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Abstract: Aluminosilicate zeolites contain non-framework cations (usually Na*) in their
pores that can be exchanged with other monovalent or divalent metal ions. In this study,
two types of zeolites; zeolite Y and zeolite ZSM-5 that have different Si/Al ratios and
different pore diameters, were synthesized and characterized by XRD, XRF, SEM and
specific surface area measurements. Each zeolite was loaded individually by each one of
the following ions: Ag*, Cu®* or Zn®*. The highest loading capacity was found for Ag* on
both zeolites. The Ag*-loaded zeolites exhibited the highest antimicrobial activity and Zn**
has the lowest effect, for both types of zeolites and against both types of microorganisms
Escherichia coli and Staphylococcus aureus. Ag*-loaded zeolites could be considered as

potential formulations for antimicrobial applications.
Keywords: Zeolite Y, Zeolite ZSM-5, Antimicrobial activity, Ag*, Cu®*, Zn?".

Introduction

Aluminosilicate zeolites are microporous
minerals that have large surface area and high
thermal stability™. They have a three-
dimensional crystalline structure consisting of
Si0, and AIlO, tetrahedra linked together by
oxygen atom sharing”. In the polymeric
structure of zeolite, the SiO, tetrahedron is
charge-balanced, whereas the AlO, tetrahedron
has a negative charge that is balanced by a
positively charged cation such as Na* or K* B,
The general formula of zeolites could be
presented as: Myn[(AlO,)4(SiO,),]-zH,0O,where,
M is the charge-balancing non-framework
cation, n is the valence of M and z is the moles
of water in the voids. According to the ratio of
y/x, zeolites are classified into low- or high-
silica zeolites. Low-silica zeolites are those with
y/x ratio in the range of 1-3. Examples of these
zeolites are zeolite 4A, zeolite X and zeolite Y.
As this ratio decreases, the cation exchange
capacity increases . On the other hand, high-
silica zeolites with y/x ratio between 10 and 100

or higher (e.g. ZSM-5, ZSM-11 and Beta zeolite)
are characterized by low cation exchange
capacity®. In zeolites, the charge-balancing non-
framework cations can be exchanged, in
solution, by other metal ions, such as NH**, Ag*,
Co ™, Cu*, Fe® Ni*, zn*, .. .etc. B,
Zeolites are of interest in biological
applications due to their stability, being
flavorless and odorless and their reversible
binding of biologically important metal ions'®.
One of the common ions that reversibly
exchange with non-framework cations in zeolites
is Ag®. Silver ion is well known for its broad
spectrum antibacterial effect!’® and has long
been used in many pharmaceutical formulations
as disinfectant and antiseptic[g]. In recent years,
due to the emergence of higher resistant
microorganisms, many studies have focused on
the use of silver as nanoparticles to combat a
wide spectrum of microorganisms including
Gram positive and gram negative bacteria and
fungi™*. The exact mechanism of silver ion
action is not fully understood; however, it is
believed that it inhibits bacterial enzymes,
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interferes with electron transport, destabilizes
bacterial cell walls and membranes and stabilizes
DNA double helices 24,

Besides silver ions, there are many metal ions
known for their antimicrobial effects against
harmful microorganisms. Among these ions are
copper and zinc. Copper has been used since
ancient times to treat some infections!®®.
Nowadays, it has many applications, such as
disinfection of wastewater and as a metal touch
surface (e.g. bed rails and handles)™*®. Zinc ions
have shown bacteriostatic and bactericidal
activity toward various microorganisms, but
with lower activity than silver ions*".

In view of the growing resistance to some
organic antimicrobial materials, the use of metal
ions, especially silver ions, has attracted the
attention of researchers to explore their activity
and application as antimicrobial agents™®*¥. It
has been reported that silver-loaded zeolite 4A
has antibacterial activity against Escherichia
coli, Bacillus subtilis and Staphylococcus
aureus™!. Recently, zeolite X loaded with silver
has shown bactericidal effect against E. coli,
Pseudomonas aeruginosa and S. aureus®. In
addition, mullite impregnated with silver ions
has been tested against bacterial adhesion and
biofilm formation!*.

