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A B S T R A C T

Air purification is essential for protecting human health, as airborne pathogens and pollutants contribute to 
respiratory infections. Natural materials such as zeolites, particularly clinoptilolite, have attracted attention due 
to their high adsorption capacity and ion exchange properties, making them promising for air purification. This 
study investigates the functionalization of natural clinoptilolite with silver to enhance its catalytic and anti
bacterial performance using two green methods. The first involves ion exchange to introduce silver ions (Clino- 
Ag), while the second uses tannic acid to promote the formation of silver nanoparticles (Clino-AgNPs), keeping 
the precursor amount constant. The materials were characterized by FESEM, XRD, EDS, and STEM, while textural 
properties were analyzed via N₂ and CO₂ adsorption. Catalytic activity was tested for CO and ethylene oxidation, 
and antibacterial efficacy was evaluated using bacterial bioaerosols. Results showed that morphology influenced 
performance, with metallic silver providing superior catalytic activity, while both forms exhibited strong anti
bacterial properties.

1. Introduction

Air quality has significant health implications, particularly in indoor 
environments, where it can contain harmful chemicals, particulates, 
infectious agents, as well as pollen and other allergens [1]. In recent 
years, the COVID− 19 pandemic has underscored the importance of 
addressing the transmission of viral pathogens, such as viruses, fungi, 
and bacteria. Diseases like measles, tuberculosis, severe acute respira
tory syndrome (SARS), influenza, and rhinovirus are primarily spread 
through aerosol particles [2], with pathogen-containing saliva droplets 
released during speaking, coughing, or sneezing being carried by air 
currents [3].

In addition to viral pathogens, indoor air often contains atmospheric 
particulate matter (PM), which has a strong ability to adsorb toxic 
metals. These particles can be inhaled, causing harmful physiological 
effects, and have been linked to various diseases, including cardiovas
cular and respiratory conditions, as well as lung cancer [4]. The harmful 
effects of PM are also seen in microbial infections, as airborne 

microorganisms can attach to particles, facilitating the spread of in
fections [5].

Furthermore, volatile organic compounds (VOCs), commonly found 
in gas form, are produced by humans for domestic and commercial use, 
particularly in urban areas. High levels of VOC pollution are linked to 
vehicle emissions, industrial processes, waste decomposition, and sol
vent use [6]. VOCs undergo chemical transformations that result in the 
formation of reactive substances, contributing to pollution, climate 
change, and environmental issues such as ozone formation, acid depo
sition, and smog [6]. Long-term exposure to certain VOCs can also 
present serious health risks, including cancer [7].

In light of current conditions, maintaining air quality has become 
essential for public health and the long-term well-being of humanity. 
One of the most widely used methods for air purification is particulate 
filtration, which works by capturing airborne particles through filters 
made from membranes, fibrous or porous materials [8]. However, filters 
can accumulate microbes, allowing bacteria to grow, and becoming a 
vehicle of infection. To address this, antibacterial filters are 
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recommended to prevent bacterial growth [9].
Materials such as activated carbon, zeolite clay, silica gel, activated 

alumina, mineral clay, and certain polymers have demonstrated the 
ability for surface sorption. The highly ordered pore structure at the 
molecular level permits only molecules of specific sizes to enter certain 
pores. Zeolite, in particular, has shown a strong capacity to adsorb 
volatile organic compounds (VOCs) like toluene, methanol, and benz
aldehyde, making it a promising adsorbent for improving indoor air 
quality [10]. However, one disadvantage concerning the 
adsorption-based purification methods is that they only transfer the 
pollutant from the gas phase to the surface of a solid and therefore offer a 
temporary solution. Conversely, catalytic oxidation provides a perma
nent removal pathway by converting harmful molecules into innocuous 
products such as CO2 and H2O. For this reason, catalysis represents a 
more effective and sustainable strategy for indoor air purification. 
Moreover, another disadvantage of the use of synthetic zeolites is the 
high cost of production. To overcome this fact, in recent years, natural 
zeolites have gained considerable interest because of their unique 
chemical and physical characteristics, as well as their cost-effectiveness, 
since they are produced through natural processes, making them a 
suitable alternative to synthetic zeolites [11]. Among them, Clinoptilo
lite is regarded as the most common and abundant natural zeolite, with 
numerous studies demonstrating its effectiveness in removing pollutants 
from gas streams, including carbon dioxide, methane, and ammonia 
[12]. However, it lacks antibacterial activity [13,14] and does not 
exhibit catalytic properties in its natural form [15], but it can be easily 
modified for these purposes; in fact, the aluminosilicate framework of 
clinoptilolite serves as an ion-exchange medium, allowing it to host 
various metallic ions [16]. This property is crucial for its modification, 
particularly in the incorporation of nanoparticles [17].

