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 Background: Toluene is a volatile organic compound, one of 189 hazardous air pollutants 
(HAPs) and the most important pollutant found in most industries and indoor environments; owing 
to its adverse health, toluene must be treated before being released into the environment. 

Methods: In this research study, a continuous-flow system (including an air compressor, silica 
gel filters and activated charcoal, impinger, an ozone generation and a fixed bed reactor packed 
with the carbosieve in size 1.8-2.3 mm, specific surface: 972 m

2
/g,) was used. This glass reactor 

was 0.7 m in height; at a distance of 0.2 m from its bottom, a mesh plane was installed so as to 
hold the adsorbent. Moreover, 3 l/min oxygen passed through this system, 0.43 g/h ozone was 
prepared. The flow rate of waste airstream was 300 ml/min. The efficiency of this system for 
removal of toluene was compared under the same experimental conditions. 

Results: Under similar conditions, performance of catalytic ozonation was better in toluene re-
moval than that of ozonation and carbosieve alone. On average, increasing the removal efficien-
cy was 45% at all concentrations. When carbosieve and ozone come together, their synergistic 
effects increased on toluene degradation. 

Conclusions: Catalytic ozonation is a suitable, high-efficient and available method for removing 
toluene from various concentrations of waste air stream. This process due to the short contact 
time, low energy consuming and making use of cheap catalysts can be used as a novel process 
for removing various concentrations of volatile organic compounds.  
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Introduction

olatile Organic Compounds (VOCs) are a major 

group of air pollutants emitted from various sources 

and pollute the air. They contain more than 300 

compounds such as oxygenated hydrocarbons, aromatic hy-

drocarbons and halogenated hydrocarbons
1-3

. Benzene, tolu-

ene, ethyl benzene, xylene (BTEX) compounds are the most 

important and common chemical compounds of aromatic 

hydrocarbons and are considered as indices of VOCs. They 

are abundantly found in cities and industrial areas and have 

been classified as toxic priority pollutants. Their major prob-

lem in the atmosphere is the possibility of cancer and pro-

duction of “Air Toxic"
 4,5

. Toluene or methyl benzene is one 

of volatile aromatic compounds which is very similar to 

benzene, but less volatile. This compound has a methyl 

branch on a benzene ring. Toluene is transparent, colorless 

and volatile liquid with obnoxious odor. As a solvent, tolu-

ene is highly used in oils, paints, resins, detergents and glues 

and pastes. It is also used in gasoline, petrol and other avia-

tion fuels to raise octane number.  

According to ACGIH, toluene is one of 189 hazardous 

air pollutants and is a primacy and prioritized pollutant 

which has been classified in A4 group of carcinogenic sub-

stances
6-8

. Due to various environmental and health effects 

of this compound, different methods (including adsorption, 

thermal and catalytic oxidation and advanced oxidation pro-

cesses) have been examined to remove it from waste air 

stream
9,10

. In comparison with conventional treatment meth-

ods, Advanced Oxidation Processes (AOPs) are suitable 

methods for degradation of toxic air pollutants. Degrading 

pollutants by AOPs is based on production of free active 

radicals that have high oxidative power and are capable of 

changing most organic compounds to minerals. The radicals 

by attaching molecules of organic substances and taking 

their hydrogen ion, convert these compounds to minerals, 

during one or some steps.  

V 
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Catalytic ozonation process (COP) is a new method of 

single ozonation process (SOP) that has recently been taken 

into consideration in air pollution control industry. In this 

process, to improve SOP efficiency, various substances are 

used as catalysts to accelerate degradation process, increase 

reaction time and be sure of non-presence of ozone residues 

in exhaust air
11-15

. So far some catalysts such as activated 

carbon, silica gel, metal oxides and various resins have been 

used in catalytic ozonation process to remove toluene from 

polluted air
16-18

. 