In this work, two structurally different
zeolites, zeolite Y and ZSM-5, that have
different pore diameters and Si/Al ratios, were
prepared. The two zeolites were characterized
using X-ray diffraction (XRD), X-ray
fluorescence (XRF), Brunauer-Emmett-Teller
(BET) surface area measurements and Scanning
Elecrton Microscopy (SEM). They were loaded
with each individual metal ions of: Ag*, Cu®
and Zn*. The antimicrobial activity of the
loaded zeolites was evaluated against two
common pathogenic microorganisms: the Gram
positive bacterium S. aureus and the Gram
negative bacterium E. coli.

Materials and Methods

All chemicals were purchased from Vickers
Laboratories Ltd., Prolabo VWR, Fischer
Chemicals and BDH. Microbiological media
were purchased from Liofilchem, Italy. XRD
spectra were carried out using (Shimadzu XRD-
6000) with Nickel filter and copper X-ray
radiation (CuKa, A = 1.5406°A). Scanning was
done with a step size of 0.02° and a counting
time of 10 s in 20 range 2.0° and 50.0°. The
obtained spectra were compared with computer

generated spectra of zeolite-Y and zeolite-ZSM-
5 from (lza structure.org). Elemental analyses of
the solids were performed using XRF (Shimadzu
XRF-1800). SEM was conducted using FEI-FEG
INSPEC F50. Nitrogen adsorption-desorption
isotherms were performed on Nova 2200e
instrument. Total surface area was obtained by
applying BET equation. Atomic absorption
spectroscopy (AAS) (Varian Spectra 25 plus)
was used to estimate loading percentage of each
loaded zeolite using the appropriate calibration
curve for each metal ion.

Preparation of Zeolites

Zeolite Y was prepared following literature
procedure’® with slight modification. In a
typical procedure, a nucleation center solution
was prepared at a gel ratio of 1 Al,O5: 6.6 Na,O:
16 SiO,: 280 H,O by two-step addition of
aluminate and silicate solutions. Aluminate
solution was prepared by dissolving Al(OH);
(2.6 g) and NaOH (11.3 g) in water (47.5 mL). A
silicate solution was prepared by dissolving
Na,Si,Os (22.75 ¢g) in water (45.1 mL).
Aluminate solution was added dropwise with
vigorous stirring to silicate solution. The
resulting mixture was aged at room temperature
for not less than 24 h before use.

An aluminate solution was prepared by
dissolving AI(OH); (1.6 g) in a solution
containing NaOH (1.1 g) and water (10 mL).
The mixture was heated to dissolve the contents.
Extra amount of water was added to prevent gel
formation. A silicate solution was prepared by
dissolving Na,Si,Os (14.6 g) in water (10.3 mL).
While the mixture is rapidly stirred, it was
acidified by the addition of diluted H,SO, (10
mL). The aluminate solution was then added to
the silicate solution and stirred gently to form a
hydrogel. A solution of the nucleation center (25
mL), that was previously prepared and aged, was
added to the resultant hydrogel. The mixture was
transferred to a pressure autoclave and heated at
100°C for 9 h. The solid crystalline product of
zeolite-Y was washed with sufficient water and
then dried at 110°C overnight.

Zeolite ZSM-5 was prepared following
literature proceduref®,

Zeolite Loading with Metal lons

The sodium form of zeolite Y or ZSM-5,
prepared above, was individually exchanged by
each of the following ions: Ag*, Cu** and zZn*".
A sample of the sodium form of the zeolite (10.0
g) was suspended in 500 mL of 0.3 M of the
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silver nitrate. The mixture was heated at 40°C for
6 h with constant shaking. The product of metal-
loaded zeolite was filtered, washed with
sufficient water and then dried at 110°C
overnight. The preparation of silver-loaded
zeolites was conducted in the dark due to
sensitivity of silver to light. The same procedure
was adopted to prepare the Cu-loaded and Zn-
loaded zeolites, but with no light protection.

Bacterial Strains

S. aureus ATCC 6538 and E. coli ATCC
8739 were obtained from American Type
Culture Collection (Maryland, USA). Stock
cultures of these bacteria were stored in 20%
glycerol in Tryptic Soya Broth (TSB) at -20°C.
For short term maintenance and usage, the
cultures were stored in a refrigerator at 2-8°C.

