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Abstract 

 

This paper deals with photocatalysis (TiO2+UV), nonthermal plasma (NTP) and their 

combinations have been widely studied for isovaleraldehyde (Isoval) treatment. Isoval removal, 

selectivity of CO2 and CO, and ozone formation are investigated in order to evaluate the 

performance of the combined process. The results show that the performance of the process has 

enhanced and a synergetic effect is observed.  

On the other hand, this work aims at investigating kinetic modeling of combined process with 

taking into account the mass transfer step. The model is based on mass balances in three types 

of region: bulk region, discharge zone and solid phase which contains the photocatalyst. The 

oxidation in discharge and solid phases is described in two stages. Firstly, the removal of Isoval 

gives an equivalent intermediate (EI). Secondly, EI is oxidized in to carbon dioxide (CO2) and 

carbon monoxide (CO). This simplified approach of removal allows for an agreement between 

modeling and empirical data in terms of degradation and mineralization. It also allows for the 

simulation of NTP and photocatalytic kinetics without knowing the plausible pathway. 
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Moreover, the synergetic effect can be represented correctly by increasing mass transfer 

constant. 
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Introduction 

 

The harmful effects of pollution on the environment and health have led in recent decades and 

in many countries, to regulate the environmental policies aimed at the reduction of pollution 

(including air pollution) [1, 2]. It is therefore necessary to reduce emissions, or to treat with 

economically and environmentally-sustainable technologies [3]. Nonthermal plasma (NTP) is 

one of technologies which is used to air pollution control. It is about electrical discharge to treat 

gas present between electrodes separated by a dielectric material, which can ionize the gas, 

modifying the components [4]. It is characterized by the formation of electrons, ions and neutral 

molecules [4] which interact and degrade organic compounds such as trimethylamine [6] and 

toluene [7]. On the other side, a close look to the papers published on the modeling of oxidation 

process and mass transfer of pollutant in discharge zone shows that it is generally quite difficult 

to describe NTP. In fact, the majority of published models didn’t take into account mass transfer 

step between bulk and plasma regions so they ignore the effect of mass transfer [9].  

Moreover, photocatalysis has been developed toward VOC treatment for several years. This 

technology has already shown its efficacy toward air pollution. Titanium dioxide (TiO2) is one 

of the most investigated photocatalyst for VOC treatments [10]. It is activated by photons 

provided by an ultra violet (UV) radiation [10-12]. Many studies showed that photocatalysis is 

a promising process for remediation of air polluted by VOCs [11-13]. 
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On other hand, some other investigations have combined non-thermal plasma with 

heterogeneous catalysis in the abatement of VOCs at scale laboratory [5, 14]. It is well 

established now that combined process improves the removal of pollutants [15]. Although many 

studies has been found a synergetic effect between NTP and TiO2+UV, the raison for this 

synergetic has not been extensively explored. 

 

The aim of this study is to evaluate the efficiency of NTP and photocatalysis processes for 

Isoval removal in planar reactor. Isovaleraldehyde is chosen as representative of odorous 

compounds [16]. Additionally, the present work deals with the modeling of isovaleraldehyde 

removal and byproducts formation by coupled NTP+TiO2+UV in two different continuous 

reactors: cylindrical and planar without knowing all the intermediate byproducts and the 

pathway removal. 

 

2. Materials and methods 

 

2.1. Reactor design and setup details 

 

The cylindrical reactor (Fig.1) is principally constituted by two concentric cylinders 

(Ø58 and 76 mm). To generate the NTP, the reactor is covered by a copper grid which 

constitutes the outside electrode. The inner electrode is made from a continuous helical 

aluminum winding. The dielectric media, glass reactor wall, is 4 mm thickness. The applied 

voltage is about 30 kV/40 mA and is a sine waveform. It is delivered by a TREK_30kV high 

voltage amplifier coupled with a generator BFi OPTILAS. The outside electrode is connected 

to the ground through a 2.5 nF capacity. A digital oscilloscope (Lecroy Wave Surfer 24 Xs, 200 

MHz) is used in order to visualize the applied voltage and the voltage across the capacity 

(Fig.1).  



