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Highlights 

 2 stage AOP pilot plant unit for the elimination of VOCs from waste air 

 1st photolytic stage utilizes UV/O3 and 2nd photochemical stage utilizes 

UV/H2O2  

 Mathematically modeled 1st stage correlate with experimental data 

 Final xylene conversion strongly depends on initial concentration and flow rate 

 Figures-of-merit proved using both stages is more economically advantageous 

 

Abstract 

The elimination of xylene was experimentally studied using advanced oxidation process in a 

two-step pilot plant photochemical unit with the use of UV irradiation combined with ozone 

(first step) and with hydrogen peroxide solution (second step). The influence of the initial 

xylene concentration and air flow rate was investigated. A mathematical model of the first 

step of the unit applying UV/O3 treatment was developed. Xylene conversion decreased with 

increasing its initial concentration and increasing flow rate of the air (lowering residence time 

in the unit). The highest xylene conversion (95 %) was achieved with the initial concentration 
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50 ppmv and the flow rate 57 m3 · h-1. Based on the model results for the first photolytic step 

of the pilot plant unit, the main pathway of the elimination of xylene is its reaction with 

hydroxyl radicals which are formed both by the reaction of ozone with water/humidity but 

also by the reaction of singlet oxygen (formed by the decomposition of ozone) with 

water/humidity. Calculated figures-of-merit showed that the pilot plant unit is more energy-

cost-efficient for the higher flow rates of the waste gas. The technology using advanced 

oxidation processes seems promising for the elimination of organic compounds from the air, 

although further studies are necessary. 

Keywords: Advanced oxidation processes, Xylene, UV irradiation, Ozone, Hydrogen 

peroxide 

1. Introduction 

With the scientific world searching for the effective, economic and green-way methods for the 

dealing with the impact of the humankind on the environment, advanced oxidation processes 

(AOPs) have come to the spotlight. AOPs cover a wide area of methods that use both 

chemical and physical principles in dealing with the pollutants. Nevertheless, the main use of 

AOPs these days is in the water treatment [1-4], because of the easy generation of hydroxyl 

radicals, that are the main oxidation agents in AOPs. But treating the polluted air is also 

possible and extensively studied [5-7]. 

The issue of pollutants present in the environment is being increasingly studied. Studies prove 

that volatile organic compounds (VOCs) play a major role in reactions that lead to raising 

concentrations of tropospheric ozone, mainly in the recent years. As a part of photochemical 

smog (the Los Angeles type) VOCs have negative effect not only on the human health, but 

also on the environment and urban buildings [8, 9]. Needless to say, traffic is not the only 

source of VOCs. Many of them are also well known and widely used as an industrial solvents 
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and also raw materials for the production of polymers. For example, xylene (as a mixture of 

its three isomers) is a solvent with use in printing, rubber, leather and petrochemical industries 

[8, 10]. 

Main symptoms of short term exposure to xylene are eye, nose and throat irritation and 

breathing and nervous system problems [11]. Long term exposure can lead to severe problems 

like lung cancer, anemia, leukemia, etc. [12]. 

Governments all around the world are lowering exposure limits for VOCs in general. The 

Czech legislative states that xylene, as a part of VOCs sum, should not exceed 150 mg · m-3 in 

the outlet air (around 35 ppm). These low limits are starting to cause an issue because these 

days, technologies for the removal of VOCs are starting to become insufficient in terms of 

availability and dimensions of the devices itself. One of these technologies are biofilters. They 

can provide high removal efficiency coming hand in hand with low cost of the treatment, with 

the disadvantage mentioned above, their big dimensions [13-15]. Other way can be catalytic 

combustion of VOCs [16, 17]. This method can achieve high efficiency, but deals with higher 

energy demand with possible problems with catalyst leak to the environment. Also quite 

common is the use of adsorption process, often carried out on the activated carbon [18-20]. 

Disadvantage of this technology is further desorption of VOCs and possible regeneration of 

the activated carbon. 