According to capabilities of various carbon adsorbents in 

treating air pollutants, carbosieve, a kind of carbon-based 

adsorbent which is produced as a result of pyrolysis of syn-

thetic polymers or some of petroleum compounds with high 

porosity and specific surface area (BET) and is mostly used 

to adsorb volatile hydrocarbons
19,20

. 

In this study, the carbosieve was used as a non-polar cat-

alyst and adsorbent in catalytic ozonation process. 

Methods 

Experimental Pilot 

This empirical laboratory study was carried out as a pilot 

scale from December 2012 to May 2013. A laboratory-scale 

pilot was designed and launched at Hamadan Environmental 

Chemistry Laboratory (Figure 1), western Iran. Toluene liq-

uid with purity of 99.5% was prepared from German Merck 

Company. Air containing polluted gas and ozone gas entered 

bottom of a reactor with a continuous flow. Considering the 

aim of this study the reaction conditions were closer to the 

actual conditions thus a dynamic system with continuous 

flow was used. Contaminant gas in the first of the reactor 

enters into the bottom of the reactor and exits from the other 

side (Due to the absence of gas leaks in the system). To pre-

vent condensation of contaminants in the reactor, all parts of 

the reactor was placed in isothermal chamber. Input air be-

fore entering to the bed enter to the converging chamber and 

after passing through reticulated plate and finally enter to the 

catalyst bed. 

This glass reactor was 0.7 m in height; at a distance of 

0.2 m from its bottom, a mesh plane was installed so as to 

hold the adsorbent. Required air was supplied by a compres-

sor equipped with oil trap. After the pressure was adjusted, 

the air passed through a combined column of silica gel and 

activated charcoal in order to dry and remove any organic 

contamination. To prepare toluene-containing air in given 

concentrations, Standard Atmosphere Production method 

was used in a dynamic way with the aid of an impinger
21

. In 

this system, the air, produced by a compressor and dried as 

well as cleaned before, was divided into two branches; cali-

brated rotameter and needle valve were used to control care-

fully in the air stream in each branch so as to achieve certain 

concentrations. In one branch, toluene vapors entered air 

stream through impinger-bubbler (by keeping temperature of 

toluene constant) and in the other branch, there was pure 

stream of air. These two branches lead to a single branch in 

which a standard stream of air with the given concentration 

of toluene was created. The reactor was placed in the iso-

thermal chamber for controlling temperature in the reactor. 

Our concept from constant pressure was atmospheric pres-

sure in the laboratory environment. Dynamic method was 

used to create standard atmosphere. Inert and contaminant 

gas at determined concentration enter to the system with a 

regulated and specific ratio. This works was performed by 

maintain impinger temperature (Containing liquid toluene 

due to its vapor pressure) by a hot water bath. Besides for 

keeping a steady flow and to avoid concentration fluctua-

tions a baffled mixing chamber was used before entering 

flow to the main reactor. However, in practice, only minor 

changes in concentration levels (a few ppm) was existed. 

Therefore, input and output load in the system was reported 

as removal efficiency.  

  
Figure 1: Schematic diagram of the experimental setup 

Ozone was made using an ozone-making machine, AR-

DA, model COG-OM. In this generator, ozone is produced 

through creating electrical discharge with alternating current 

in a sluice in presence of oxygen. Oxygen required for the 

ozone generator was supplied by an oxygen-making ma-

chine, model PORSA VF-3 with high purity level and the 

ability to adjust oxygen injection level. The amount of ozone 

produced by an ozone generator was measured according to 

Iodometry method in the presence of 2% potassium iodide 

solution after 10 min of contact
22,23

. As 3 l/min oxygen 

passed through this system, 0.43 g/h ozone was prepared. In 

ozonation unit, ozone gas entered toluene-containing waste 
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air stream; to prevent and reduce the probable fluctuations 

and to equalize and fix equilibrium, a baffled mixing cham-

ber is used before the reactor which contains adsorbent bed. 