4 
 

The catalytic material consists of a Glass Fiber Tissue (GFT) coated with 13 g.m-2 of 

colloidal silica to ensure the fixation of 13 g/m2 of titanium dioxide nanoparticles (PC500 

Millennium). More details of preparation process are presented in Ahlstrom Patent [17]. The 

GFT is maintained on the inner reactor wall by the wire electrode (Fig.1). Thus, plasma is 

directly generated on catalyst surface. An 80W UV lamp is placed in the inner concentric 

cylinder in order to have a uniform irradiation (fig.1). The UV intensity is equal to 20 ± 3 W.m-

2.  

Fig 1: Cylindrical reactor and plasma experimental set-up 

 

The planar reactor is 1m length and it consists of a rectangular cross section and contains tow 

plates which carried the medium and the electrodes (Fig.2). More descriptions have been 

detailed in our previous works [14]. 

 

Fig.2: sectional drawing (a) and Schema (b) of NTP coupled with photocatalysis in 

planar reactor. 

 

2.2. Apparatus and Analysis 

 

To analyze pollutant, a FISONS Gas chromatograph coupled with a flame ionization detector 

(GC-FID) is used as described in previous study [18]. The carbon dioxide concentrations are 

measured by an infrared detector (100 Cosma Beryl ®, Cosma ®, Igny, France). CO 

concentrations are measured by a CO_ZRE gas analyzer. Standard iodometric titration method 

was used to estimate the downstream ozone formation [14].  

 

3. Results and discussion 
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The measurements of isovaleraldehyde removal, the amount of ozone generated and the 

selectivity of CO and CO2 were carried out in three configurations: TiO2+UV, NTP and 

NTP+TiO2+UV.  

The operational conditions/parameters used for the experimental series as well as the evaluation 

of reactor performance were: 

 Inlet (Cinlet) and outlet (Coutlet) concentration of pollutant (mg. m-3 ) 

 Removal capacity (RC; mg.h-1) = (Cinlet-Coutlet).Q 

 Specific energy (SE; J.L-1) = (P (W) / Q(m3.s-1))/1000 

 where Q is the flowrate and P is input power adjusted by changing the applied voltage (Ua).  

 

3.1. Removal capacity  

 

Using planar reactor, we note that Isoval removal by NTP+TiO2+UV is about 5 to 15 % higher 

than the sum of the capacity recorded, under the same conditions, for NTP and photocatalysis 

alone. This behavior has been well described in previous study with cylindrical reactor [18]. It 

is interesting to show that this synergetic effect was observed under various experimental 

conditions (Fig.3) and it may be explored to the improvement of mass transfer step at solid zone 

due to turbulence generated by NTP [14]. 

 

Fig. 3: Isoval removal capacity by coupled process vs. the sum of removal capacity of 

NTP and photocatalysis at different reactor geometries and specific energy  

 

3.2. By-products formation 

 

By-products due to each process using a planar reactor are represented in Fig.4. With coupled 

process mineralization is improved in comparison with NTP alone (Fig.4). When NTP alone 
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was used CO2 selectivity is equal to 17 %. But by adding TiO2 with external UV, CO2 selectivity 

is about 40 %. We note that by photocatalysis alone, the selectivity of CO2 was around 60 %. 

In fact, total mineralization by TiO2 photocatalysis is well-known because the majority of 

isovaleraldehyde byproducts are transformed into CO2. But, with plasma alone, there were 

many radical reactions which lead to other by-products like CO.  

On the other hand, the combined process enhances significantly CO2 selectivity, in comparison 

with plasma DBD alone. This enhancement is attributed to the formation of more reactive 

species due to presence of TiO2 in plasma discharge zone [21]. Thus the value of mineralization 

with combined process was an intermediate value between photocatalysis alone and plasma 

alone. 

 Moreover, the selectivity of CO was reduced to 7 % with combined NTP and photocatalysis. 

In the same way, the result shows that the concentration of ozone produced by NTP alone is 

higher than that due to the NTP+TiO2+UV system. This behavior can be explained by the 

decomposition of ozone in the presence of external UV of planar reactor [5, 18, 19].   