Bactericidal
Metal-loaded

Determination of Minimal
Concentration (MBC) of
Zeolites

Overnight cultures of the two bacterial strains
in Muller Hinton Broth (MHB) were adjusted to
0.5 McFarland standard to get a final
concentration  of  approximately  1.5x10°
CFU/mL.

Double serial dilutions of each loaded and
unloaded zeolite were prepared by accurately
weighing certain amounts of zeolites, so that
each weight is half the previous weight. The
weighed amounts were separately placed in
200mL borosilicate flasks and sterilized by dry
heat at 160°C for 2 h. MHB was added
separately to the bottles and an amount of 100
puL of bacterial suspension was added to get a
final count of ca 5x10°> CFU/mI. After overnight
incubation at 35.0+1.0°C with shaking at 130
RPM, an amount of 10 uL from each sample
suspension was spread on Tryptic Soya Agar
plates (TSA). After overnight incubation at 35.0
+1.0°C, the plates were inspected visually for
the presence of microbial growth. MBC was
considered as the lowest concentration of zeolite
that produced no bacterial growth. Each trial was
performed in triplicate. Positive controls were
prepared similarly, but without zeolites.

Results and Discussion

Characterization of the Zeolites

XRD spectra of the prepared zeolites, Y and
ZSM-5, are presented in Fig. 1 and Fig 2,
respectively. The pattern of peaks in Fig. 1

confirms the existence of zeolite Y in good
crystalline form. Fig. 1 shows an intense
diffraction peak at around 26 = 6.20° with 100%
relative intensity corresponding to [111]
reflections. Miller indices and relative intensities
were confirmed with those reported in the
literature™?!, The XRD spectrum of ZSM-5
(Fig. 2) shows peaks at 20 = 7°-9° and 22°-25°
that are characteristic of MFI structure with no
unidentified phases, indicating the phase purity
of ZSM-5 zeolite!?”,
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Figure 1. XRD spectra of (a) synthetic zeolite-
Y and (b) computer-generated spectrum.
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Figure 2. XRD spectra of (a) Synthetic zeolite-
ZSM-5 and (b) computer-generated spectrum.

The chemical compositions of the zeolites
were determined by XRF. The SiO,/Al,O; ratio
in zeolite Y was found to be 3.6 (Si/Al = 1.8)
and that for ZSM-5 was 27.6 (Si/Al = 13.8), in
concordance with the synthetic routes adopted in
the synthesis of these zeolites. The XRF data
indicates good purity for each one of the
prepared zeolites. Other oxide impurities were
detected in low and insignificant quantities
(Table 1).



64

Abu Suleiman et al.

Table 1. The chemical composition of zeolite
Y and ZSM-5 measured by XRF.

% Metal oxide ZeoliteY  Zeolite ZSM-5
Sio, 60.04 92.13
Al,O3 28.30 5.67
Na,O 11.64 2.21
Other oxides 0.012 0.0020
27.60

SiO,/Al,05 3.60

The particle size and morphology of the
prepared zeolites were studied by SEM. Fig. 3
(left) shows cubic particles in the micro-scale for
zeolite-Y®!. However, ZSM-5 particles exhibit
hexagonal prismatic shapes (Fig. 3 right). It has
been reported that ZSM-5 crystallized in other
morphologies, such as rod-like crystals® and
hexagon-shaped particles®”.
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Figure 4. Nitrogen adsorption/ desorption isotherms of (a) zeolite-Y and (b) zeolite ZSM-5.
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The N, adsorption and desorption isotherms
of zeolite Y and ZSM-5 are shown in Figure 4.
The isotherms are typical of microporous
materials. According to IUPAC classification,
these isotherms correspond to isotherms of type
1¥%. Surface area (Sger) and pore volume (Vicro)
values were determined using the BET method
and t-plot, respectively. The specific surface area
and pore volume of zeolite-Y were found to be
873 m%g and 0.35 cm®/g, respectively’®!. By
comparison, ZSM-5 has a lower value of specific
surface area (336.9 m?/g) and its pore volume at
(Po/P =0.99) was found to be 0.194 cm®/g B,

Loaded Zeolites

The highest percentage of loading was
achieved at the conditions specified in the
experimental section. The loading capacity was
determined by releasing the loaded metal cations
using ammonium acetate solution (1M). The
method involved cation exchange of loaded
metal ions by ammonium ions®®2. The released
metal ions were measured spectrophotometri-
cally against a calibration curve for each metal
ion (Table 2).