This work aims to the use of strong ultraviolet (UV) irradiation in combination with ozone 

and hydrogen peroxide for treating the waste gas stream in higher flows to simulate real 

conditions in industry. In comparison to other studies [21-23] this work uses no catalyst to 

achieve low costs and high efficiency of the removal of xylene. 
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2. Materials and Methods 

Xylene oxidation experiments were conducted in a two-step unit apparatus. The first step (R1, 

UV/O3) was a continuous flow photolytic reactor (Figure 1 and 2) made from stainless steel of 

internal volume 2.45 × 10-1 m3. It had a square cross-profile of 0.35 × 0.35 m and length 2 m. 

Sixteen UV lamps with peak intensities at λ = 254 nm and 185 nm (80 W, UVC-80 W T5 

4P/O3, UVC Servis Ltd.) were used. These lamps were implemented in the reactor chamber 

in two horizontal planes separated by a 0.05 m gap and which were in a 0.13 m distance from 

the upper and lower wall of the reactor chamber. Lamps in each plane were 0.08 m apart from 

each other. Four darkened glass windows were placed on the top side of the reactor for the 

optical control of the reactor chamber. The relative humidity of the inlet gas was 50 % and the 

average temperature inside the reactor was 29°C. The concentration of ozone produced by the 

UV lamps was measured by Gas Detector WASP-XM with portable pump-suction gas 

detector (Hunan GRI Instrument CO., Ltd.). Radiation intensities of the lamps at 254 nm were 

measured by UVA/UVC Light Meter/Datalogger (SDL470, Extech instruments). 

 

Figure 1 Scheme of the photolytic reactor with dosing of xylene. Jo
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Figure 2 Drawing of the photolytic reactor with highlighted cross-section. 

 

The second step (R2, UV/H2O2) of the apparatus consisted of a continuous flow 

photochemical reactor (Figure 3) made from high-density polyethylene (HDPE). Internal 

irradiated volume was 2.28 m3. Fifteen UV lamps (λ = 254 nm, 75 W, TUV 64 T5 4P-SE 

75W UVC, Philips) were placed inside the reactor cross-wise and were divided into 3 sections 

that could be switched on separately. It is worth to mention that these lamps do not produce 

ozone. There was a storage tank (3.0 × 10-1 m3) at the bottom of the reactor with water 

solution of hydrogen peroxide (c = 0.1 mol · dm-3). This hydrogen peroxide solution was 

pumped and sprayed through 6 showers heads in the upper part of the reactor. Hydrogen 

peroxide concentrations were determined manganometrically by adding potassium 

permanganate solution to the liquid sample with addition of sulfuric acid and manganese 

sulfate monohydrate solution. There is a filling layer between the irradiated section and the 

storage tank. Another four lamps were placed directly in the water storage tank, but these 

were turned on after the experiment to get rid of any organics that was dissolved in the 

hydrogen peroxide solution during the run of the experiment. Jo
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Figure 3 Scheme of the photochemical reactor. 

 

Dosage of xylene was assured by blowing air through the storage bottle with liquid xylene 

(mixture of isomers, p.a.) and then the air with xylene vapors was driven to the inlet of the 

photolytic reactor. Concentrations of xylene were set by modifying the amount of air driven to 

the storage bottle. Samples of the waste air were analyzed using a gas chromatograph Young 

Lin YL6100GC equipped by FID. Gas chromatograph with quadrupole mass selective 

detector (GC 7890 + MSD 5975, Agilent) was used to determine all the products both in the 

outlet air and in the hydrogen peroxide solution. The dependence of conversion of xylene on 

its initial concentration and the flow rate of the waste air was tested individually in the first 

step (R1) and in both steps (R1+R2) connected in series.  

Experiments were conducted with four different initial concentrations of xylene (50; 100; 

150; 200 ppmv) and two different flow rates (57 and 113 m3 · h-1). Gas samples of the 

contaminated air were taken at the outlet from the R2 after each step influencing the 

concentration of xylene. There were at least 30 minutes after each part was turned on so the 
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equilibrium could be achieved. For the first experiment setup mentioned above the steps 

influencing the outlet concentration of xylene were as follows: 

 turning on the air pump for the dosing of xylene, 

 turning on 16 lamps in R1. 