After current exits this mixing chamber, it enters carbosieve-

containing reactor as a catalyst and non-polar adsorbent bed. 

Prior to experiments, carbosieve was placed in a in an oven 

for 2 h at 400 °C and was dried completely in order to re-

move all probable pollution. Carbosieve used in this study 

was purchased from Air Tools Co. in Tehran. Then the sur-

face area was measured by BET method. Ten g of Carbos-

ieve were used at each stage of the experiment. Although 

changes in pressure drop has not been measured before and 

after bed but the system was designed in such a way do not 

create the pressure drop in the input stream. 

Sample Analysis  

Toluene concentration was measured before and after 

experiments in an air stream using 1501 NMAM (NIOSH 

Manual Analytic Method) and gas-chromatography device, 

model SHIMADZU 2010, equipped with flame ionization 

detector (FID) with a column length of 60 m, column inter-

nal diameter of 0.25 mm, film thickness of 0.25 mm and 

temperature range of 50 to 180 °C according to temperature 

programming. Optimum analysis conditions of gas chroma-

tography was prepared with injection site temperature of 200 

°C, detector temperature of 250 °C, carrier gas flow of ap-

proximately 30 ml/min, hydrogen gas flow of 30 ml/min and 

air stream of about 300 ml/min 
24,25

. Toluene vapors collect-

ed with activated charcoal tube using sampling pump ac-

cordance with Method 1501
24

. After extracting the samples 

in carbon disulfide 1 μL of extracted sample was injected 

into the GC in quick time. Experiments were performed in 

normal ambient temperature (27 ±2 °C) and desirable at-

mospheric pressure and ventilation. In order to assess the 

accuracy of the analysis method, was injected three times 

into the capillary column of gas chromatograph and their 

mean was reported as the amount of that parameter. The 

efficiency of carbosieve bed, single ozonation and catalytic 

ozonation were examined and compared separately. 

Results 

Efficiency of carbosieve bed 

Parameters affecting system efficiency including air flow 

discharge entering the reactor, adsorbent bed size, ozone 

level and relative humidity were kept constant at 3 l/min, 

15g, 0.43 g/h and 5% respectively; only system efficiency 

was examined on various concentrations of toluene in range 

of 20 to 200 ppm. As toluene concentration increased, bed 

saturation time and absorbent breakpoint decreased. Results 

of carbosieve efficiency of toluene removal are shown in 

Figure 2 (A). 

  
Figure 2: (A) Efficiency of carbosieve bed in removing toluene from waste air stream (B) Ozone efficiency (single ozonation) on removal of toluene from 

waste air stream 

Ozone efficiency 

Figure 2(B) shows the removal efficiency of toluene 

from waste air stream by the single ozonation process sepa-

rately and without the presence of carbosieve. In this step, 

experiments conducted in various concentrations of toluene 

in range of 20-200 ppm and only ozone gas with 3 1/min 

input of pure oxygen to ozone-making machine and produc-

tion of 0.43 g/h ozone was used, also other variables affect-

ing system efficiency were kept constant as before. In this 

step, as concentration increased from 20 to 200 ppm, toluene 

removal efficiency decreased. In 20 ppm of toluene in the 

reactor inlet, the removal efficiency reached to 31%. On the 

other hand, in 200 ppm of toluene in the reactor inlet, ozone 

efficiency was about 16%. Therefore, the highest efficiency 

of process was observed in toluene concentration equal to 20 

ppm and lowest removal efficiency was in toluene concen-

tration equal to 200 ppm.  