 

Fig. 4:  Variation of amount of ozone, CO and CO2 selectivity at different processes 

using planar reactor (Q=10 m3.h-1, [Isoval] = 40 mg.m-3). 

 

Similar trends were observed with cylindrical reactor at various operating parameters such as 

relative humidity, inlet concentration and specific energy [18]. 

 

4. Modeling of NTP and photocatalysis  

 

A predicting model which will be able to predict the experimental results is established. The 

main objective of the model is to permit the reactor design. 
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4.1. Modeling and kinetics 

 

4.1.1. Photocatalysis  

 

To describe the photocatalytic oxidation of air pollution, many researchers have used 

Langmuir-Hinshelwood (L-H) model [13, 22, 23] (eq.1): 
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                                                 (1) 

where Ki (m
3.mol−1) and kapp (mol.m−3.s−1)  are the apparent constants of model L-H, Ci (mol.m-

3) is the initial concentration of VOC and   is the fractional surface coverage which can be 

described as: 

                                                  
,

i

m i

q

q
                                                                    (2) 

Where qm,i  (mol.g−1) and qi (mol.g−1)  are respectively the maximum capacity of adsorption  

and the adsorption capacity onto TiO2. 

Only few models have considered a mass transfer step between bulk and solid phase [22, 23]. 

In fact, Visan et al. [23] have reported an interesting approach to the modeling of PCO reactors 

based on the light intensity and mass transfer; they model the intrinsic kinetics in immobilized 

photocatalytic microreactors. 

 

4.1.2. Plasma  
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A literature review shows that oxidation modeling of NTP reactors has been explored 

extensively [9]. However, in most cases, these studies didn’t take account to mass transfer step 

in oxidation process [9, 24].  In our previous study, we have used a simple model which cannot 

take byproducts of pollutant into account [6]. This model has been used only to describe the 

removal of trimethylamine and isovaleric acid with NTP (eq.3): 

                     .
inj

d d d d d d

reactor reactor

EP SE
R k C k C Q k C

V V 
                                                (3) 

where kd the apparent rate constant, Cd pollutant concentration on discharge phase, Vreactor the 

reactor volume, SE specific energy and P the discharge power, τ the residence time of the 

pollutant on the NTP reactor and Q the flowrate. 

 

4.2. Mass balance in the reactor 

 

In order to facilitate the modeling, the oxidation process has been carried out in two stages. 

Firstly, the initial pollutant is oxidized to an equivalent intermediate (EI). Secondly, EI gives 

CO2 and CO in discharge phase and CO2 in solid phase. 

                  1 2k k

2Isoval EI 5 CO      In discharge or solid zone 

               31 kk
Isoval EI 5 CO                 In discharge zone 

The NTP+TiO2+UV process can be subdivided into six phases (Fig. 5): 

 Transfer of gaseous reactants (pollutant and oxygen) to the discharge zone 

 Oxidation reaction on the discharge zone 

 Transfer of gaseous reactants and byproducts to the solid phase 

 Oxidation reaction in solid phase 

 Desorption of gaseous photocatalytic reaction products and byproducts.  

 Diffusion of products to bulk phase. 
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Fig.5: Elemental mass transfer processes involved with NTP+TiO2+UV system 

 

In order to facilitate the modeling, some simplifying hypotheses have been assumed: 

1. The electrical energy is uniformly in the thickness of discharge phase 

2. The special concentrations of reactive species are uniforms in discharge zone 

3. The mass transfer between the bulk phase and discharge zone is driven by molecular 

diffusion. 

The mass balance in the bulk phase (Eq. (4)) and discharge phase (Eq. (5)) can be written as: 

                 −𝑢𝑏 ∙
𝜕𝐶𝑏,𝑖(𝑡,𝑥)

𝜕𝑥
−

𝜕𝐶𝑏,𝑖(𝑡,𝑥)

𝜕𝑡
+ 𝐷𝐿

𝜕2𝐶𝑏,𝑖(𝑡,𝑥)

𝜕𝑥2
+ 𝑎𝑏 ∙ 𝑇𝐵𝑃 = 0                    (4)                                                

         −
𝜕𝐶𝑖(𝑡,𝑥,𝑧)