Among antibacterial agents, silver ions have long been recognized 
for their potent inhibitory and bactericidal effects, as well as their broad- 
spectrum antimicrobial activity [18,19]. It is now widely accepted that 
the antibacterial actions of silver nanoparticles (AgNPs) involve not only 
the damage to intracellular biomolecules and structures, as well as 
oxidative stress caused by the released silver ions, but also their 
attachment to the cell wall and membrane, along with damage to 
intracellular components caused by AgNPs themselves [20]. Moreover, 
they have also demonstrated activity against viruses as well [21].

The literature provides numerous examples of introducing silver into 
clinoptilolite through ion exchange [13,22,23], including for antibac
terial purposes in the filtration field. Additionally, silver nanoparticles 
have been synthesized and supported on clinoptilolite using ion ex
change followed by heat treatments [24,25] or through absorption 
methods [26].

In contrast, few studies in the literature focus on the use of natural 
zeolites for catalytic oxidation. Clinoptilolite is typically employed to 
form composites by adding TiO₂ [27] or as a support for 
palladium-copper complexes [28] and other noble metals, often used for 
the removal of toluene, although these additions increase costs. How
ever, there is limited information on its application in the catalytic 
oxidation of common indoor pollutants. Among these, CO and VOCs 
(such as ethylene) pose significant health risks and are frequently found 
in enclosed, confined spaces. They can originate from incomplete com
bustion during cooking or from cigarette smoke, and are known to 
provoke significant negative effects on human health [29]. CO is one of 
the most common and critical indoor contaminants, generated by 
incomplete combustion from gas heaters, cooking appliances, fireplaces, 
tobacco smoke, and even infiltration from attached garages; it is highly 
toxic even at low concentrations, making its complete oxidation a pri
ority for indoor air purification [30,31]. Ethylene, on the other hand, 
was chosen as a simple model compound for unsaturated VOCs, repre
sentative of hydrocarbon emissions. Although less immediately toxic 
than CO, ethylene is widely present indoors due to emissions from 
cooking (thermal decomposition of organic matter and oils), off-gassing 
from plastics and building materials, and plant metabolism or 

fruit-ripening processes [32]. Even trace levels of ethylene (ppb-ppm) 
can accelerate the deterioration of fresh products during storage and 
have been associated with respiratory irritation, asthma, and allergic 
responses [32–34]. Based on these premises, the removal of these mol
ecules from indoor spaces is urgent. While silver nanoparticles have 
been investigated for catalytic purposes [35,36], the use of 
Ag-functionalized clinoptilolite in this area remains underexplored.

However, the development of multifunctional natural zeolite-based 
materials combining catalytic oxidation of gaseous pollutants with 
antibacterial activity remains scarcely explored, particularly when 
green functionalization routes are employed. The primary goal of this 
work is to evaluate the effectiveness of Ag-containing clinoptilolite in 
removing both biological and gaseous contaminants, positioning it as a 
viable and cost-effective alternative for air purification systems. Silver is 
introduced in two forms—ionic and metallic—to explore its specific role 
in contaminant removal.

2. Materials and methods

2.1. Materials

Natural zeolite clinoptilolite came from a deposit in England and was 
provided by Heiltropfen Lab. LLP company. Tannic Acid (TA, ACS re
agent grade) was used as a reducing agent for the green reduction in situ 
of the silver nanoparticles (AgNPs) and silver nitrate (AgNO3, 99%, 
Sigma Aldrich) was used as the silver source in the process. Potassium 
carbonate (K2CO3, 99%, Sigma Aldrich) and sodium hydroxide (NaOH, 
>98%, Sigma Aldrich) were used to maintain an alkaline pH during the 
process. All reactants were purchased by Merck (Darmstadt, Germany).

2.2. Functionalization with Ag through ion exchange

For silver functionalization via ion exchange, natural clinoptilolite 
was soaked in a 0.5 M aqueous solution of silver nitrate (AgNO3) for 
three hours in the ratio 30 mg/mL to enable the ion exchange process. 
The resulting Clino-Ag powders were centrifuged at 12,000 rpm for 10 
min to separate the zeolite from the solution, then rinsed with deionized 
water two times and dried overnight at 70◦C.

