
aeruginosa. Results established a decreasing order of the
bactericidal capacity being Cu**>Fe*">Zn?">Niz*

Otherwise, Inoue [10] found that silver-loaded
zeolites had a strong bactericidal activity against E. coli.
Dissolved oxygen in the culture medium was an essential
factor for the occurrence of the bactericidal activity
because it was only observed under aerated condition.

Other zeolites and cations have also been used in
medical applications [11, 12], environmental management
in shrimp aquaculture [13] and bactericidal agents for
water disinfection [14, 15]; however, cancrinite-type
zeolites have been few mentioned for this last purposes
[16, 17], basically because they have a low ion-exchange
capacity. Their low ion-exchange capacity is due to the
blocking of pores by anions inside of the main channels.
However, this can be profitable taking into account that
several cations, such as silver, can act as bactericide even
at low concentrations. Therefore, it could reduce the
reactant amount and avoid environmental troubles.

Although zeolites act as metal carriers they do
not show per se antibacterial effects. The metallic load
depends on the Si/Al ratio: zeolites A and X have a high

exchanged capacity because their Si/Al ratio is closed to
1; cancrinite-type zeolites have a Si/Al ratio close to 1
also, but they have a low exchanged capacity, this could be
interesting because these antibacterial metals act at low
concentrations saving costs and avoiding damages to the
environment.

The aim of this paper was to modify cancrinite-
type zeolites with silver, copper, and a silver-copper
mixture and then test them as possible antibacterial agents
against E. coli and P. aeruginosa. Likewise, an exchanged
zeolite A with the same cations was also used as reference.
Antibacterial properties of these solids depend on the Si/
Al ratio which is the same for both zeolites.

Experimental Section
Synthesis of sodium-nitrate cancrinite

A nitrate cancrinite-type zeolite was synthesized
according to the previously reported procedure [18]: 7.5
g NaNO, were dissolved into 50 mL of distilled water in a
teflon reactor. Then, 10 g NaOH were added and dissolved
and finally 5 g zeolite X were also added to this solution
forming a slurry. This reactor was sealed and put in a
convection oven at 80 2C for 110 h. Samples were filtered
and washed with enough distilled water until a pH near 7.

Ion-exchange procedure

The synthesized nitrated-sodium cancrinite was
ion-exchanged with silver, copper and a mixture of silver-
copper cations. 15 mL of solution (0.02M) of Ag*, Cu?** or
and Ag*-Cu? mixture were added to 5 g of sodium-nitrate
cancrinite forming a slurry. This slurry was agitated at
80 2C for 24 h in nitrogen atmosphere in the absence of
light. The slurries were filtered off and supernatants were
discarded. The filtered solids were kept for a new ion-
exchange. This procedure was repeated three times. After
that, solids were washed up with abundant distilled water,
filtered and dried for 110 h at 80 °C.

Characterization of modified cancrinites

Ion-exchanged cancrinites with Ag*, Cu?* and
a Ag'-Cu? mixture were characterized by powder-X-ray
diffraction (XRD), Fourier transformed infrared spectros-
copy (FT-IR), chemical analysis and scanning electron mi-
croscopy (SEM).

XRD analyses were carried out by using a Sie-
mens 5000 difractometer with a CuKa radiation (1.542
A) for crystalline phase detection between 5 and 502 (26).
The presence of functional groups and evaluation of sol-
ids purity were achieved by FTIR; spectra were recorded
in a Perkin-Elmer 283 spectrometer in the 4000-400
cm™ range. Samples were prepared by mixing the solids
with KBr to form a thin pastille. The morphology of the
products was observed on a Hitachi FEG-4500 scanning
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electron microscope (SEM) with 10 KeV of acceleration.
Samples were dispersed over a conductive surface and
covered with a thin gold film.

Assay of bactericidal activity

E. coli and P, aeruginosa were used to assess the
bactericidal activity of Ag*, Cu** and Ag*-Cu?* modified can-
crinites and zeolites A. These bacteria were collected from
the Department of Microbiology (University of Carabobo).
Brain-heart infusion was used as an aerobic growing me-
dium for both microorganisms at 35 2C. Once microorgan-
isms reached the exponential growing phase of cultures
(after 18 h), an aliquot of this suspension was diluted in
a Mueller-Hinton culture medium to get approximately
1.5x10°8 units of colonies per plate (CFU). Then, 0.001 mL
from this suspension was inoculated in 9.999 mL of Muel-
ler-Hinton culture medium to get a 1x10* dilution factor
(1.5 x10° CFU). In order to determine the CFU, 100 pL
from this medium were spread on a Mueller-Hinton agar
plate and incubated at 35 °C for 24 h [19].