𝜕𝑡
− 𝑢(𝑧) ∙

𝜕𝐶𝑖(𝑡,𝑥,𝑧)

𝜕𝑥
+ 𝐷𝑖

𝜕2𝐶𝑖(𝑡,𝑥,𝑧)

𝜕𝑧2
− 𝑅𝑃,𝑖(𝑡, 𝑥, 𝑧) = 0             (5)                                            

Where Cb,i is the concentration of each compound in bulk phase, ub represents the velocity,  DL 

is the coefficient of axial dispersion and Di is the molecular diffusion of each compound, TBP 

is the mass flow rate from the bulk to discharge phase: 𝑇𝐵𝑃 = −𝐷𝑖

𝜕𝐶

𝜕𝑧
|

𝑧=𝑒
  

Moreover, u (z) the velocity in plasma phase can be expressed as: 

                                        𝑢(𝑧) = 𝑢𝑏 ∙ (
𝑧

𝑒
)

2

                                                     (6) 

 where x and z are the axial and radial dimensions respectively and e represents the thickness 

of plasma film. 

The boundary and initial conditions are as follows: 

𝐶𝑏,𝑖(𝑡, 𝑥 = −∞) = 𝐶0(𝑡) 

        𝐶𝑏,𝑖(𝑡, 𝑥 = +∞) = 0 

The mass balance on the photocatalytic phase (Eq. (7)) can be written as: 

                              
𝜕𝑞𝑖(𝑡,𝑥)

𝜕𝑡
+

1

𝑚𝑐
∙ 𝑇𝑃𝑆 −

1

𝑚𝑐
∙ 𝑅𝜑,𝑖(𝑡, 𝑥) = 0                            (7) 
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mc is the mass of TiO2 (g.m−2). TPS is the mass flow rate from the discharge to solid phase:      

                                                             𝑇𝑃𝑆 = 𝑎𝑣. 𝑘𝑓. (𝐶𝑖 − 𝐶𝑠,𝑖)                             (8) 

where kf mass transfer coefficient. av the medium area per unit volume of the reactor (m2.m-3),  

Cs,i concentration of pollutant on the surface of TiO2 (mol.m−3). Considering the Langmuir 

model, this concentration is at equilibrium with the adsorption capacity qi (mol.g−1) (eq.9).  

                                   
,
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j
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                                                            (9) 

where K is the adsorption constant of Langmuir model . 

Using the eq.2 the equation 9 can be written as eq.10:       

                                  
,

,

,1

.(1

i

m i

s i n
j

i
m jj

q
q

C
q

K
q




 

  
 


                                  (10) 

 

4.3. Adsorption isotherm 

 

To determinate the adsorption constant of Langmuir model and the maximum capacity of 

adsorption, some adsorption isotherms of isovaleraldehyde were investigated. In fact, qs 

(mol.g−1) which is the quantity of isovaleraldehyde adsorbed on TiO2 can be expressed in Eq. 

(11): 

                                                      .inlet outlet
s reactor

c

C C
q V

m


                                            (11) 

where Cinlet and Coutlet (mol.m−3) are respectively the inlet and the outlet concentration at 

equilibrium and mc (g.m−3) the quantity of photocatalyst, Vreactor the volume of the batch reactor 

(m3). The adsorption constant of Langmuir model and the maximum capacity of adsorption can 

be determined by linearizing Cs/qs versus Cs  
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1 1

( )s
s

s m

C
C

q q K
                                          (12) 

The results are satisfactory fitted by Langmuir model [6]. The obtained value for 

isovaleraldehyde were K = 6.0×103 m3.mol−1 and qm = 7.2×10−1 mol.kg−1. 

Additionally, to determinate the adsorption parameters (K, qm) of EI we supposed that EI is as 

a molecule having three carbon atoms C3 which is intermediate between Isoval (C5) and CO2 

(C1). The adsorption constants (K and qm) of EI found in literature [29, 30] can be used as equal 

to K = 3.6×101 m3.mol−1 and qm = 1.29 mol.kg−1. 