2.3. Functionalization with AgNPs

The functionalization with silver nanoparticles was carried out as 
described in a previous work by the authors [14]. Clinoptilolite was first 
functionalized with tannic acid, which acted as a reducing agent for the 
in situ reduction of silver nanoparticles. The resulting Clino-TA was then 
immersed in a 0.5 M aqueous solution of silver nitrate (AgNO3) for three 
hours in the same ratio of 30 mg/mL. The concentration of silver pre
cursor was kept consistent with that used in the ion exchange process to 
evaluate the effect of tannic acid in the silver introduction process. After 
this, the Clino-AgNPs were isolated by centrifugation at 12,000 rpm for 
10 min two times and dried overnight at 70◦C, as previously reported. 
Fig. 1 illustrates the two functionalization processes.

2.4. Sample characterization

2.4.1. Physicochemical characterization
Clino-AgNPs was already characterized in the authors’ previous 

work [14]. The sample Clino-Ag was characterized morphologically 
through Field-Emission Electron Microscopy (FESEM-EDS SUPRATM 
40, Zeiss and Merlin Gemini Zeiss), equipped with Energy Dispersive 
X-ray Spectrometry (FESEM-EDS SUPRATM 40, Zeiss and Merlin Gemini 
Zeiss and MIRA3 XMH, TESCAN). The distribution of the silver on the 
samples was detected through elemental maps obtained with 
high-resolution scanning transmission electron microscopy (STEM, 
Talos Thermo Scientific) with a LaB6 gun, operating at 200 kV.

The characterization in terms of the sample structure was performed 
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using X-ray diffractometry (XRD, Bragg–Brentano X′pert Philips 
diffractometer) using the Bragg Brentano camera geometry and the Cu- 
Ka incident radiation. The 2θ range used for sample measurements was 
from 30◦ to 90◦ in order to check that the silver was introduced only in 
the ionic form in the sample.

2.4.2. Textural properties
Textural properties were determined by N2 and CO2 adsorption at 77 

and 273 K, respectively (Micrometrics ASAP 2020Plus). Before the 
measurement, the samples were outgassed under vacuum at 423 K for 
3 h. From the N2 adsorption isotherms, the specific surface area (SSA) of 
the samples was calculated according to the BET (Brunauer–Emmet–
Teller) method. Micropore volume, VMP, was calculated by applying the 
t-plot method. For carbon dioxide isotherm, the specific surface area and 
total pore volume have been calculated by applying the Dubinin- 
Radushkevich (DR) and the Langmuir model.

2.4.3. Catalytic performance
Catalytic oxidation experiments were conducted in a fixed-bed 

quartz U-shaped reactor (ID = 4 mm) heated by a PID-controlled 
furnace. The temperature of the bed was measured using a K-type 
thermocouple inserted into the reactor. Prior to starting the reaction, 
50 mg of powder catalyst was pretreated under a 100 mLmin− 1 flow of 
pure N2 at 150 ◦C for 1 h to remove physisorbed species (such as 
moisture and other gaseous compounds). After natural cooling to room 

temperature, a gaseous reactive mixture, simulating a real indoor 
environment, was introduced into the reactor at a flow rate of 
50 mLmin− 1. The mixture consisted of the maximum concentration of a 
gaseous pollutant typically found in confined spaces (100 ppm of 
pollutant, which could be CO or ethylene chosen as probe molecules), 21 
vol% O2, and the remainder N2. During the test, the catalyst weight-to- 
volumetric flow rate ratio (W/F) was 0.017 ghL− 1. The experiment 
started at 25 ◦C, with the temperature gradually increased in isothermal 
steps of 25 ◦C increments to avoid the effects of adsorption-desorption 
phenomena. The test concluded when the pollutant conversion 
reached 100% or it was stopped at the maximum temperature of 250 ◦C. 
The composition of the outlet gas was continuously monitored using a 
non-dispersive infrared (NDIR) gas analyzer (ABB Uras 14, ABB S.p.A – 
PAMA, Milan, Italy) connected to the reactor outlet. For comparison, a 
bare clino sample was also tested. Finally, to better investigate the sta
bility of the best-performing catalyst, a time-on-stream (TOS) analysis 
was conducted on the same apparatus. Specifically, 50 mg of the sample 
was placed in the reactor by feeding the polluted air containing 100 ppm 
of pollutant. The temperature was fixed at the value at which the con
version reached 90% for CO and 50% for ethylene oxidation and it was 
kept constant for 8 h in order to evaluate the stability of the catalyst 
under continuous flow.