Efficiency of catalytic ozonation 

Results of efficiency of catalytic ozonation are shown in 

Figure 3, 4. In this step, experiment was performed under the 

same conditions and efficiency of catalytic ozonation was 

examined in terms of toluene output concentration and ad-

sorbent break point. In this step, efficiency of catalytic ozo-

nation was examined on various concentrations of toluene in 

range of 20-200 ppm. In 20 ppm of toluene, the efficiency of 

catalytic ozonation in removal of this compound reached 

about 16 ppm (80%). On the other hand, in 200 ppm of tolu-

ene was observed 155 ppm (77.5%). Therefore, by increas-

ing toluene concentration from 20 to 200 ppm, toluene re-

moval efficiency decreased. Moreover, carbosieve saturation 

and break point were occurred significantly later than single 

carbosieve system. 
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Figure 3: Efficiency of catalytic ozonation in removal of toluene from 

waste air stream 

 
Figure 4: Comparison between times of toluene emergence in carbosieve 
system with COP process in the different concentrations 

 
Figure 5: A schematic of toluene decomposition in the catalytic ozonation 

over the carbosieve 

Discussion 

This study investigated the efficiency of catalytic 

ozonation process in treating toluene-containing air as one of 

hazardous air pollutants. Toluene removal was examined 

separately on carbosieve bed, single ozonation and catalytic 

ozonation.  

Results revealed that removal efficiency by SOP process 

was, on average, less than 23% at given concentrations; that 

is, as the concentration increased from 20 ppm at the 

beginning of the system to 200 ppm, removal efficiency by 

SOP process decreased from 31% to 16%. In a similar study 

by Mousavi et al. on removal of xylene from waste air 

stream, xylene removal efficiency by ozone gas was about 

10% 
26

. On removal of volatile organic compounds (VOCs) 

using catalytic ozonation that removal efficiency of volatile 

organic compounds using only ozone was low and thus 

would result in production of harmful byproducts
27

. Besides, 

obtained results are in accordance with the findings of 

Alvarez et al. on comparison between catalytic ozonation 

and activated carbon adsorption/ozone- regeneration 

processes for wastewater treatment
28

.  

Decreased efficiency by SOP process is due to ozone low 

ability to oxidize aromatic compounds and alkenes and low 

retention time necessary for complete reaction between 

ozone and toluene as a result of continuity of the system
29

. 

According to obtained results while using carbosieve alone 

as concentration increased from 20 ppm to 200 ppm, 

adsorbent break point in the reactor outlet decreased from 10 

h to 3 h (Figure 5). Accordingly, adsorbent beds including 

carbosieve remove the pollutants available in the air passing 

through absorbent due to early saturation, especially at high 

concentrations, necessity to reclamation and most lack of 

change in the nature of pollutants that have been absorbed. 

Thus, when a pollutant is hazardous to the environment, 

making use of absorbents alone may be impractical. 

In the present study, to remove restrictions of SOP 

process and to adsorb over carbosieve, the combinations of 

these two methods were used. Results of this study indicate 

that catalytic ozonation has a significant efficiency 

compared with separate adsorption methods over carbosieve 

and SOP process. This advantage is show in Figure 4. 

Accordingly, as concentration increased from 20 to 200 

ppm, absorption break point and removal of toluene from 

hybrid reactor decreased from 12 to 6 h, while this time was 

between 3 and 10 h for carbosieve. Thus, it is observed that 

toluene creation time was higher in hybrid reactor output and 

COP process under similar laboratory conditions. For 

example, for concentration of 200 ppm, toluene discharge 

time increased by 50% compared to carbosieve bed; on 

average, efficiency in COP process increased by 45% at all 

concentrations compared with SOP. In carbosieve system, 

after the bed was saturated at reactor outlet, output toluene 

concentration was equal to input concentration, while in 

COP process concentration of output toluene was less than 

input concentration after saturation; it reflects that 

combining carbosieve and ozone systems strengthens the 

effect of them and thus results in more molecular 

degradation of toluene passing over bed. Xylene removal 

level increased 22% in COP process compared to activated 

charcoal and ozone
26

. Similarly, Wung et al. revealed that 

toluene removal level increased 20% and 40% in COP 

process in comparison with zeolite adsorption and MCM-41 
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respectively. Furthermore, efficiency of ozonation alone in 

removal nitrobenzene from aqueous solution was about 25% 

and while was used of COP, the process efficiency reached 

to about 70%; these results are consistent with results of this 

section
27,30

. 