Table 2. Loading capacities of zeolite Y and zeolite ZSM-5.

Zeolites  Metal lon  Mass of Carrier (g) Mass of Loaded Metal lons (g) % Loading
Ag’ 0.9990 0.3378 33.8
Zeolite Y cu* 1.0050 0.0831 8.27
zn* 0.9569 0.0744 7.78
Ag’ 0.8400 0.1012 12.0
%g‘l’\}l'tg cu?* 0.9890 0.0283 2.86
zn* 1.0030 0.0211 2.10

The high-silica zeolite ZSM-5 exhibited
lower loading capacity than low-silica zeolite Y.
This is due to the fact that zeolite ZSM-5 has a
higher SiO,/Al,O; ratio. Consequently, metal
loading percent is expected to be lower than in
the corresponding zeolite Y. It is also noticed in
Table 2 that zeolites Y and ZSM-5 have different
affinity toward metal ions with a loading
capacity for Ag* much higher than for Cu** and
Zn2+ [33]_

Cation exchange of Na* ions by other metal
ions (Ag*, Cu* and Zn*) seems to have no
effect on the zeolite structure as evidenced by
XRD and SEM of loaded samples. This is
expected in view of that cation exchange is an
electrostatic interaction with no bond formation
or bond breakage. It is rather a rearrangement
process that depends on the presence of
competing ions. The XRD spectra and SEM
micrographs of the zeolites before loading and
after loading are almost the same with no
detectable changes™®!. Similarly, the SEM
micrographs revealed the same morphology and
particle size for the loaded and unloaded
zeolites®?!,

Antimicrobial Activity of the Metal-loaded
Zeolites

Heavy metals, such as silver, zinc and copper,
are known for their antimicrobial activity. Silver

interacts with thiol groups of structural and
functional compounds in bacterial cells
rendering them inactive. It also interacts with
DNA and damages cell membranel®!. Copper is
believed to cause structural membrane damage
and to interfere with bacterial DNAP. The
bactericidal activities of zinc ions are linked to
the distortion and damage in bacterial cell
membrane, resulting in a leakage of intracellular
contents®®!,

The antimicrobial activity of loaded zeolites
(Y and ZSM-5) was evaluated against gram
negative bacteria E. coli and gram positive
bacteria S. aureus, that are well known for their
community- acquired and nosocomial infections.
MBC rather than minimum inhibitory
concentration (MIC) was selected in this study to
evaluate antimicrobial activity, since the loaded
zeolites are very fine and produce turbid
suspensions that will render MIC result
interpretation very difficult. The unloaded
zeolites were evaluated and didn’t show any
antimicrobial activity against E. coli and S.
aureus, even at the highest concentrations
possible (above 160 mg/ml, a slurry is formed).
However, metal- loaded zeolites showed variable
antimicrobial activities depending on the zeolite
type, the microorganism used and the loaded
metal ion. Table 3 exhibits the MBC values of
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loaded zeolites. For both types of bacteria, low-
silica zeolite Y showed higher antimicrobial
activity (lower MBC values) than those of high-
silica zeolite ZSM-5 (Table 3). This is expected,
since Zeolite Y with its lower SiO,/Al,O; ratio
exhibits higher cation exchange capacity than
zeolite ZSM-5. Consequently, its metal loading
is expected to be higher than that of zeolite
ZSM-5. As a result, its antibacterial activity is
higher. Moreover, from the perspective of metal
content, when the MBCs of the loaded metals
were calculated rather than the whole loaded
zeolite, lower MBC values were obtained for the
metals loaded in zeolite Y than the same metals
loaded in zeolite ZSM-5, for both types of
bacteria (Table 3). For example, for S. aureus,
the MBC of the metal content of silver in zeolite
Y was 0.051 mg/mL compared to 0.072 mg/mL
of silver in zeolite ZSM-5. This could be
explained by the fact that the pore volume of
zeolite Y is larger than that of zeolite ZSM-5
(0.35 vs. 0.194 cm®/g). Accordingly, the actual
release of metal from zeolite Y is expected to be
more than that from ZSM-5 (although the
theoretical or calculated concentration of metal
ions in ZSM-5 is slightly higher than that in Y)
and consequently, the antimicrobial activity of
metal ions in Y is higher. On the other hand, it is
generally known that Gram negative bacteria are
more resistant to antibiotics and antibacterial
agents than Gram positive ones®™. In this study,
the susceptibility of the Gram negative bacteria
to metal loaded zeolites was higher than that of
the Gram positive bacteria (Table 3). This is in