 

4.4. Modeling of mass transfer  

 

4.4.1. Between bulk and discharge zone 

 

We assume that convection phenomena are negligible and that mass transfer between the bulk 

and plasma regions was monitored by diffusion [12, 13]. The correlation of Perry et al. [25] 

was used to calculate the molecular diffusivity (Dm) of each reactant in the air. The correlation 

is as follows:  
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Air i

T
D

M M
P  

 
 

 
   

                                   (13)    

where T the ambient temperature (K), P is the atmospheric pressure (Pa), (∑υ)Air and (∑υ)i are 

the molecular volumes of air and reactant (i), and MAir and Mi are the molecular weights of air 

and “i” (g.mol-1).  

 

4.4.2. Between discharge and photocatalytic zone 
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In a heterogeneous reaction sequence, mass transfer of reactants first takes place from the 

discharge phase to the external surface of the TiO2 particles. The reactants then diffuse from 

the external surface into and through the pores within the TiO2 particles, with reaction taking 

place only on the catalytic surface of the pores.  

But, many studies [14, 22, 23] neglect the internal mass transport inside the pores. Hence, the 

reaction rate is set as the boundary condition for the catalyst–fluid interface. Thus, to determine 

the constant of external mass transfer km, several correlations were used. In fact, using the planar 

reactor, km can be determinated by semi-empirical correlations [26]:  

                                      

(1/ 2) (1/ 3)0.664 (Re) .( )Sh Sc                                    (15) 

For laminar flow in cylindrical reactor, km is calculated using a correlation detailed by Mobarak 

et al. [27]: 

                   

-0,472

0,33 0.551, 029 Re totL
Sh Sc

d

 
    

 
                           (16) 

where Re, Sc and are respectively Reynolds, Schmidt and  Sherwood dimensionless number, d 

is the equivalent diameter of cylindrical reactor and L tot is its length. 

More details concerning Reynolds values and km calculations were given in our previous work 

[8, 12]. 

 

4.5. Modeling of kinetic reaction 

 

4.5.1. In plasma zone 

 

 NTP is generated in air where N2 and O2 are the main constituents. To simplify the oxidation 

process, the model takes into account only one species: atomic oxygen [9, 24, 28].  
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The electron concentration, averaged over several cycles, can be considered proportional to a 

power of the specific energy:     

                                              Ce- = EZ

αE,1

The reaction between electrons and oxygen can be written as follows: 

                              r = - k . Ce- . [O2] = - k’ . EZ

αE,1  . [O2]                                            (18) 

It is generally accepted that the plasma removal rate can be modeled by the general expression 

(eq.19): 

          𝑅𝑃,𝑖(𝑡, 𝑥, 𝑧) = ∑ ϑi,j ∙ kj ∙ EZ

αE,j(t) ∙ ∏ C
i

γp,j(t, x, z)

nc

p=1

nr

j=1

                                (19) 

where Rp is the removal rate in plasma phase, SE the specific energy of plasma, Ci the 

concentration of each compound in the plasma layer, kj the constant rate, t time (min), z the 

distance which is perpendicular  to flow in plasma zone (film thickness) (m), x the distance in 

the flow direction (m). 

 ϑi,j are stoichiometric coefficients of the removal reaction, αE,j, γp,j
 orders of reaction, nc and nr 

number of compounds and reactions respectively. 

 

4.5.2. In photocatalytic zone 

 

Here, in order to simplify the modeling work, relative humidity and UV intensity, are kept 

constant. 

Using L-H model, basic equation of the photocatalytic degradation kinetics of  compound i can 

be written as: 
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                                                            . ( ). jn

i j j

j

R k f I q                                            (20) 

where                                                  , . ( )j m j jq q f C                                             (21) 

 The photocatalytic oxidation is then expressed by Eq (20). 

Ri(t, x) = ∑ ϑi,j ∙ kj ∙ I(t)γI ∙ (
K ∙ C(t, x, 0)

1 + α ∙ I(t) + K ∙ C(t, x, 0)
)

γp,i

∙ ∏ θp

γp,j(t, x)        

n−1

p=1

φ

j=1

(22) 

where I is the UV intensity of lamp,  p the fractional surface coverage, C the concentration of 

each compound adsorbed on the solid phase, k and K L-H constants, and ϑi,j the stoechiometric 

coefficients. γ
p,i

 , γI and γp,j are orders of reaction, φ and np are respectively number of 

compounds and reactions, α coefficient of UV intensity. 