Since ozone is adsorbed over adsorbent, carbosieve 

adsorbs ozone which rapidly decomposes to activated 

oxygen atoms over adsorbent bed due to its instability. In 

other words, carbosieve acts as a catalyst and decomposes 

ozone into activated oxygen atoms. Having specific surface 

area and high porosity, carbosieve creates a surrounding bed; 

in addition to increasing contact surface and collision of 

toluene and ozone molecules, carbosieve increases retention 

time for reaction and thus improves removal efficiency.  

In reaction between ozone and positions of acid Luis of 

adsorbent, ozone is decomposed into activated oxygen atoms 

which decompose toluene into CO2 and H2O through attack-

ing single connective bonds between carbon atoms (C-C) or 

connective bonds between carbon-hydrogen atoms (C-H). 

Since, in practice, reaction between toluene and ozone is not 

done completely and may result in production of intermedi-

ate compounds, these compounds are again adsorbed by car-

bosieve (due to its high specific surface) and are decom-

posed by ozone or by the produced activated radicals (Figure 

5).  

No intermediate compound was observed in COP process 

output
26,27

. In positions of acid Luis of adsorbents, toluene is 

decomposed into O2 and O
•
 according to the following reac-

tions: 

(1)  O3 + CMS – s → CMS – 3S
O
   

(2)  CMS-3Sº→CMS-3Sº-s
O•

+O2                 

(3)  CMS- s
O•

+O3→2CMS- s
O•

+O2             

(4)   CMS- S
O

2 →CMS- s+O2                 

CMS-S and CMS-s
O
3, respectively, reflect positions of 

acid Luis and ozone molecules adsorbed over carbosieve. 

CMS-s
O
3 and CMS-s

O• show types of carbosieve surface 

oxides. CMS-s
O• can also react with water vapor available in 

the air entering the system and can produce activated hy-

droxyl radicals (OHº) which indirectly take part in decompo-

sition and oxidation of toluene and thus improve removal 

efficiency. 

(5)  CMS-S
 O•

+H2O →CMS-S
(OH)

2
•
  

When toluene- and ozone-containing air passes over car-

bosieve, catalysed reactions of 1-5 occur and toluene is di-

rectly and indirectly removed from waste air stream by 

ozone and radicals resulted from ozone decomposition. In 

the following equations, R represents intermediate com-

pounds produced during direct and indirect oxidation reac-

tions. 

Direct oxidation:  

(6) CMS- S
O

3+ C6H5CH3 →CO2 + H2O + R      

(7) CMS- S
C6H5CH3

+O3 →CO2 + H2O + R
     

            

(8)  C6H5CH3  + O3 → CO2 + H2O + R                            

Indirect oxidation: 

(9) CMS-S
 O•

+ C6H5CH3→ CO2 + H2O + R                       

     (10) CMS-S
(OH•)

2+ C6H5CH3  →  CO2 + H2O + R                 

Since the system used in this study was operated in dry 

mode, hydroxyl radicals are less likely to be formed so they 

cannot have an important and vital role in toluene decompo-

sition. In COP process, in addition to ozone and radicals 

resulted from its decomposition, oxygen molecules play a 

significant role in toluene decomposition. In the presence of 

oxygen, ozone decomposition rate increases for more tolu-

ene oxidation. In autoxidation processes, this molecule ox-

ides radical intermediate compounds (R*) which are one of 

the reasons for deactivation of catalyst
26,27,29,31,32

. 

 
(11) R

• 
+ O2→RO

•
2→→→CO2, CO

      
 

Conclusions 

Removal of toluene from waste air stream, especially in 

higher concentrations, is more efficient by COP process than 

by adsorption system over carbosieve and SOP. This system 

can be one of promising alternatives for removing various 

concentrations of volatile organic compounds, especially 

toxic and hazardous volatile compounds, from waster air 

stream due to  low energy consuming, making use of cheap 

catalysts and applying adsorbents proportional to pollutant. 