2.4.4. Antibacterial activity evaluation – bioaerosol contamination
For the antibacterial testing, pellets of Clino, Clino-AgNPs, and Clino- 

Fig. 1. Scheme of silver-functionalization processes of Clinoptilolite. The Figure was drawn in part using images from Servier Medical Art. Servier Medical Art by 
Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

F. Gattucci et al.                                                                                                                                                                                                                                Materials Research Bulletin 204 (2026) 114305 

3 



Ag were prepared; the samples were exposed to a bacterial bioaerosol, 
using an experimental setup developed by Balagna et al. [37] which 
involved a compressed air system and a bioaerosol generator (TOPAS 
ATM 220). A bacterial aerosol was generated from standardized sus
pensions of non-pathogenic strains of Staphylococcus epidermidis 
(Gram-positive, ATCC14990) and Escherichia coli (Gram-negative, 
ATCC8739) colonies (McFarland index 5.0) and nebulized onto the 
pellets at an airflow of 3 bar. After contamination, the samples were 
transferred to Mueller–Hinton agar plates (for S. epidermidis) and 
Nutrient agar plates (for E. coli) and incubated at 35 ◦C for 24 and 48 h. 
Bacterial growth around and underneath the sample surface was then 
evaluated. The antibacterial test was also performed on the zeolites 
previously used in the catalytic experiments, to assess whether their 
antibacterial activity was retained after exposure to the oxidation re
action conditions.

3. Results and discussion

3.1. Physiochemical characterization

FESEM images of the Clino samples are shown in Fig. 2. The typical 
lamellar structure of this natural zeolite is clearly visible in Fig. 2(a,b) 
[38], along with the effects of cleavage [39]. The appearance of the 
exchanged zeolite is very similar to the unfunctionalized form, with no 
observable changes in grain morphology (Fig. 2c,d) [14]. An increase of 
the dispersion of the zeolite grains can be associated with the ion ex
change process during which clay minerals are removed [40]. No 

nanoparticles are visible on the surface, in contrast to the Clino-AgNPs 
sample from previous work [14], which displayed small particles on 
the grain surface (Fig. 2e,f).

STEM imaging was performed to achieve higher magnifications and 
examine the morphology of the zeolite grains following the two func
tionalization processes. STEM is an effective technique for analyzing 
supported nanoparticles, as small metal or alloy nanoparticles on high 
surface-area supports are easily detected in STEM images [41]. As 
shown in Fig. 3a and b, the Clino-AgNPs sample displays small, 
well-distributed nanoparticles across the surface in both dark field and 
bright field images; the contrast between the zeolite matrix and the 
supported AgNPs is clear. In the Clino-Ag sample (Figs. 3c and 3d) only a 
few nanoparticles are visible on the surface, likely due to the heating 
effect of the electron beam, a known phenomenon in nanoparticle 
research also used to study the in situ sintering of metallic systems [42]. 
For zeolites exchanged with metal ions, the reduction of the ions to their 
metallic state can occur during STEM/TEM analysis, as the electron 
beam, under vacuum conditions, locally heats the samples. This local
ized heating can lead to the formation of reduced silver species, such as 
clusters or metallic nanoparticles [43].

To further assess the spatial distribution and speciation of silver on 
clinoptilolite, STEM–EDS elemental mapping was carried out on the 
same particles shown in Fig. 3. The resulting Si, Al, and Ag elemental 
maps are reported in Fig. 4. Silicon and aluminium signals are uniformly 
distributed throughout the zeolite crystals, confirming the homogeneous 
composition of the framework. In contrast, the Ag maps clearly reveal 
two distinct distributions depending on the synthesis route. In Clino- 

Fig. 2. FESEM images of the sample Clino (a,b), Clino-Ag (c,d) and Clino-AgNPs (e,f).
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AgNPs (Fig. 4c), silver appears as discrete and well-defined nanosized 
spots, consistent with the presence of metallic Ag nanoparticles 
anchored on the external surface. In Clino-Ag (Fig. 4f), the Ag signal is 
instead diffuse and lacks defined clusters (except for an isolated bright 
spot, likely associated with beam-induced reduction during STEM 
acquisition), indicating that silver is predominantly present in an ion- 
exchanged state within the zeolite framework rather than as segre
gated nanoparticles. These results confirm that tannic-acid reduction 
promotes the formation of surface-exposed AgNPs, whereas ion ex
change mainly leads to dispersed ionic silver within the clinoptilolite 
structure.

EDS analysis was performed on the Clino-Ag and Clino-AgNPs sam
ples to quantify the silver introduced into the zeolite via two eco- 
friendly functionalization methods. As shown in Table 1, the main 
components of clinoptilolite are oxygen, aluminum, and silicon, with 
small amounts of sodium, potassium, and calcium. The levels of these 
exchangeable metals, which can be replaced by silver [38], decreased 
after silver functionalization and remained comparable between the two 
methods, indicating that ion exchange occurred in both samples. The 
key difference was the silver content: clinoptilolite after the in-situ 
reduction resulted in three times higher silver content compared to 
simple ion exchange, highlighting a significant role of tannic acid in 
introducing a higher amount and different form of silver on the surface 
of the Clino starting from the same initial silver precursor concentration.