Following steps came with the second experimental setup: 

 turning on the water pump for the circulation of hydrogen peroxide solution in R2, 

 turning on 15 lamps in R2. 

At the end of the experiment everything was turned off except the air pump so the stability of 

the inlet concentration of xylene could be tested. 

Effectivity of the elimination of xylene was evaluated as conversion of xylene from the 

experimental data according to the Equations (1) and (2), 

Xxyl =
nxyl,0−nxyl

nxyl,0
 (1) 

Xxyl =
cxyl,0−cxyl

cxyl,0
      V = const. (2) 

where Xxyl is the degree of conversion (-), nxyl,0 is the initial substance amount of xylene 

(mol), nxyl is the substance amount of xylene at the set time (mol). In the case of constant 

volume, cxyl,0 is the initial concentration of xylene (ppmv) and cxyl is the concentration of 

xylene at the set time (ppmv). 
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3. Results and Discussion 

3.1 Elimination of xylene in the photolytic reactor (UV/O3) 

The oxidation of xylene in the first step (photolytic reactor, R1) is based on the interaction 

between UV and ozone. The ozone is produced from the UV lamps present in the reactor. 

They provide strong UV irradiation (185/254 nm) which reacts with oxygen molecule in the 

air and two oxygen atoms are formed (Equation (3)). These atoms then react with oxygen 

molecule and ozone is produced (Equation (4)) [24]. 

O2
hν (185 nm)
→        2O (3) 

O + O2 → O3 (4) 

Ozone concentrations were measured during experimental runs at the output from R1 and 

varied from 25 to 230 ppmv depending on the actual flow rate of the waste air through the 

unit (Tables 1 and 2). 

Table 1 Dependency of ozone concentration on the air flow rate and initial xylene 

concentration after turning R1. 

R1 ON 

  
Initial (set) concentration of xylene (ppmv) 

0 50 100 150 200 

Air flow (m3 · h-1) Steady-state concentration of ozone (ppmv) 

57 230 150 130 77 45 

113 170 108 60 55 25 

 

Table 2 Dependency of concentration on the air flow rate and initial xylene concentration 

after both reactors (R1+R2) were turned on. 

R1+R2 ON 

  
Initial (set) concentration of xylene (ppmv) 

50 100 150 200 

Air flow (m3 · h-1) Steady-state concentration of ozone (ppmv) 

57 35 25 15 9 
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113 35 20 10 8 

 

It is possible that oxygen radicals and ozone could attack xylene molecule, mainly the 

substituent groups, producing higher oxidized forms of xylene such as carboxylic acids or 

even carbon dioxide and water. Oxidation of pollutant is not the only consumption of ozone in 

the reactor, the other way ozone is consumed is by reacting with UV irradiation < 328 nm. 

According to Munter [25] this reaction provides a highly reactive singlet oxygen atom O(1D) 

and an oxygen molecule (Equation (5)). The singlet oxygen atom can react with water vapor 

present in the air and produce two hydroxyl radicals OH• (Equation (6)). 

O3
hν
→O2 + O( D) 

1  (5) 

O( D) 
1 + H2O → 2OH

. (6) 

Johnson et al. [26] suggested that O(1D) can also react with present organic compound 

resulting in production of R• and OH• radicals (Equation (7)). Lastly the singlet oxygen atom 

can react with many molecules present in the air (N2, Ar, CO2 etc.) producing a ground state 

oxygen O(3P) (Equation (8)), which can react with molecular oxygen and produce ozone 

(Equation (9)). 

O( D) 
1 + RH → R. + OH. (7) 

O( D) 
1 +M → O( P) 

3 +M (8) 

O( P) 
3 + O2 +M → O3 +M (9) 

where M = N2, Ar, CO2 etc. 
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The formed hydroxyl radicals can oxidize the VOCs either through addition into an 

unsaturated VOC or by removal of hydrogen (Eq. (10) and (11)), but the removal of hydrogen 

is the less probable reaction (less than 10 % of the overall reaction pathway [27]). 

OH∙ + RH→ adduct (10) 

OH∙ + RH → H2O + R
∙ (11) 

The organic radical is afterwards oxidized into several intermediates and stable products. 