Boundary and initial conditions are as follows: 

                                                                 𝐶𝑖(0, 𝑥) = 𝐶0 

𝑞(0, 𝑥) = 0 

 

5. Simulation procedure 

 

Equations (4) to (20) were incorporated into a program in Fortran ® language which was written 

with the main objective of flexibility. In fact, we wanted to have the possibility to vary the main 

parameters (specific energy, concentration, flow rate) or to change the geometry reactor with 

plasma alone, photocatalysis and combined process UV and to provide a more detailed 

description or less complex chemical mechanisms.  

A step of comparing our various experimental results and simulations from the same operating 

conditions will allow us to access the values of certain parameters and kinetic constants and 

thus to validate the choice of a reaction mechanism.  
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The incoming flow is defined by the nature and concentration of these compounds, as well as 

by the parameters of the effluent. The program reads the data in three input files: ".Fed" 

extensions containing parameters and fluid ".Prd" containing the data of seven compounds and 

the various constants and their reactions which their number was nine are supplied by a file 

".Rea" Additionally, the resolution of the partial differential equation set is carried out by using 

orthogonal collocation. The simulations were done with Neosim/Excel. It gives the outlet 

concentration of isoval and the formed byproducts at different specific energy and flow rate 

using planar and cylindrical reactors. A Gauss-Newton method is carried out to determinate the 

values of kinetics constants (kj), by a least square fitting of the difference between simulated 

and empirical results [23].  

 

5.1. NTP  

 

Fig. 6 shows the evolution of the isovaleraldehyde transitory concentration and some products 

with the time resulting from NTP reaction. Here, the plasma is switched ON after 20 min. After 

this period, Fig.6 shows that all the concentrations of byproducts are stables. On the other hand, 

experimental data have been represented on the same figure after 2 hours which was the 

experimental time for checking experimental point.   

After optimization, the numerical resolution [29] gives outlet isovaleraldehyde concentration, 

selectivity of COx and amount of ozone at different operating parameters of each geometry of 

reactor and at each inlet concentration.  

The values of constants k1, k2, k3 and k(O3) are summarized in Table 1. 

 

Table 1: Values of constants 

 



16 
 

The comparison between experimental and predicted results is represented on Fig. 6. Here, we 

represent only the result simulation with the planar reactor. The model describes reasonably 

well the removal of isovaleraldehyde. The description of the degradation kinetics by a model 

with a single EI is able to reproduce the plasma oxidation process. 

Regarding byproducts formation, the predicted result is also satisfying during the study. The 

model is accurate, but tends to underestimate the ozone formation. Indeed, it is known that the 

formation of ozone is based on recombination reaction between oxygen molecule and atomic 

oxygen. The model only takes into account one active specie (O°); this behavior leads to a 

decrease of oxygen atomic amount resulting to a reduction of ozone formation. Thus, this effect 

can probably explain the underestimate of the ozone formation (Fig.6). 

 

Fig.6: Experimental and simulated results of Isoval outlet concentration and byproducts 

formation vs. time using planar reactor (Process: Plasma alone [Isoval]0=40 mg.m-3, Q= 

10 m3.h-1, SE=14 J.L-1, T=20°C, HR=50%)  

 

It is interesting to mention that this model gives also, overall, satisfactory results with 

cylindrical reactor. The results with this reactor are not represented here. 

 

5.2. Photocatalysis  

 

In Fig. 7, it is shown that the variation of transitory Isoval concentration and products have 

resulted from photocatalytic reaction with time. After 80 min of contact, UV lamp are kept 

OFF, the inlet and the outlet concentrations of Isoval are the same which means that the 

photocatalytic medium is saturated. After this adsorption period, the UV lamp is ON. For a 

reaction time beyond 30 min, all the concentrations of byproducts are stables.  Additionally 

experimental data have been represented on the same figure for reaction time beyond 150 min. 
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As seen on figure 7, the model describes reasonably well the isoval removal throughout the 

experiments and for whatever the initial concentration. Regarding the mineralization, the model 

represents well the CO2 concentration. But, with high inlet concentration of Isoval, it tends to 

underestimate the CO2 formation. It is known that the mineralization of complex organic 

pollutants occurs via several successive reactions. In fact, there are other pathways of CO2 

formation which probably explains the underestimation of the CO2 release.  

