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Abstract 

A distributed parameter model for phot~atalytic oxidation of air contaminants in monolith reactors is presented. Heat and mass balance 
equations for monolith structure are combined with a model of i~adiation from a light source and a kinetic model for photon adso~tion and 
chemical reaction to describe the processes of heat. mass and photon transfer within the system and the heterogeneous chemistry at the catalyst 
surface. The model accounts for interaction between light and matter at the catalyst surface, convective and interphase gas-solid heat and 
mass transfer, reaction at the catalyst surface and heat conduction within the solid structure. Together with detailed axial profile of temperature 
and conversion in the gas phase and at the catalya surface under different operating conditions (inlet gas temperature, composition and flow 
rate, light source power, monolith geometry), the model provides the distribution of photon flux along the channels and allows the discrimi- 
nation between thermal and pure photonic effect cn the overall rate of conversion. 0 1998 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

Heterogeneous photocatalysis is an innovative and prom- 
ising approach for rapid, efficient destruction of environmen- 
tal pollutants that have been proven difficult or expensive to 
treat using established remediation methods, ,<uch as conden- 
sation, adsorption and thermal oxidation. In this process, a 
semiconductor, usually the anatase phase of titanium dioxide, 
acts as catalytic support for a chemical reaction using light 
as source of solid excitation. 

Although recently, there are a significant r.umber of expe- 
riences available in literature which have demons~ated that 
gas-solid photocatalysis may destroy a wide variety of air 
contaminants at low temperatures, including acetone [ 11, 
toluene and formaldehyde [ 21, benzene [ 31, ethanol [ 41, 
trichloroetbylene [ 51. The main advantages claimed for the 
process include [ 61: mild operating conditions (ambienttem- 
perature and pressure), safe and available materials, molec- 
ular oxygen as oxidant and safe major products. 

Glass-plate [2], packed-bed [7], fluid&d-bed [8] and 
monolith [ 1 ] reactors have been proposed to absorb light on 
catalytic supports. Monolithic catalysts have been shown to 
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be very suitable for gas contaminants treatment and are 
widely used in automotive emission control systems. The 
advantages of monolithic catalysts are mainly due to their 
large external surface and low pressure drop. In the case of 
photorea~tor, the geometry of the monoliths is especially 
appropriate to be coupled with photon absorption because 
they permit an increase in the lighted area and can be used to 
volumetrically absorb radiant energy in order to promote 
heterogeneous chemistry on the catalytic surface with the 
fluid phase reactant species. 

Various aspects of the modeling of monolithic reactors 
have been published and mono- and muitidimensional mod- 
els have been described and solved [ 9-201. 

In this work, the main concerns of the mathematical mod- 
eling of monoliths have extended to the modeling of a reactor 
for the photocatalytic destruction of air contaminants, the 
attention being particularly focused on the effect of light 
adsorption on the heat and mass balance within the reactor 
and on the overall reaction kinetics. 

2. Model 

2. I. Assumptions 

This study presents the modeling of the physical and chem- 
ical processes involved in the photocatalytic oxidation of a 
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volatile organic compound (VOC) in .% monolith reactor. The 
considered system incorporates a honeycomb monolith with 
catalyst particles coated on the surface. The reactor configu- 
ration provides illumination of the monolith channels from a 
lamp located outside the system. 

The monolith is composed by a large number of parallel 
channels whose conditions are supposed to be identical when 
assuming global adiabacity and uniform distribution of var- 
iables at the monolith inlet. Under these hypothesis the sim- 
ulation of the whole monolith reduces to the analysis of a 
single channel [ 181. 

To construct a model of physical and chemical processes 
involved in the photocatalytic oxidation of air contaminants 
in monolith reactor the following meclianisms are considered: 
( 1) interaction between light and matter at the catalyst sur- 
face; (2) adsorption and reaction of reactants on the catalyst 
surface; (3) convective heat and mass transfer in the gas- 
phase; (4) interphase heat and mass transfer between the 
flowing gas and the solid structure; (5) longitudinal heat 
conduction within the solid structure, 

It is assumed that the gas-phase temperature, composition 
and velocity are uniform across the monolith cross-section. 
The rate of heat and mass transfer is assumed proportional to 
the difference between the gas and solid temperature and 
concentration; the propo~ionality factors are heat and mass 
transfer coefficients. The following a(lditiona1 hypothesis are 
adopted: 

steady state conditions; 
uniform pressure along the monolith channels; 
negligible axial diffusion; 
negligible conduction in the gas phase; 
no reaction in the gas phase. 

2.2. Equations 

The assumptions adopted for the model result in the fol- 
lowing set of equations. (a) Continuity equation: 

d(wp) =. 
dr 

(b) Equation of state for ideal gas: 

(1) 

p,?!tz 
’ RT, 

(c) Enthalpy balance in the gas-phase: 

(3) 

(d) ~nthalpy balance at the catalyst surface: 

S.A d’T, 
b ,~-aWs-T,) -t-d -fm,fe?,=O 

(e) Contaminant mass balance in the gas phase: 

Sd(u C ) 
(;, R -k(Tk,(Cg-Cu) =o 

(f) Contaminant mass balance at the catalyst surface 

k,(C,-C,) -k,=O (6) 

The boundary conditions are: 

C, = C,i 

x=0 -+ Tp = T,i 

(7) 

x=L‘ --+ 

2.3. Kirletic modeling 

The mechanisms involved in the processes of excited states 
in photocatalysis are fully described in Ref. [ 2 11. 