Generally, there are three mechanisms of the oxidation of VOCs, oxygen addition, splitting of 

the molecule into smaller fragments (CO, CO2, HCHO, HCOOH) and oligomerization. 

Hydroxyl radicals are another important oxidation agents in AOPs, several studies report their 

reactions with xylene [28-31]. 

Simply said, the oxidation of organic molecule in the photolytic reactor is caused by several 

oxidation agents, ozone, oxygen radical, hydroxyl radical and singlet oxygen. In case of 

generating hydroxyl radicals in the air, only 10 % of the O(1D) atoms reacts with water vapor 

and makes OH• radicals (even at 100% humidity). 90 % of them decay into O(3P) (Equation 

(8)) [32]. In addition, water photolysis at 185 nm is a source of hydroxyl radicals [33]. The 

inlet air has 50% of relative humidity. This is equal to 3.85 × 1017 molecules · cm-3, which 

could lead to an important generation of OH• radicals. On the other hand, the reaction 

pathway of xylene with OH• radicals is widely documented in literature [34-36]. 

Figure 4 shows a comparison of conversions in dependence on the flow rate and initial 

concentration of xylene after passing through the photolytic reactor. It is clear that at lower 

flow rates the conversion is higher, mainly due to the longer residence time (approx. 15.6 s for 

the flow rate 57 m3 · h-1 in comparison with 7.8 s for the flow rate 113 m3 · h-1). 

Simultaneously, higher conversion is achieved with lower initial concentrations of xylene. It 
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is also clear the conversion of xylene is becoming more or less the same (slightly above 10 %) 

with increasing initial concentration and flow rate. 

 

Figure 4 Comparison of average conversions of xylene after passing through the photolytic 

reactor (R1) at different initial concentrations of xylene and two different flow rates. 

 

3.2 Elimination of xylene in both steps of the unit (UV/O3 + UV/H2O2) 

The second step (photochemical, R2) of the pilot plant experimental unit works as a wet 

scrubber for the polar compounds, ozone and carbon dioxide coming from the photolytic 

reactor. These compounds are being dissolved into the recirculating water. Therefore, the 

oxidation reactions are undergoing in gas phase and in the aqueous phase as well. Since the 

xylene has very low solubility in water (< 0.2 g · m-3 at 20°C) the oxidation of the not 

oxidized xylene from R1 is proceeding in gas phase. The same applies for any non-polar by-

products produced in R1. The oxidation of these non-polar compounds is following the same 

steps as in R1 due to a still present ozone (not all ozone is being dissolved) and hydroxyl 

radicals coming from R1 along with the xylene. Additional hydroxyl radicals are produced 

from hydrogen peroxide present in recirculating water (Equation (12)). These are mainly 

responsible for oxidation of polar by-products dissolved in water in R2. 
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H2O2
hν (254 nm)
→        2OH. (12) 

Furthermore, hydroperoxyl anion, that is present because of its equilibrium with hydrogen 

peroxide, also absorbs UV irradiation at 254 nm, which is contra-productive because of 

lowering the production rate of hydroxyl radicals compared to the direct photolysis of H2O2 

(Equation (13) and (14)) [25]. 

H2O2 ↔ HO2
− + H+ (13) 

HO2
−
hν (254 nm)
→        OH. + O− (14) 

 

Figure 5 shows an experimental run with initial concentration of xylene 150 ppmv and flow 

rate 57 m3 · h-1. After setting the desired concentration, the 16 UV lamps in the photolytic 

reactor (R1) were turned on and a major decrease in xylene concentration was observed. Next, 

the circulation of water solution of hydrogen peroxide was turned on in R2. This step had no 

effect on the concentration of xylene due to a very low solubility of xylene in water. The 

second decrease in the xylene concentration was observed after the 15 lamps in the 

photochemical reactor (R2) were turned on. Mass spectroscopy proved that all conversed 

xylene was transformed into CO2 and H2O, because no products or by-products were detected 

either in the hydrogen peroxide solution nor in the outlet air. Comparison of average 

conversions in the unit at tested flow rates (Figure 6) shows high effectivity of the 

photochemical reactor. As expected, the average conversion is lower at the flow rate 113 

m3 · h-1 than at the flow rate 57 m3 · h-1. Jo
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Figure 5 Time dependency of xylene concentration with initial concentration 150 ppmv and 

flow rate 57 m3 · h-1. 