The values of k4 and k5 are summarized in Table 2. These constants (k4 & k5) (see table 2) are 

similar to those obtained for hexanal removal by Vuong and co-workers [30]. 

 

Table 2: Values of kinetic coefficients  

 

Fig.7: Experimental and simulated results of Isoval outlet concentration and byproducts 

formation vs.  time using planar reactor: empty symbol = experimental data at 

[Isoval]0= 40 mg.m-3 and full symbol = experimental data at [Isoval]0= 15 mg.m-3  

(Process: photocatalysis alone, Q= 10 m3.h-1, SE=14 J.L-1, T=20°C, HR=50%)  

 

 The simulation data using cylindrical reactor are not reported. Therefore, we note that the 

model correlate experimental results satisfactory.  

 

5.3. Modeling and simulation of combined process (NTP+TiO2+UV) 

 

When we simulate the coupled process, we used the constants obtained previously (Tables 1 

and 2). Thus predicted results were not consistent with empiric data (not represented). 

So, for having a better fitting, we conducted to adjust the flow of mass transfer between 

discharge and photocatalysis zones. Indeed, the presence of the turbulences generated by 

plasma on the photocatalytic medium can enhance the mass transfer. Moreover when we 
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increase four times the value of km the model is able to predict the experimental results of 

coupled NTP and TiO2+UV. It gives a satisfactory overall description of isovaleraldehyde 

removal (Fig. 8), mineralization (Fig.9) and ozone formation (Fig.10) using two geometries of 

reactor. 

 

Fig.8: Comparison of result of concentration simulated vs. the empirical data at 

different flow rates and inlet concentrations with coupled process. 

 

Fig.9: Comparison of CO2 selectivity simulated vs. the emprical data at different specific 

energy with coupled process. 

 

Fig.10: Comparison of ozone concentration simulated vs. the emprical data at different 

specific energy with coupled process. 

 

The values of constants km,1 and km,2 when photocatalysis is used alone and in combination with 

NTP are summarized in Table 3. 

 

Table 3: values of mass transfer constants  

 

Otherwise, we propose that the existence of a synergetic effect, when the two processes are 

combined. Thus, by increasing the mass transfer constant, the model is able to take into account 

the synergetic effect due to process combination (Fig 8-10).  

 

6. Conclusion 
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In this paper, the efficient removal of isovaleraldehyde has been demonstrated by coupling NTP 

and photocatalysis. The oxidation process has been implemented in annular and planar reactors. 

There have been three improvements observed that are  (i) a synergetic effect on the removal 

of isovaleraldehyde (ii) an improvement in the mineralization (iii) reduction on ozone 

formation. 

 A kinetic model taking into account mass transfer step is developed. To improve the model, 

the plausible pathway is simplified and supposed to occur on two stages. Firstly Isoval gives an 

equivalent intermediate (EI). Then on a second stage, EI gives CO2 and/or CO. 

The developed model describes successfully the removal of isovaleraldehyde by NTP, 

photocatalysis and coupled process. Moreover, mineralization and the amount of ozone formed 

were well simulated by the model.  

In other hand, synergetic effect is easily taken into account by acting on the mass transfer 

coefficient. 
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Table captions 

Table 1: Values of constants 

Kinetic constant k1 (m
3.mol-1. s-1) k2 (m

3.mol-1. s-1) k3 (m
3.mol-1. s-1) k(O3) (s

-1) 

Values 1.21.10-2 1.31.10-2 5.60.10-4 2.70.10-4 
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Table 2: Values of kinetic coefficients  

Kinetic constant K4 K5 

Values (s-1) 0.63 10-6 0.94 10-6 

 

Table 3: values of mass transfer constants  

Constant of mass transfer km,1 (×103.m.s-1) km,2 (×103.m.s-1) 

Value  4.20 16.80 

 

 

 

 

 

 

 

 

Figure captions 

Fig 1: Cylindrical reactor and plasma experimental set-up 

Fig.2: sectional drawing (a) and Schema (b) of NTP coupled with photocatalysis in planar 

reactor. 
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Fig. 3: Isoval removal capacity by coupled process vs. the sum of removal capacity of NTP and 

photocatalysis at different reactor geometries and specific energy  

Fig. 4:  Variation of amount of ozone, CO and CO2 selectivity at different processes using 

planar reactor (Q=10 m3.h-1, [Isoval] = 40 mg.m-3). 