XRD structural analysis, reported in Fig. 5, confirmed the absence of 
metallic silver in the Clino-Ag sample. The pattern obtained for Clino-Ag 
when compared to that of Clino-AgNPs, shows no indication of metallic 
silver formation; in fact, the characteristic peaks of metallic silver 

located at 38.1◦, 44.3◦, 64.4◦, 77.5◦ (JCPDS card of Ag (NO. 04–0783) 
[44]) are only present in the sample Clino-AgNPs. The peaks detected in 
the patterns of Clino and Clino-Ag are mainly related to the highly 
crystalline structure of natural zeolite clinoptilolite [45]. This analysis 
was essential for accurately comparing the activity of ionic versus 
metallic silver in the application of these zeolites for air decontamina
tion. To verify the stability of the silver species during operation, XRD 
analyses were performed on both Clino-Ag and Clino-AgNPs after the 
catalytic tests. The diffraction patterns (Fig. 5b) show the same phase 
composition observed in the fresh powders, with no appearance of new 
reflections or peak shifts. In particular, the characteristic reflections of 
metallic Ag (2θ = 38.1◦, 44.3◦, 64.4◦, 77.5◦) remain unchanged in 
Clino-AgNPs, and no metallic silver peaks appear in Clino-Ag. These 
results confirm that the silver speciation (ionic vs. metallic) and the 
crystallographic phases remain stable during catalysis.

3.2. Textural properties

The effect of the different Ag functionalization procedures on 
textural properties was investigated by means of N2 and CO2 adsorption 
at 77 and 273 K, respectively. For natural clinoptilolite, low- 
temperature N₂ adsorption is not fully suitable for probing micropo
rosity, as the very small channel apertures of the HEU zeotype frame
work lead to diffusion limitations and consequent underestimation of 
the microporous volume. Accordingly, bare Clino exhibited a type II N2 
isotherm (Figure SI− 1 and table SI− 1), which is generally associated 
with non-porous (or macroporous) materials [46]. The H3-type hyster
esis loop can be attributed to capillary condensation in inter-particle 

Fig. 3. STEM images of Clino-AgNPs (a,b) and Clino-Ag (c,d) in bright field (a,c) and dark field (b,d).
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large mesoporosity, whereas the limited increase in adsorbed N₂ volume 
at very low relative pressures indicates a very small microporous volume 
(VMP = 2⋅10− 3 cm3g− 1). Therefore, it is likely that the SSA measured by 
N2 (30 m2g− 1) corresponds predominantly to the external surface area 
of the particles. Similar features are commonly found in the literature for 
clinoptilolite samples [47–49] and were also observed for Clino-AgNPs, 
where the addition of a much heavier element contributes to the 
decrease in SSA (21 m2g− 1). According to previous studies, the 

limitations of using N₂ as a probe molecule to determine the actual 
textural properties were overcome by employing CO₂ adsorption mea
surements at 273 K, since it is well known that at this temperature CO₂ 
does not encounter diffusion limitations within the narrower micropores 
[50,51]. In contrast to the N₂ isotherm, the CO₂ isotherm of all the 
samples (Fig. 6) is of type I, as expected for a microporous material. Both 
the Langmuir and DR models [52] yielded SSA values significantly 
higher than those obtained from nitrogen measurements (e.g. SSALang =

Fig. 4. STEM–EDS elemental maps of Si (green), Al (blue), and Ag (red) for Clino-AgNPs (a–c) and Clino-Ag (d–f).
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130, 122 and 109 m2g− 1 for Clino, Clino-AgNPs and Clino-Ag, respec
tively). Interestingly, despite its lower Ag content, sample Clino-Ag 
exhibited SSA and VMP (DR) slightly lower than Clino-AgNPs, likely 
due to the location of some Ag+ ions close to the smaller 8-member ring 
apertures of the HEU-zeotype framework, thereby reducing the effective 
internal surface probed by CO2. This effect is moderate and does not 
imply full pore blockage, but simply a reduced micropore surface 
available to the probe molecule. The different nature of Ag in the two 
samples is also evidenced by the comparison of K (Langmuir constant) 
and E₀ (characteristic Energy of the DR model), which are similar for 
Clino and Clino-AgNPs, but lower for Clino-Ag (Figure SI− 2). Both 
constants depend on the CO₂-adsorbate interaction strength, and their 
decrease agrees with the lower polarizing power (due to the larger ionic 
radius) of Ag⁺ compared to that of Na⁺, with which Ag+ is likely 
exchanged. Overall, the CO₂ adsorption measurements do not show 

significant pore-blocking effects and confirm the actual ion exchange for 
the Clino-Ag sample.