Influence of zeolite mass

Among 2.5 and 125 mg of modified zeolites were
mixed with 2 mL from a 10* diluted solution containing E.
coli or P. aeruginosa. Samples were horizontally agitated
for 6 h and then, slurries were kept in static condition
for 24 h. After that, an aliquot of 100 pL, was spread on a
Mueller-Hinton agar plate and incubated at 35 °C for 24 h.
Finally, the CFU was determined after contact with modi-
fied zeolites.

Influence of contact time

To study the contact time among modified zeo-
lites and the microorganisms 5 and 20 mg of modified
zeolites were mixed with 2 mL of a 10* diluted solution
containing E. coli or P aeruginosa.

Samples were horizontally agitated during dif-
ferent contact times (14-1440 min), and aliquots of 100
uL were spread on a Mueller-Hinton agar plate and incu-
bated at 35 °C for 24 h. Finally, the CFU was determined
for each contact time.

Results and discussion

Characterization of sodium-nitrate cancrinite

XRD analysis (Fig 1) showed reflections attrib-
uted to the nitrated-cancrinite zeolite that were consis-
tent with the P63 spatial group [20]. This diffraction pat-
tern shows intense peaks corresponding to (110), (101),
(210), (300), (211), (400), (311), (102) and (330) planes
which are representatives of the nitrated-cancrinite zeo-

lites (PDF 46-1332) [21, 22]. Other phases such as sodalite
were not present in the synthesized sample.
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Figure 1. XRD pattern of nitrate-sodium cancrinite-
type zeolite.

Fig. 2 shows the FTIR spectrum of the synthesized
cancrinite-type zeolite. A series of characteristic bands
could be identified [23, 24]: A band between 3500
and 3400 cm corresponds to OH- groups from water
molecules entrapped inside of the framework. While the
band at 1639 cm™ corresponds to water molecules inside
of the framework.
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Figure 2. FT-IR spectrum of sodium-nitrate cancrinite-
type zeolite.

A band at 1424 cm® was assigned to occluded
nitrate anions as counter-anion in the internal cavities of
the cancrinite zeolite. Bands in the region between 1122
and 974 cm™ have been assigned to Si-O-Al asymmetric
stretch vibrations of framework species. Three bands
between 687 and 574 cm’, called “cancrinite fingerprint”
correspond to Si-0-Al symmetric stretch vibration bonds.

SEM analysis of the synthesized zeolite showed
the presence of small hexagonal prismatic crystallites
(~2 pm) of cancrinite zeolite (Fig. 3). These prismatic
crystallites correspond to the cancrinite zeolite in
agreement with Barnes [25].
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Figure 3. SEM of nitrate-sodium cancrinite type zeolite.
Typical hexagonal crystals can be observed.

The Si/Al ratio and formula of zeolites were
determined by chemical analyses (Table 1). A Si/Al ratio =
1 was obtained for both zeolites (cancrinite and zeolite A)
which agree the revised literature [1].

This Si/Al ratio was higher for the cancrinite
zeolite than for the zeolite A. Experimental errors could
be associated to these results. A similar Ag* and Cu?*ion-
exchange amount was obtained for both zeolites. These
results allowed a better comparison for these solids when
they were used as antibacterial materials. The amount of
exchanged Ag was superior to that of Cu. These results are
associated to the cation oxidation state. For each Al3* ion
from the Al-0-Si zeolite framework as possible to exchange
one Ag* cation while two AI** were replaced for one Cu*
ions in order to get the neutrality of the framework.
Likewise, the metal ion-exchanged percentage (Ag* or
Cu**) was very low. This result is due to the blocking of the
pores in the cancrinite zeolite and the small pore size of
the zeolite A structure as was previously mentioned [1].