line with other reports which showed that
antimicrobial activity of metal-loaded zeolites
against Gram negative bacteria is higher than
that against Gram positive bacteria™®. This could
be attributed to the fact that Gram positive
bacteria have multiple layers of peptidoglycan in
their cell walls which is much thicker than that in
Gram negative bacteria®!.  Peptidoglycan
contains strong negatively charged teichoic acids
and lipoteichoic acids, which interact with
positively charged metallic ions. Therefore,
when Ag*, Cu®* and Zn®* enter the solution, they
are trapped by peptidoglycan and prevented from
entering the cell to exert their effect™?3%. Thus,
the susceptibility of S. aureus to loaded zeolites
is lower than that of E. coli.

In this study, we were not able to obtain
MBC values for both types of zinc zeolites under
the experimental conditions, since the highest
concentration of zinc zeolites that can be
prepared didn’t kill the two types of
microorganisms. This renders zinc zeolites the
least active in this work. On the other hand,
silver has shown the highest activity (lowest
MBC values) against the two types of bacteria in
both types of zeolites, followed by copper
zeolites (Table 3). This finding is concordant
with that reported in literature™® | where silver
showed higher activity than copper or zinc. In
fact, silver is almost the most widely used heavy
metal in biocide preparations and in part this is
due to its significant antimicrobial activity
against a wide range of microorganisms as was
noticed in this study®*2.

Table 3. Summary of MBC (mg/mL) results in MHB media for loaded zeolites Y and ZSM-5

tested against S. aureus and E. coli.

Zeolite Y Zeolite ZSM-5
o:}gllcnrios;n Metal ion MBC (mg/ml) in MHB medium MBC (mg/ml) in MHB medium
Wit. of Media Conc. of Wit. of Media  Conc. of
zeolite vol. loaded Metal — eolite  vol. loaded Metal
used(mg) (M) zeolite O™ used (mg) (ml)  zeolite oMM
Ag” 6 40 0.150 0.051 12 20 0.600 0.072
S. aureus cu® 80 20 4.000 0.331 245 20 12.250 0.350
zn* 3200 20 >160 >12.45 3200 20 >160 >3.36
Ag* 4 40 0.100 0.034 8 20 0.400 0.048
E. coli cu® 60 20 3.000 0.248 200 20 10.000 0.286
zn* >3200 20 >160 >12.45 3200 20 >160 >3.36

* Calculated conc. of metal content=conc. of loaded zeolite x % loading (displayed in Table 2)
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Conclusion

In this study, we have prepared and
characterized two types of microporous zeolites,
low-silica zeolite Y and high-silica zeolite ZSM-
5. These zeolites were loaded with metal ions,
Ag’, Cu* and Zn®*. The metal-loaded zeolites
showed variable antimicrobial activity against S.
aureus and E. coli which were chosen as
representatives to Gram positive and Gram
negative bacteria, respectively. Metal-loaded
zeolites 'Y had shown higher antimicrobial
activity than their corresponding zeolites ZSM-5
due to their higher metal loading capacities.
Among the metal-loaded zeolites studied, silver-
loaded zeolites had shown the highest

antimicrobial activity followed by copper-loaded
ones. Zinc loaded =zeolites didn’t show
antimicrobial activity at the experimental
conditions used in this research. These results
show a promising future for the application of
silver -and copper- loaded zeolites in different
disciplines, such as surface materials, water
treatment, paints and cosmetics.
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