3.3. Catalytic activity evaluation

The catalytic activity results are summarized in Fig. 7. All catalytic 
experiments were performed in triplicate, and the corresponding error 
bands shown in Fig. 7 demonstrate the good reproducibility of the cat
alytic performance for all investigated samples. Overall, Clino-AgNPs 
demonstrated remarkable performance, completely oxidizing CO 
below 125 ◦C, that is a significant improvement compared to both Clino- 
Ag and bare Clino samples. When comparing the results with the bare 
Clino, it was evident that this sample only reached about 60% conver
sion at 250 ◦C, while Clino-Ag achieves approximately 80% conversion 
at the same temperature, highlighting the enhanced performance of 
both silver-modified samples. In the case of ethylene, a more challenging 
molecule to oxidize due to the presence of a C––C double bond, a similar 
trend was observed. Clino-AgNPs exhibited superior catalytic activity, 
achieving over 60% conversion at 250 ◦C, which was substantially 
higher than the conversion achieved by both Clino and Clino-Ag, which 
remained well below 10% conversion at the same temperature. This 
substantial improvement emphasizes the key role played by the pres
ence of silver nanoparticles on the surface of Clino-AgNPs in enhancing 
catalytic performance. Moreover, as reported in Table SI− 2, by evalu
ating the conversion rates normalized per mass of silver, it was evident 
that Clino-AgNPs exhibited significantly higher reaction rates for both 
CO (318.4 vs 141.9 µmol h− 1 gAg

− 1) and ethylene oxidation (213.0 vs 71.3 
µmol h− 1 gAg

− 1) compared to the ion-exchanged Clino-Ag sample. These 
results clearly demonstrate that metallic Ag nanoparticles provide a 
substantial enhancement in intrinsic catalytic activity compared to 
exchanged Ag species, highlighting the superior efficiency of surface Ag0 

sites in promoting oxidation reactions. Thus, for both the pollutants 
tested, the addition of AgNPs to the zeolite surface significantly boosted 
catalytic performance. By comparing the two silver-containing samples, 
it appears that the presence of Ag+ ions mostly in the zeolite framework 

Table 1 
Elemental composition of Clino, Clino-Ag and Clino-AgNPs.

Sample O Na Al Si K Ca Ag

Clino % At. 64.4±0.1 0.6±0.1 4.7±0.1 27.6±0.1 1.7±0.1 1±0.2 -
% Weight 50.3±0.2 0.8±0.1 6.3±0.2 37.8±0.2 3±0.3 1.9±0.5 -

Clino-Ag % At. 70.9 ±2.2 0.14±0.2 4.1±0.5 21.5±1.6 0.8±0.2 0.4±0.2 2.3±0.4
% Weight 53.2 ±3.2 0.16±0.2 5.2±0.5 28.2±1.5 1.4±0.3 0.8±0.3 11.1±1.2

Clino-AgNPs % At. 61.5 ±0.4 0.14±0.1 4.2±0.1 25.4±0.3 1.1±0.1 0.2±0.1 7.6±0.4
% Weight 36.8 ±0.9 0.11±0.1 4.2±0.1 26.6±0.9 1.7±0.2 0.2±0.2 30.4±1.8

Fig. 5. XRD pattern of Clino, Clino-Ag, Clino-AgNPs before (a) and after catalytic tests (b).

Fig. 6. CO2 Adsorption isotherm at 273 K of Clino, Clino-AgNPs and Clino-Ag.
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is insufficient to efficiently oxidize the pollutants. According to existing 
literature [53,54], the concurrent presence of both Ag+ and Ag0 species 
has been shown to positively influence catalytic activity, suggesting that 
the silver nanoparticles may be playing a critical role in facilitating the 
oxidation process.