Influence of zeolite mass on the bacterial strains.
Escherichia coli

Tables 2 and 3, shows the CFU of E. coli and P.
aeruginosa determined on Mueller-Hinton agar plates
before and after contact with different amounts of
modified cancrinite zeolite or zeolite A. Results showed
that those ion-exchanged zeolites with Ag* or Ag*-Cu®*
were more effective than those exchanged with Cu?. 2.5
mg of these modified Ag* zeolites were enough to kill
the whole bacteria population after 24 h of contact (Fig
4a); while 50 mg or more (125 mg) of Cu? modified
zeolites were not able to control the proliferation of E.
coli. It is probably that, at the assayed concentrations, the
presence of Cu?* cations does not have effect against E.
coli population (Fig 4b). Ag* and Cu?®* cations have been
reported as antibacterial materials [8, 9]

Figure 4. a) Bacterial growth on the agar plates con-
taining 2.5 mg of Ag zeolites, after 24 h incubation b) 50
mg of Cu®* modified zeolites, after 24 h incubation.

However, several microorganisms show an
increasing tolerance to copper, which is induced by
resistance mechanisms, where copper resistant species
appear [9]; moreover, low Cu?* concentrations in the
culture medium are also necessary as a micronutrient for
bacteria [19]

According to our results, Cu? cations, from Cu-
loaded zeolites, do not have effect against E. coli or, on the
contrary, helps the vitality of this organism. Likewise, Ag*
cations were very effective against this organism even in
presence of Cu?* cations which, according to our results,

Table 1. Chemical analysis of the exchanged zeolites, chemical formula and exchange percentage.

Solids Empirical formula %Ag(p/p) % Cu(p/p) Si/Al
ZA-Ag/Cu Na91 06Ag,, Cuy Al Si O, 1.3 £0.1 0.57 £0.06 1.03
ZA-Cu g, 0sC AL, 1,810 00 O, 0.69 +0.02 1.04
ZA-Ag Na, Ag, Al 808197 % O384 1.3 £0.1 1.03
Can-Ag Na, _Ag Al Si ., %, (NO,), 1.5 £0.2 1.12
Can-Ag/Cu Na, Ag, 16Cu007A1560 64002, (NO,), 1.6 £0.1 0.74 £0.07 1.14
Can-Cu Na, ,Cu, Al _Si O, (NO,), 0.83 £0.06 1.15

ZA: zeolite A. Can: cancrinite
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Table 2. CFU of E. coli determined on Mueller-Hinton
agar plates before and after contact with different
amounts of modified cancrinite zeolite or zeolite A.

Modified CFU Zeolite N° UFC

zeolite initial (mg) (24h)
77 2.5 0
Can-Ag 77 5.0 0
77 10.0 0
19 2.5 0
Can-Ag/Cu 19 5.0 0
19 10.0 0
64 50.0 U
Can-Cu 64 75.0 U
64 100.0 U
64 125.0 U
106 2.5 0
A-Ag 106 5.0 0
106 10.0 0
48 2.5 0
A-Ag/Cu 48 5.0 0
46 10.0 0
47 50.0 U
47 75.0 U
A-Cu 47 100.0 8]
47 125.0 U

U: uncountable

could be considered as essential microelements. Ag*
ions can polarize thiol, nitrogen and oxygen groups from
proteins producing the precipitation and irreversible
inhibition of enzymes and others important proteins.
The deactivation of these enzymes produces the death
of these bacteria [26, 27]. On the other hand, Cu is a
bacterial nutrient, required as a cofactor by enzymes
that catalyse electron transfer processes, for instance in
aerobic and anaerobic respiration. To date, the inward
flow of this metal ion as a nutrient and its insertion into
target cuproenzymes has been reported [28]. Without
these transition metal cations, a sophisticated cellular
biochemistry is not possible. As a consequence, Cu?* has to
be imported into the bacterial cytoplasm [29].

The metallic concentration is an important factor
when a bactericide should be evaluated due to its cost and
environmental impact. The Ag content in zeolites such as
clinoptilolites, A and X is relatively high (16.6 and 31.4 %
w/w respectively) [8, 30] in comparison to cancrinites
(1.5% w/w). This represents an important saving of Ag
and is ecofriendly due to the Ag content must be monitored
in water bodies according to Venezuelan normative [31].

On the other hand, no difference was observed
in the antibacterial activity between modified cancrinite-
type zeolite and zeolite A. Antibacterial properties of
these solids depend on the Si/Al ratio which is the same
for both zeolites.