Figure 6 Comparison of average conversions of xylene after treatment in the photolytic 

reactor and after treatment at the whole unit at the flow rate a) 57 m3 · h-1, b) 113 m3 · h-1. 

 

3.3 Mathematical modeling of the photolytic reactor (UV/O3) 

As a part of a better understanding of the ongoing processes in the photolytic reactor and 

further research, a simple mathematical model was proposed. 

According to Burkholder et al. [33], Fan et al. [31] and Mohseni et al. [37], 48 possible 

reactions were proposed to happen in the photolytic reactor. Many of the reactions were 
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discarded because their reaction rate was many orders of magnitude lower than other 

reactions. In addition, the only considered compounds entering in the reactor were xylene, 

oxygen, water and nitrogen. State transfer reactions of oxygen atoms were also excluded 

because all of these forms were considered as simply O• radicals for the purpose of 

simplification of this model. Additionally, the photolysis of xylene at 254 nm is not possible 

according to our experiments (data not shown) and also as reported in Mohseni et al. [37]. On 

the other hand, Mohseni et al. [37] proved that photolysis of xylene is possible in a nitrogen 

atmosphere with 185 nm radiation. Thus, the final scheme of reaction for xylene 

decomposition and ozone generation in the reactor consisted of fourteen reactions (Equation 

(15)-(28)).  

H2O + hν185 → OH
. + H. r1 = J1[H2O] (15) 

O2 + hν185 → 2O
. r2 = J2[O2] (16) 

O3 + hν185 → O2 + O
. r3 = J3[O3] (17) 

O3 + hν254 → O2 + O
. r4 = J4[O3] (18) 

xyl + hν185 → products r5 = J5[xyl] (19) 

xyl + OH. → products r6 = k6[xyl][OH
.] (20) 

O. + O3 → 2O2 r7 = k7[O
.][O3] (21) 

O. + H2O → 2OH
. r8 = k8[O

.][H2O] (22) 

O. + OH. → O2 + H
. r9 = k9[O

.][OH.] (23) 

H. + O3 → OH
. + O2 r10 = k10[H

.][O3] (24) 

OH. + O3 → products r11 = k11[OH
.][O3] (25) 

O. + O2 +M → O3 +M r12 = k12[O
.][O2][M] (26) 

Jo
ur

na
l P

re
-p

ro
of



H. + O2 +M → products + M r13 = k13[H
.][O2][M] (27) 

O. + N2 +M → N2O +M r14 = k14[O
.][N2][M] (28) 

where r1…14 are reaction rates (molecule · cm-3 · s-1), J1…5 are photolysis rates for 

corresponding reactions (s-1), k6…14 are reaction rate constants for corresponding reactions  

(cm3 · molecule · s-1), “a” stands for present compounds/radicals and [a] are concentrations of 

compounds/radicals (molecules · cm-3), “M” represent any molecule present in the air, and 

[M] is the Loschmidt number, that for air can be considered equal to 2.5 × 1019 molecule · cm-

3. 

Photolysis rates J1…5 were determined according to Equation (29), 

Jn = ∫ Fλλ
σa,λΦa,λdλ   (29) 

where Jn is the photolysis rate for the “a” compound (s-1), Fλ is the spectral actinic flux 

(photons · cm-2 · s-1 · nm-1), σa,λ is the absorption cross section for the “a” compound at a 

determined wavelength (cm2 · molecule-1), Φa,λ is the quantum yield (-) and λ is the 

wavelength for corresponding reaction (nm).  