The different catalytic trends observed for CO and ethylene oxidation 
can be explained by considering differences in terms of size, diffusion, 
and reaction mechanism between the two reactant molecules. CO, due to 
its small kinetic diameter, can readily diffuse into the clinoptilolite 
channels. Although Ag+ is catalytically active toward CO oxidation, as 
revealed from catalytic tests, its activity is significantly lower than that 
of metallic Ag nanoparticles, indicating that Ag0 is more effective in 
activating CO. In contrast, ethylene oxidation is strongly limited by 
steric and diffusional constraints. The larger kinetic diameter of ethylene 
hinders its diffusion into the narrow pores of clinoptilolite, resulting in 
poor performance even for the bare zeolite without silver. Therefore, the 
low activity observed for ethylene may reflect an intrinsic diffusion 
limitation within the zeolite framework. Moreover, ethylene oxidation 
requires different active sites and adsorption geometries compared to 
CO, making surface-exposed metallic Ag nanoparticles particularly ad
vantageous, while exchanged Ag⁺ species inside the pores are largely 
inaccessible and, in turn, ineffective. As a result, diffusion limitations 
dominate ethylene oxidation, whereas for CO oxidation, both diffusion 
and the nature of the Ag active site contribute, explaining why AgNPs 
show a pronounced advantage for CO but only a moderate improvement 
for ethylene.

In silver-containing zeolite systems, the chemical form and locali
zation of Ag were found to be crucial for catalytic activity. In particular, 
the literature showed that metallic Ag NPs were responsible for both 
catalytic and antibacterial activity [55,56]. Conversely, ion-exchanged 
Ag+ species exhibited very low activity [56,57]. This was consistent 
with the results presented in this work. In fact, surface-exposed nano
particles allowed both oxygen and the pollutant to adsorb, react, and 
desorb the products. In contrast, Ag+ within the micropores of the 
zeolite showed strongly limited steric accessibility for O2 and pollutants, 
thereby reducing the molecules-oxygen-Ag contact and catalytic 
activity.

When comparing the results obtained in this work with the existing 

literature (see table SI− 3), it is clear that the catalytic performances of 
Clino-AgNPs are either equal or even superior to those reported in other 
studies. It is worth noting that relatively few studies have investigated 
the use of natural zeolitic materials in catalytic applications. For 
example, Bagnasco et al. [58] reported a total ethylene conversion of 
approximately 50% when using a natural zeolite (chabazite) in combi
nation with silver (Ag). The results were comparable to the catalytic 
performance achieved in the present study. In contrast, 
López-Hernández et al. [59] reported a total CO conversion at a signif
icantly higher temperature of 400 ◦C, which exceeds the temperature 
conditions tested in this work. These examples demonstrate the effec
tiveness of natural zeolitic materials obtained through green synthesis 
and highlight the promising catalytic performance of these materials in 
various applications.

To better investigate the performance and the stability of the best- 
performing catalyst Clino-AgNPs, time-on-stream (TOS) analysis was 
carried out for 8 h under continuous reaction conditions. The results 
were reported in Fig. 8. As can be seen, in the case of CO oxidation, the 
catalyst exhibited an exceptionally stable behavior, maintaining a 
remarkably high and constant CO conversion of 91.7 ± 0.3%, with no 
observable deactivation throughout the 8-hour CO oxidation experi
ment. Conversely, ethylene oxidation showed a more dynamic response, 
with the conversion initially fluctuating before stabilizing around 29.4 
± 7.9%. This behavior may be attributed to the slower oxidation kinetics 
of ethylene and to the different balance between the rate at which active 
sites are freed after reaction and the rate at which the pollutant mole
cules arrive at the surface. Such a mismatch can lead to a gradual decline 
in the availability of active sites under steady-state conditions, ulti
mately resulting in the observed decrease in conversion over time. 
Overall, the TOS profiles clearly demonstrated that the Clino-AgNPs 
catalyst possessed good operational stability, especially in CO oxida
tion, where its performance remained essentially unchanged throughout 
the 8 h test. These results indicate promising short-term durability under 
continuous operation and support the potential application of the ma
terial in air purification systems. However, catalyst recyclability through 
repeated reaction-regeneration cycles and longer-term stability tests can 
be addressed in future studies to evaluate possible Ag nanoparticle 
sintering, silver leaching, or catalyst deactivation during extended 

Fig. 7. Catalytic conversion of CO (a) and ethylene (b) as a function of the temperature in dry conditions, feeding gaseous mixture with 100 ppm of pollutant, 21 vol 
% O2 and N2 to balance over 50 mg of catalyst.
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operation.
Although no definitive mechanism has been experimentally estab

lished for these pollutants on Ag-zeolite catalysts, several studies on 
silver nanoparticles and Ag nanoclusters provided insights that allow 
proposing a plausible pathway [60,61]. For instance, DFT studies on Ag 
nanoclusters (Ag55) showed that both CO and O2 can adsorb on metallic 
silver sites and that CO oxidation can proceed through a co-adsorption 
mechanism, where O2 is activated on the Ag surface and subsequently 
reacts with adsorbed CO to form CO2 [62]. Similar conclusions were 
reached for small Ag-Au clusters, where a co-adsorption pathway dis
played the lowest activation barriers for CO oxidation [60].