Pseudomonas aeruginosa

Antibacterial assays were also carried out
using P. aeruginosa. This microorganism is frequently
responsible of microbial contaminations in hospitals.
Table 3 reports results using different amounts of Ag*
or Ag*-Cu2* modified cancrinites and zeolites A. The Cu
modified solids were not assayed because they were not
effective against E. coli which is a microorganism much
more sensible to antibacterial agents than P. aeruginosa.
Results showed an important antibacterial effect using
cancrinites modified with Ag*. 5 mg were enough to
reduce to zero the bacteria population while 20 mg were
necessary for the rest of modified zeolite to reach the
same result. These results showed that this bacterium is
more resistant to antibacterial action than E. coli, probable
due to its cellular wall which is much thicker than E.
coli. Contrary to the results obtained with Ag* modified
cancrinite, Ag* modified zeolite A was less effective against
P. aeruginosa. These results could be attributed to a low
liberation of Ag* cation from zeolite A in comparison
with modified Ag® cancrinite. The Ag*-Cu2* modified
zeolites showed a less effectiveness than the modified Ag
cancrinite. The presence of Cu?* cation could be helping
in the development of this microorganism due to its
importance as an essential microelement.

Table 3. CFU P. aeruginosa determined on Mueller-Hinton
culture medium agar plated before and after contact with
different amounts of modified cancrinite zeolite or zeolite A.

Modified CFU Zeolite N° UFC
zeolite initial (mg) (24h)
169 5.0 0
Can-Ag 169 10.0 0
169 20.0 0
361 5.0 U
153 10.0 1058
Can-Ag/Cu
164 20.0 0
361 5.0 U
A-Ag 153 10.0 1216
164 20.0 0
361 5.0 U
A-Ag/Cu 153 10.0 U
164 20.0 0

Effect of the contact time
U: uncountable
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Tables 4 and 5 shows the relationship between
the CFU and the contact time using E. coli and P. Aeruginosa.
2.5 mg (E. coli) and 20 mg (P. aeruginosa) of modified
zeolites were used for these experiments, because they
were the minimal amounts of solids that inhibited the
bacterial

The contact time was varied between 14 min and
4320 min for E. coli while for P aeruginosa ranged between
10 min and 1440 min. Table 4 shows an antibacterial
effect almost instantaneous against E. coli and a contact
time of 20 min is enough to bring down to zero the content
of viable cells. These results are interesting, taking into
the account that the studied solids showed bactericidal

activity not only at short time incubations but at long time
treatments (three days: 4320 min).

A less value of CFU is observed in Ag-modified
zeolites in comparison to those containing Ag* and Cu?*.
As we have explained before, Cu?** can act as an essential
microelement in the nutrition of these microorganisms.

Similar results were obtained using P. aeruginosa.
In this case, 20 min were also enough to kill the bacterial
population, however a larger amount of modified zeolites
had to be used (20 mg). Evidently, this bacterium is
more resistant to the assayed solids than E. coli as it was
explained before.

Table 4. Effect of time in population growing of E. coli.

E. coli
Time CFU Can-Ag/Cu Can-Ag A-Ag/Cu A-Ag
(Min). initial CFU CFU CFU CFU
0 92

14 225 107 15 117 6
20 250 0 0 0 0
40 494 0 0 0 0
60 466 0 0 0 0
80 722 0 0 0 0
1440 U 0 0 0 0
1800 U 0 0 0 0
2480 U 0 0 0 0
4320 U 0 0 0 0

U: uncountable

Table 5. Effect of time in population growing of P. aeruginosa.

P. aeruginosa

Time CFU Can-Ag/Cu Can-Ag A-Ag/Cu A-Ag
(min.) initial CFU CFU CFU CFU
0 240

10 359 6 9 1 3
20 369 0 0 0 0
65 653 0 0 0 0
107 800 0 0 0 0
167 820 0 0 0 0
1440 U 0 0 0 0

U:uncountable
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Conclusions

Sodium-nitrate cancrinite and zeolite A were
ion-exchanged using: Ag*, Cu?* and a Cu?*-Ag* mixture. Ag*
and Cu?*-Ag+zeolites showed bactericidal action against
E. coli and P. aeruginosa using low Ag concentrations (5
mg) and short contact time (20 min). Ag* binds to tissue
proteins and brings structural changes in the bacterial
cell membranes and cytosolic components leading to
cellular distortion and death. Cu2* zeolites did not show
bactericidal activity, and they did not modify the growth of
the reference bacterial cultures. Cu is a bacterial nutrient,
required in cellular biochemistry of bacteria and in small
quantities it acts as a trace element in the metabolism
of the bacteria, the bactericidal effect was not observed
under the used experimental conditions.
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