With the reaction pathway proposed above, the reaction rates for ozone and xylene as the two 

main reactants can be derived (Equations (30) and (31)).  

rO3 = −J3[O3] − J4[O3] − k7[O
.][O3] − k10[H

.][O3] − k11[OH
.][O3] + k12[O

.][O2] (30) 

rxyl = −J5[xyl] − k6[xyl][OH
.]  (31) 

To calculate the concentration of short lifetime species, the following hypothesis were made: 

i) constant concentration of water, oxygen and nitrogen, and ii) micro steady state 

approximation for the radicals. The radicals are generated at the same rate that they are 
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consumed, so the concentration remains low and constant [38, 39]. After some algebraic 

work, the concentration of radicals can be expressed as follows (Eq. (32)-(34)): 

[O.] =
J2[O2]+J3[O3]+J4[O3]

k7[O3]+k8[H2O]+k9[OH
.]+k12[O2][M]+k14[N2][M]

 (32) 

[H.] =
J1[H2O]+k9[OH

.][O.]

k10[O3]+k13[O2][M]
  (33) 

[OH.] =
J1[H2O]+k8[H2O][O

.]+k10[O3][H
.]

k6[xyl]+k9[O
.]+k11[O3]

  (34) 

A radiation profile was made with laboratory measurements at 254 nm in one direction of the 

lamp at set distances. Using Pythagorean theorem and interpolation, a radial array of points 

with a lamp as a center was made. Placing these arrays to the spots like lamps in the cross-

section of the reactor were placed, a simple radiation field was generated (Figure 7). 

 

Figure 7 Radiation field at 254nm in the cross-section of the photolytic reactor (see Figure 2). 

 

Clearly there is a major decrease of the intensity of the radiation in dependence on the 

distance from the light source [40]. This decrease is caused by compounds present in the air 

that absorb in the 254 nm wavelength and by the radial dispersion of the light. Intensity near 

the walls of the reactor was more than 5 times lower than in the “hot” area near the lamps. As 
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a consequence, overall average radiation flux at 254 nm in the whole cross-section was only 

2.05 × 1018 photons · cm-2 · s-1 · nm-1 which is not even a half value of the radiation flux near 

the lamps (area around the lamps up to 2.5 cm). 

Xylene presents a high value of absorption cross section at 185 nm compared to other 

compounds (see Table 3), thus a simple dependency between the radiation flux at 185 nm and 

the xylene concentration was established (Equation (35)) using laboratory data. 

F185(x) = Aexp
BCxyl(x)  (35) 

where A and B are coefficients that have to be estimated, Cxyl is the xylene concentration 

(molecule · cm-3) and x is the position vector. 

In the first approach to modelling this very complex problem, an average radiation value in 

the cross section area of the reactor was used. Also, diffusive and convective gradients of 

concentration of the components in the cross section were not considered. With these 

simplifications, the reactor can be modelled as one-dimensional plug flow (1D-PFR), and the 

resulting mass balance equation along the reactor for the main compounds is: 

vair
dCy(x)

dx
= ry(x)   (36) 

where vair is the flow velocity (cm · s-1), C is the concentration (molecule · cm-3), “y” 

indicates the compound (xylene or ozone), x is the coordinate along the reactor, and r is the 

reaction rate (Equations (30) and (31)). The boundary conditions are: 

Cxyl(0) = Cxyl,0  (37) 

CO3(0) = 0  (38) 

Equation (36) was solved numerically for xylene and ozone with the Euler method, and using 

the photochemical parameters and reaction rate constants that are reported in literature 
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(Table 3). On the other hand, experimental data and the Generalized Reduced Gradient (GRG) 

algorithm were used to estimate the reaction rate constant k6 corresponding to the xylene 

oxidation by hydroxyl radical attack and the quantum yield of xylene at 185 nm Φxyl,185. The 

method of GRG is explained in more detail by Arora [41]. The value of k6 was estimated as 

1.19 ± 0.17 × 10-14 cm3 · molecule-1 · s-1 and the value of Φxyl,185 was 5.16 ± 0.25 × 10-5. Also 

the coefficients A and B in the Equation (35) were estimated as  

4.51 × 10-18 photons · cm-2 · s-1 · nm-1 and -3.86 cm3 · molecule-1 respectively. The root mean 

square error (RMSE) of the concentrations predicted by the model and the measured ones was 

3.66 % for xylene and 10.7 % for ozone. 

Table 3 Data used for modeling found in literature. 