COP process adsorbs and destroys pollutant simultaneously; 

in addition to ozone O3 (E
◦
= 2.08 v), this process uses acti-

vated hydroxyl radicals (OHº) (E
◦
= 2.80 v) and atomic oxy-

gen O
• 

(E
◦
= 2.42 v) resulted from catalyzed reactions over 

bed. This phenomenon lead to bed chemical reclamation, 

increased system operating time and decreased the cost of 

bed reclamation. Therefore, the main benefit of catalytic 

ozonation is that reaction time is shortened, causing decom-

position and purification of volatile organic compounds from 

air stream in high concentrations of ozone gas and pollutant 

without removal of excess ozone concentrations at the reac-

tor outlet.
 
However, additional studies are required to devel-

op techniques to enhance the oxidation activity and industri-

al application in greater scales. 

Acknowledgments 

This article is extracted from the Master's thesis. The au-

thors would like to thank Hamadan University of Medical 

Sciences for the financially supporting of this research. 

Conflict of interest statement 

This study did not have any conflict of interest statement. 

References  

1. Mathur AK, Majumder CB, Chatterjee Sh. Combined removal 

of BTEX in air stream by using mixture of sugar cane bagasse, 

compost and GAC as biofilter media. J Hazard Mater. 

2007;148:64-74. 

2. Ranieri E, Gikas P,  Tchobanoglous G. BTEX removal in pilot-

scale horizontal subsurface flow constructed wetlands. Desalin 

Water Treat. 2013;51:3032-3039. 

3. Jaynes WF, Vance GF. BTEX sorption by organo-clays: co-

sorptive enhancement and equivalence of interlayer complexes. 

Soil Sci Soc Am J. 1996;60:1742-1749. 

4. Sharmasarkar S, Jaynes WF, Vance GF. BTEX sorption by 

montmorillonite organo-clays: TMPA, ADAM, HDTMA. Wa-

ter Air Soil Poll. 2000;119:257-273. 

http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Ranieri%2C+E)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Gikas%2C+P)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Tchobanoglous%2C+G)


232 Performance Catalytic Ozonation over the Carbosieve  

 

JRHS 2014; 14(3): 227-232 

5. Suxana P, Ghosh C. A review of assessment of benzene, tolu-

ene, ethlbenzene and xylene (btex) concentration in urban at-

mosphere of Dehli. Phy Sci. 2012;7:850-860.  

6. Peng F, Pan F, Li D, Jiang Z. Pervaporation properties of 

PDMS membranes for removal of benzene from aqueous solu-

tion: Experimental and modelling. Chem Eng J. 

2005;114(1):123-129. 

7. Gallup DL, Isacoff EG, Smith DN. Use of Ambersorb carbona-

ceous adsorbent for removal of BTEX compounds from oil‐
field produced water. Environ Prog. 1996;15(3):197-203. 

8. Acuña E, Pérez F, Auria, R, Revah S. Microbiological and 

kinetic aspects of a biofilter for the removal of toluene from 

waste gases. Biotechnol Bioeng. 1999;63(2):175-184. 

9. Demeestere K, Dewulf J, De Witte B, Beeldens A, Van 

Langenhove H. Heterogeneous photocatalytic removal of tolu-

ene from air on building materials enriched with TiO. Build 

Eviron. 2008;43(4):406-414. 

10. Barraud E, Bosc F, Edwards D, Keller N, Keller V. Gas phase 

photocatalytic removal of toluene effluents on sulfated titania. J 

Catal. 2005;235(2):318-326. 

11. Shen Y.Sh, Ku Y. Treatment of gas-phase volatile organic 

compounds (VOCs) by UV/O3 Process. Chemosphere. 

1999;38:1855-1866. 