3.4. Antibacterial activity evaluation – Bioaerosol contamination

The standardized bacterial suspensions of S. epidermidis and E. coli 

were nebulized onto Clino, Clino-Ag, and Clino-AgNPs pellets for 
30 min. Following contamination, the pellets were incubated on Muller 
Hinton and Nutrient agar plates, and the results are displayed in Fig. 9. 
Bacterial growth was assessed after 24 and 48 h of incubation. As shown 
in Figs. 9a and 9c, pure clinoptilolite does not inhibit bacterial prolif
eration, with clear colony formation observed after 24 h of incubation 
time. In contrast, both Ag-containing samples (Clino-Ag and Clino- 
AgNPs) exhibit a complete suppression of bacterial growth for both 
Gram-positive and Gram-negative strains; this indicates that bacteria 
sprayed onto the surface of the Clino-Ag and Clino-AgNPs pellets were 
completely eradicated. Both silver ions and silver nanoparticles are well- 
established antibacterial agents [63]. Ionic silver (Ag⁺) disrupts essential 
cellular functions through interactions with proteins, enzymes, and 
nucleic acids, while silver nanoparticles (AgNPs), through direct contact 
with bacterial cells, can induce membrane damage and oxidative stress 

Fig. 8. Time-on-stream (TOS) analysis performed at isothermal conditions by feeding polluted air with 100 ppm of CO (a), and ethylene (b) over 50 mg of Clino- 
AgNPs catalyst.

Fig. 9. Bioaerosol contamination test with S. epidermidis (a,b) and E. Coli (c,d) on Clino, Clino-Ag, Clino-AgNPs before (a,c)) and after catalytic tests (b,d).
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[64]. In gas-phase antibacterial tests based on bioaerosol exposure, 
direct contact between bacteria and the material surface represents the 
dominant inactivation mechanism, making surface-exposed AgNPs 
particularly effective for this type of application. Nevertheless, the 
ion-exchanged Clino-Ag sample also exhibits a clear antibacterial effect. 
This behavior can be attributed to the presence of Ag⁺ species located at 
or near the external surface, which are sufficient to exert antibacterial 
activity, as well as to the experimental conditions employed. In partic
ular, local humidity and contact with the agar medium may promote 
partial Ag⁺ release from near-surface exchange sites, contributing to 
bacterial inactivation even in the absence of metallic nanoparticles.

The test was repeated on the samples recovered from the experi
ments with CO and ethylene to check if the antibacterial activity was 
preserved after oxidation reaction. As shown in Fig. (9b,d), the small 
pellets made from the powders used in the catalytic tests show no bac
terial colony formation after 24 and 48 h of incubation, suggesting a 
potential application against both bacteria and contaminants at the 
same time. When AgNPs are supported, they do not undergo aggregation 
during catalytic activities, allowing them to retain their antibacterial 
properties [65].

4. Conclusions

Clinoptilolite was successfully functionalized using eco-friendly 
methods, yielding two samples with silver in distinct forms: metallic 
and ionic. The resulting samples, Clino-AgNPs and Clino-Ag, displayed 
different morphologies and structures, confirming variations in both 
silver content (starting from the same concentration of silver precursors) 
and form. The presence of metallic silver nanoparticles led to improved 
textural properties and significantly enhanced clinoptilolite's perfor
mance in contaminant removal. Notably, the excellent textural proper
ties of natural clinoptilolite were maintained, and the catalytic 
performance toward CO and ethylene increased with the introduction of 
silver nanoparticles. In contrast, no such improvement was observed 
with silver ions. Nevertheless, both forms of silver exhibited excellent 
antibacterial properties against both Gram-positive and Gram-negative 
strains, irrespective of their structural differences. Although tannic 
acid-assisted in situ reduction is expected to favour AgNP immobiliza
tion on clinoptilolite compared with simple surface adsorption, the 
possible release of silver nanoparticles under realistic air-flow condi
tions could not be quantitatively assessed in the present study, also due 
to the lack of standardized methods specifically addressing nanoparticle 
release. This aspect should be further investigated for practical filtration 
applications.

Overall, these findings highlight the potential of silver- 
functionalized clinoptilolite, particularly Clino-AgNPs, as a highly 
effective material for air purification, combining enhanced contaminant 
removal with strong antibacterial properties, making it a promising 
candidate for environmental and public health protection.
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