Denomination Symbol Value Unit Reference 

Absorption cross section 

σxyl,185 1.80 × 10-16 cm2 molecule-1 [42] 

σH2O,185 6.78 × 10-20 cm2 molecule-1 [33] 

σO2,185 2.99 × 10-23 cm2 molecule-1 [33] 

σO3,185 6.22 × 10-19 cm2 molecule-1 [33] 

σO3,254 1.15 × 10-17 cm2 molecule-1 [33] 

Photodissociation quantum 

yield 

ΦH2O,185 ≥ 0.99 adim. [33] 

ΦO2,185 1.00 adim. [33] 

ΦO3,185 0.37 adim. [33] 

ΦO3,254 0.90 adim. [33] 

Reaction rate constant 

k7 8.0 × 10-15 cm3 molecule-1 s-1 [33] 

k8 2.0 × 10-10 cm3 molecule-1 s-1 [33] 

k9 3.3 × 10-11 cm3 molecule-1 s-1 [33] 

k10 2.9 × 10-11 cm3 molecule-1 s-1 [33] 

k11 7.3 × 10-14 cm3 molecule-1 s-1 [33] 

k12 6.0 × 10-34 cm6 molecule-2 s-1 [33] 

k13 4.4 × 10-32 cm6 molecule-2 s-1 [33] 

k14 2.8 × 10-36 cm6 molecule-2 s-1 [33] 

 

The concentration profiles along the reactor predicted by the resolution of the mass balance 

(Equation (36)) and applying the kinetic model for xylene and ozone (Equations (30) and 

(31)) are shown in Figure 8. There is a higher xylene elimination and a higher ozone 

production for the lower flow rates due to a higher residence time. The elimination/production 

is faster up to approx. 0.5 m from the reactor inlet, then it is slowing down and graph becomes 
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practically linear. In theory, the complete elimination of xylene is possible if the residence 

time is long enough, even for relatively high concentrations. 

Figure 8 The model dependency of a) the xylene concentration, b) the ozone concentration on 

the reactor length. 

 

The comparison between model predictions and experimental data for both xylene and ozone 

at the reactor outlet is shown in Figure 9.  

Figure 9 The comparison between model and experimental data for a) xylene, b) ozone. 

 

Jo
ur

na
l P

re
-p

ro
of



As it was mentioned, xylene absorbs radiation at 185 nm, so the radiation flux depends on the 

xylene concentration. This has an effect on reaction rates r1 (in a direct way) (Equation (15)) 

and r8 (in an indirect way) (Equation (22)), which are the sources of OH• radicals. On the 

other hand, the firstly considered reactions for xylene decomposition were: i) OH• radical 

reaction (r6), ii) photolysis (r5), iii) direct reaction with ozone, and iv) reaction with O• radical. 

In the first modeling approach, the last two reactions were calculated, but they were discarded 

due to the predicted low value of reaction rate constant (in orders of magnitude10-22 for the 

reaction with ozone and 10-13 for the reaction with O• radical). For this work, the reaction 

described by Equation (20) (OH• radical attack) is more significant than the reaction of 

Equation (19) (photolysis) according to the estimated values in the model. Experimental 

conditions tested were average 254 nm radiation flux of 2.05 × 1018 photons · cm-2 · s-1 · nm-1 

and inlet xylene concentration ranging from 50 to 200 ppm. This behavior also agrees with 

the work of Mohseni et al. [37]. In those experiments, the tested conditions were radiation 

flux at 254 nm of 3.03 × 1018 photons · cm-2 · s-1 · nm-1 and 100 ppm of inlet xylene 

concentration. Thus, in these conditions, the OH• radical attack is the main pathway for 

xylene degradation. However, despite the direct ozonation of xylene and the O• radical attack 

can be neglected, ozone plays an important role through the formation of OH• radicals. 

Finally, the initial pollutant concentration presents a chained effect on the xylene 

decomposition, therefore the photolysis could become more important for higher xylene 

concentrations. 