12. Shaughnessy RJ, Sextro RG. What is an effective portable air 

cleaning device? A review. J Occup Environ Hyg. 2006; 

3(4):169-181. 

13. Ki S. Design of environmental catalysis for VOC removal. 

Envir Eng Res. 2000;5(4):213-222.  

14. Garin F. Environmental catalysis. Catal Tod. 2004;89:225-268. 

15. Franco M, Chaires T, Poznyak T. BTEX decomposition by 

ozone in gaseous phase. J Environ Manage. 2012;95:555-560. 

16. Popova M, Szegedi A, Chaerkezova Z, Mitou I, Kostovan, 

Tsoncheva T. Toluene oxidation on titanium- and iron- modi-

fied MCM-41 materials. Hazr Mate. 2009;168:226-232. 

17. Rezaei E, Soltan J. Low temperature oxidation of toluene by 

ozone over MnOx/γ-alumina and MnOx/MCM-41 Catalysis. 

Chem Eng. 2012;199:482-490. 

18. Khan FI, Kr Ghoshal A. Removal of volatile organic com-

pounds from polluted air. J Loss Prevent Proc. 2000;13(6):527-

545.  

19. Reinoso FR. The role of carbon materials in heterogeneous 

catalysis. Carbon. 1998;36(3):159-175. 

20. Davis ME. Ordered porous materials for emerging applications. 

Nature. 2002; 417(6891):813-821.  

21. Bakandh Sh. Air sampling method for atmospheric contami-

nants. Tehran: Andesheh Rafeeh Publisher; 2008. [In Persian] 

22. Awwa A. Standard methods for the examination of water and 

wastewater. Washington: American Public Health Association; 

1998. 

23. Rakness K, Gordon G, Langlais B, Masschelein W, Matsumoto 

N, Richard Y, Somiya I. Guideline for measurement of concen-

tration in the process gas from an ozone generator. Ozone-Sci 

Eng. 1995;18:209-229. 

24. NIOSH. Manual of analytical methods. 4th ed. Washington: 

DHHS (NIOSH) Publication; 2003. 

25. Bahrami A. Method of sampling and analysis of pollutants in 

air. Volume 1. 2nd ed. Hamadan: Fanavaran Publisher; 2008. 

[In Persian] 

26. Moussavi GR, Khavanin A, Mokarami HR. Removal of xylene 

from waste air stream using catalytic ozonation process. Iran J 

Health & Environ. 2010;3:239-250. [In Persian] 

27. Kwong CW, Chao YH, Hui KS, Wan MP. Removal of VOCs 

from indoor environment by ozonation over different porous 

materials. J Atmos Environ. 2008; 42:2300-2311. 

28. Alvarez PM, Beltran FJ, Masa FJ, Pocostales JP. Comparison 

between catalytic ozonation and activated carbon adsorp-

tion/ozone-regeneration processes for wastewater treatment. 

Appl Catal B-Environ. 2009;92:393-400. 

29. Li W, Oyama ST. Mechanism of ozone decomposition on a 

manganese oxide catalyst 2. steady-state and transient kinetic 

studies. J Am Chem Soc. 1998;120:9047-9052. 

30. Zhao L, Ma J, Sun ZZ, Zhai XD. Catalytic ozonation for the 

degradation of nitrobenzene in aqueous solution by ceramic 

honeycomb- supported manganese. Appl Catal B-Environ. 

2009; 92:393-400. 

31. Einaga H, Ogata A, Benzene oxidation with ozone over sup-

ported manganese oxide catalysts: effect of catalyst support and 

reaction conditions. J Hazard Mat. 2009;164:1236-1241. 

32. Li W, Gibbs GV, Oyama ST. Mechanism of ozone decomposi-

tion on a manganese oxide catalyst.1, in situ Raman spectros-

copy and ab initio molecular orbital calculations. J Am Chem 

Soc. 1998;120:9041-9046. 

 


