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A B S T R A C T   

Recently, natural zeolites have started to be used as alternative materials for ozone abatement from working 
environments. In this study, a surface response methodology based on a D-Optimal design is applied to develop a 
transition-metal-modified natural zeolite that increases ozone removal efficiency. Ozone adsorption and/or 
decomposition onto natural and cobalt modified natural zeolite were studied by diffuse reflectance infrared 
Fourier transform spectroscopy (DRIFTS). Results evidenced that ozone is adsorbed and decomposed at strong 
Lewis acidic sites, whereas ozone adsorption products interact with surface OH groups. Additionally, DRIFTS 
studies indicate that nitrous species are adsorbed at acidic sites, reducing the capacity to decompose ozone when 
ozone is generated from air.   

1. Introduction 

Ozone at tropospheric level poses serious environmental and occu-
pational health hazards. Ozone can increase sensitivity to bronchocon-
strictors and allergens, and may facilitate the development of asthma. In 
working environments, ozone is formed by laser printers, photocopiers, 
sterilization apparatus and ozone generators for air and water treatment 
[1]. Cars and power plant emissions are precursors of ozone outdoor 
formation [2]. 

Thermal destruction, adsorption and catalytic decomposition have 
been the main processes used to mitigate the emissions of ozone and 
keep air quality standards [3]. In a thermal ozone destruction unit, the 
offgas is heated between 300 �C and 350 �C for less than 5 s. In this 
system gases are discharged at these elevated temperatures being of 
environmental concern [3]. Activated carbons have been applied to 
remove gaseous ozone [4,5]. However, it is not presently recommended. 
Reaction of ozone with dry activated carbon generates a considerable 
heat and may be explosive [3]. Moreover, both physical and chemical 
properties of activated carbon change along ozone exposition time [4]. 
Therefore, more resistant materials such as metal oxide catalysts have 
been developed for ozone elimination [6–12]. Nevertheless, the high 

investment costs become a major obstacle for full-scale application and 
alternative materials should be found. 

Recently, low cost stable natural zeolites have been used as alter-
native materials not only for gaseous ozone elimination but also in the 
removal of volatile organic compounds using a sequential treatment 
based on the adsorption onto natural zeolite followed by its oxidative 
regeneration with ozone [13–15]. Lewis acid sites were claimed as the 
main active sites for ozone gaseous elimination in outgassed natural 
zeolite at 550 �C [14]. Transition metal modified natural zeolites could 
act as an alternative and low cost catalyst to effectively abate ozone, 
exhibiting greater activities than the parent natural zeolite. This 
research faces such challenges. 

This work provides experimental basis for scaling up and designing a 
catalytic process to remove ozone emissions from working environ-
ments, using transition-metal-modified natural zeolites at low temper-
ature. In particular, the impact of the structure, the framework 
composition, and the identity of the transition-metal-modified natural 
zeolites on the catalytic activity in the gaseous ozone abatement are 
established. Finally, a mechanism for the catalytic O3 removal reaction 
over transition-metal-modified natural zeolite is proposed. 
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2. Material and methods 

2.1. Materials 

Natural zeolite (NZ) was provided by the Chilean mining company 
“Minera Formas”. NZ was ground and sieved to 0.300–0.425 mm; then 
was rinsed with ultra pure water, oven-dried at 125 �C for 24 h, and 
stored in a desiccator until its further use. This solid is composed of 
clinoptilolite (53%), mordenite (40%), and quartz (7%) [16]. NZ was 
chemically and thermally modified by a succession of ion-exchange with 
ammonium salt at 90 �C, thermal out-gassing, and metal deposition, to 
obtain the transition metal-modified natural zeolites (Z-Mt) as reported 
in previous publication [17]. Cu, Mn, Ag, Co, Fe, and Ni were used here 
as active transition metals (Mt) for natural zeolite modification. They 
were supplied in the form of metal salts by MERCK (Darmstadt, Ger-
many) as: copper nitrate (Cu(NO3)2⋅3H2O), manganese sulphate 
(MnSO4⋅H2O), silver nitrate (AgNO3), cobalt nitrate (Co(NO3)2⋅6H2O), 
ferric nitrate (Fe(NO3)3⋅9H2O) and nickel nitrate (Ni(NO3)2⋅6H2O) (all 
with purity > 99%). After that, zeolite samples were thermally 
post-treated, reaching the same final temperature of thermal out-gassing 
procedure conducted in the step before (350 �C or 550 �C), as indicated 
elsewhere [17]. All post-treatments of the deposited metals were per-
formed in a vertical tubular furnace. Zeolite samples were loaded in 
quartz U-shaped fixed-bed flow contactors. A group of samples were 
out-gassed under argon flow (100 cm3 min� 1), heated at 1�C min� 1 and 
isothermal conditions were kept for 2 h, before quenching to room 
temperature. The remaining samples were calcined under oxygen flow 
(100 cm3 min� 1), heated at 1 �C min� 1 and isothermal conditions were 
kept for 4 h, before quenching to room temperature. Additionally, some 
calcined samples were further subjected to a reduction post-treatment 
using H2 at 5% (v/v) in argon flow (20 cm3 min� 1) with a heating 
rate of 1 �C min� 1, reaching the final temperature and then cooled to 
room temperature. After all post-treatment procedures, transition 
metal-modified natural zeolite samples were ready to contact gaseous 
ozone. Ozone was produced in situ from dry synthetic air using a pulse 
injected corona discharge AZCOZON ozone generator (AZCO Industries, 
Vancouver, BC, Canada) featuring variable ozone generation rates in the 
concentration range from 9000 to 11000 ppmv. 

2.2. Experimental design and optimisation by response surface 
methodology 

Fig. 1 shows, as a flowchart, the strategy used in this work to develop 
Z-Mt for gaseous ozone abatement at room temperature. A surface 
response methodology based on a D-Optimal design was used to identify 
the optimum Z-Mt with increased ozone removal efficiency. A D-optimal 
design with ten factors (five qualitative plus five quantitative) was used 
to determine the preparation parameters of the Z-Mt samples and the 
operating process conditions that maximise ozone removal efficiency. 
Experimental design variables selected in the modification of natural 
zeolite, together with operating process variables for ozone elimination 
are listed in Table 1. 

A second-order multiple linear regression model was selected to 
identify the variables that influence ozone removal efficiency of Z-Mt, as 
follows: 
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Fig. 1. Strategy used in the development of a transition-metal-modified natural zeolite for gaseous ozone removal at room temperature.  

Table 1 
Experimental levels of the independent variables.  

Variables Symbols Levels 

Low Middle High 

Ammonium ion- 
exchange 

(x1) one – two 

Out-gassing temperature 
(�C) 

(x2) 350 – 550 

Type of transition metal (x3) Ag Co Cu Fe Mn Ni 
Concentration of 

transition metal (mol 
dm-3) 

(x4) 0.05 0.075 0.1 

Metal deposition method (x5) ion- 
exchange 

– impregnation 

Post-treatment of the 
deposited metal 

(x6) out- 
gassing 

calcination reduction 

Inlet concentration of 
ozone (ppmv) 

(x7) 9000 10000 11000 

Volumetric flow (cm3 

min� 1) 
(x8) 50 75 100 

Mass of zeolite (g) (x9) 0.15 0.225 0.3 
Operating temperature 

(�C) 
(x10) 20 60 100  
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