Fig. 5: Elemental mass transfer processes involved with NTP+TiO2+UV system 

Fig.6: Experimental and simulated results of Isoval outlet concentration and byproducts 

formation vs. time using planar reactor (Process: Plasma alone [Isoval]0=40 mg.m-3, Q= 10 

m3.h-1, SE=14 J.L-1, T=20°C, HR=50%)  

Fig.7: Experimental and simulated results of Isoval outlet concentration and byproducts 

formation vs. time using planar reactor: empty symbol = experimental data at [Isoval]0= 40 

mg.m-3 and full symbol = experimental data at [Isoval]0= 15 mg.m-3  (Process: photocatalysis 

alone, Q= 10 m3.h-1, SE=14 J.L-1, T=20°C, HR=50%)  

Fig.8: Comparison of result of concentration simulated vs. the empirical data at different flow 

rates and inlet concentrations with coupled process. 

Fig.9: Comparison of CO2 selectivity simulated vs. the emprical data at different specific energy 

with coupled process. 

Fig.10: Comparison of ozone concentration simulated vs. the emprical data at different specific 

energy with coupled process. 

 

 

 



26 
 

 

Fig 1: Cylindrical reactor and plasma experimental set-up 

 

 

 

 

 

 

 

 

 



27 
 

 

Fig.2: sectional drawing (a) and Schema (b) of NTP coupled with photocatalysis in planar 

reactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 
 

 

 

 

Fig. 3: Isoval removal capacity by coupled process vs. the sum of removal capacity of NTP 

and photocatalysis at different reactor geometries and specific energy 
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Fig. 4:  Variation of amount of ozone, CO and CO2 selectivity at different processes using 

planar reactor (Q=10 m3.h-1, [Isoval] = 40 mg.m-3). 
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Fig.5: Elemental mass transfer processes involved with NTP+TiO2+UV system 
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Fig.6: Experimental and simulated results of Isoval outlet concentration and byproducts 

formation vs. time using planar reactor (Process: Plasma alone [Isoval]0=40 mg.m-3, Q= 10 

m3.h-1, SE=14 J.L-1, T=20°C, HR=50%) 

 

 

 

 

 

 

 

 

 

0,00E+00

1,00E-03

2,00E-03

3,00E-03

4,00E-03

5,00E-03

6,00E-03

7,00E-03

8,00E-03

9,00E-03

0

0,0001

0,0002

0,0003

0,0004

0,0005

0,0006

0,0007

0,00E+00 5,00E+01 1,00E+02 1,50E+02

C
o

n
ce

n
tr

at
io

n
 (

m
o

l.
m

-3
)

Time (min)

model [Isoval]

Model [CO2]

Model [CO]

[O3] experimental O
zo

n
e 

co
n

ce
n

tr
at

io
n

 (
m

o
l.

m
-3

)

Plasma ON



32 
 

 

Fig.7: Experimental and simulated results of Isoval outlet concentration and byproducts 

formation vs. time using planar reactor: empty symbol = experimental data at [Isoval]0= 40 

mg.m-3 and full symbol = experimental data at [Isoval]0= 15 mg.m-3  (Process: photocatalysis 

alone, Q= 10 m3.h-1, SE=14 J.L-1, T=20°C, HR=50%) 
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Fig.8: Comparison of result of concentration simulated vs. the empirical data at different flow 

rates and inlet concentrations with coupled process. 
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Fig.9: Comparison of CO2 selectivity simulated vs. the empirical data at different specific 

energy with coupled process. 
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Fig.10: Comparison of ozone concentration simulated vs. the empirical data at different 

specific energy with coupled process. 
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