3.4 Figures-of-merit 

The important part of chemical engineering is also an economic evaluation of the whole 

process. For this purpose, figures-of-merit were counted so that the system can be compared 

to other AOPs which are widely disperse group of technologies. For this technology where the 
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concentration of pollutants are low, figures-of-merit were counted as an electric energy per 

order EEO (Equation (39)) [43], 

EEO =
P

F∙log 
cxyl,0

cxyl

  (39) 

where EEO is the electric energy demand for the degradation of xylene (kW · h · m-3), P is the 

rated power (kW), F is the air flow rate (m3 · h-1). Taking into account the most recent 

average prices for the electric energy per kilowatt hour for the EU (0.22 € · kW-1 · h-1, 2019) 

the cost for one-hour treatment of the waste gas would not exceed 6.73 € as seen in Table 4 

and 5. 

Table 4 EEO and electric energy cost summary for the flow rate 57 m3 · h-1. 

Average inlet 

concentration 

(ppmv) 

Average 

concentration 

after R1 

(ppmv) 

Average 

outlet 

concentration 

(ppmv) 

EEO for 

R1 

(kW · h · m-3) 

Cost 

(€ · m-3) 

EEO for 

R1+R2 

(kW · h · m-3) 

Cost 

(€ · m-3) 

51.33 25.17 2.33 0.075 0.016 0.046 0.010 

100.33 62.11 22.78 0.111 0.024 0.097 0.021 

153.58 124.15 93.75 0.251 0.055 0.290 0.064 

213.17 188.00 163.33 0.424 0.093 0.538 0.118 

 

Table 5 EEO and electric energy cost summary for the flow rate 113 m3 · h-1. 

Average inlet 

concentration 

(ppmv) 

Average 

concentration 

after R1 

(ppmv) 

Average 

outlet 

concentration 

(ppmv) 

EEO for 

R1 

(kW · h · m-3) 

Cost 

(€ · m-3) 

EEO for 

R1+R2 

(kW · h · m-3) 

Cost 

(€ · m-3) 

52.34 34.67 10.83 0.065 0.014 0.046 0.010 

113.33 97.55 72.22 0.179 0.039 0.160 0.035 

154.32 135.11 98.78 0.202 0.045 0.162 0.036 

208.00 184.21 145.17 0.221 0.049 0.201 0.044 

 

From the economic point of view, this AOPs technology is more suitable for the higher flow 

rate (113 m3 · h-1) where the prices for one-hour treatment are lower than for the flow rate 
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57 m3 · h-1. In the case of the highest measured inlet concentration of xylene (approximately 

200 ppmv), the cost of reducing the xylene concentration by an order of magnitude at a higher 

flow rate (113 m3 · h-1) is almost 3 times lower than at flow rate 57 m3 · h-1. Furthermore, 

more economically advantageous is the use of both steps (R1 + R2) of the technology, despite 

the fact that energy consumption by the whole unit is nearly 3 times higher than by using only 

the first step, but the eliminated amount of pollutant is nearly two times higher. 

4. Conclusions 

A pilot plant technology using advanced oxidation processes was successfully tested for the 

elimination of xylene from waste gases. Both steps of the unit, photolytic and photochemical 

reactor showed their effectivity towards elimination of xylene. The highest conversion (95 %) 

of xylene was achieved for the flow rate 57 m3 · h-1 and initial concentration of xylene 50 

ppmv. Needless to say, after calculating the figures-of-merit, the higher flow rate 113 m3 · h-1 

was more economically advantageous, where the cost for one-hour treatment of the waste gas 

was 0.044 € · m-3 for the initial concentration of xylene 200 ppmv. In addition to the 

experimental data modeling was calculated as well. Modeling showed that xylene is 

eliminated mainly due to its reaction with hydroxyl radicals, which are formed both by the 

reaction of ozone with water but also by the reaction of singlet oxygen (formed by the 

decomposition of ozone) with water. It also showed that it is theoretically possible to achieve 

100% elimination of xylene, if the reactor is long enough. This idea is supported by graphical 

results of model in which the concentration dependencies of xylene become practically linear. 

With the actual design, the unit is more suitable for lower flow rates and with some changes it 

can be a good alternative for the actual technologies for the waste gas treatment. 
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