A catalyst molecule can be promoted from the ground state 
to an excited state by the adsorption of a quantum of light. 
The necessary condition is that the photon energy, hv, 
matches the energy gap between the ground and the excited 
state. This energy gap, for low-energy states of common 
inorganic molecules, corresponds to light in the visible and 
near-ultraviolet region. 

The excited molecules can return to the ground state by 
following three different pathways: ( 1) radiative deactiva- 
tion with emission of a quantum of light, (2) radiationless 
deactivation with isoenergetic conversion of the energy of 
the upper state into vibrational energy of the lower state and 
vibrational relaxation of the lower state, and (3) chemical 
reaction with the quenching of the activated site. 

The three processes have their individual rates and compete 
with each other for the deactivation of any activated catalyst 
site: a quantutn yield is defined for each process as the ratio 
between the number of molecules undergoing the process per 
unit of time and the number of photons adsorbed on the 
catalyst surface per unit of time. 

The overall mechanism of light adsorption, catalyst pho- 
toactivation, catalyst deactivation, energy transfer and chem- 
ical reaction is schematically represented in Fig. 1. 

The number of catalyst sites activated by light is supposed 
to be equal to the number of photons adsorbed on the catalyst 
surface, which can be calculated from the photon flux m on 
the surface through a light adsorption coefficient ( CY) . 

It is assumed that the photoca~alytic oxidation of air con- 
taminants develops through two consecutive steps: ( 1) 
energy transfer from an excited catalyst site to a contaminant 
molecule adsorbed on the catalyst surface; (2) chemica1 reac- 
tion of the excited VOC and the oxygen at the catalyst surface. 

The rate of energy transfer is: 

k, = af - k, - k,, = r,ctf (8) 
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Fig. 1. Processes involved in photocatalytic reactions. A: catalyst; A*: 
excited catalyst; B: reactant; B*: excited reactant; IX light absorption coef- 

ficient;f: photon flux; k,: rate of radiative deactivation; k,,,: rate of nonradia- 
tive deactivation; k,; rate of energy transfer; k,; rate of chemical reaction, 

if qeaf, where qI, is the quantum yield of the pocess of energy 
transfer, is lower than the rate of VOC mass transfer from the 
gas phase to the catalyst surface. Otherwise, k, must balance 
the VOC mass transfer rate. In the first case, the excited 
catalyst sites in excess return to the ground state either 
through a radiative deactivation or a nonracliative deactiva- 
tion. 

As the oxygen concentration at the catalyst surface is sup- 
posed to be much higher than the VOC concentration in the 
system under study, the rate of the chemical reaction ( kr,) is 
regarded as first order in the VOC concentration at the catalyst 
surface. The effectiveness factor 77 (calculated according to 
Ref. [ 221) is introduced to characterize the diffusion of reac- 
tants and products within the catalyst pores. k, is expressed 
by: 

k,= qA,e-EP’RT’CS8. (9) 

For the estimation of the overall rate of quenching ( kq) , the 
rate of energy transfer, k,, and the rate of chemical reaction, 
k, are compared and two limiting cases are considered (see 
Fig. 1). 

k, >> k, - k, = k, 

k,<<k,=,k,=k,. 

2.4. Model parameters and physical properties 

(10) 

2.4.1. Heat transfer by radiation 
The heat transferred at the catalyst surface from the light 

source is the sum of three contributions: ( 1) overplus of 
photon energy compared to energy gap between the ground 
and excited state of the catalyst sites; (2) heat dissipated by 
the vibrational relaxation of the catalyst activated sites during 
the non-radiative deactivation; (3) heat dissipated by the 
vibrational relaxation of the excited reactam molecules which 
do not participate in the reaction. 

Therefore, the heat transfer due to the ralliation of light is: 

Q, = aid v - k$&p. (11) 

Lamp dish 

Monolith channel 

r 7 
- d 

1 
Ax’ 

4 H--h- 
lfl 1 fr X 

Fig. 2. Schematic representation of the lamp and monolithic reactor. r: lamp 
radial coordinate; Ar: lamp annulus width: X: channel axial coordinate; AX: 

channel element width: I,: distance between focus and lamp; l,r distance 
between focus and reactor: d: channel diameter. 

2.4.2. Photon&u 
Light represents the energy source for the activation of the 

catalyst sites. In the considered system, the monolithchannels 
are supposed to be irradiated from outside the reactor by a 
near-UV lamp. 

The following assumptions are made for the description of 
the irradiation: 
l the lamp is a circular dish; 
l the rays are concentrated in a focus; 
l the light is monochromatic; 
l reflection and scattering are negligible; 
0 the monolith channel is placed axially with the lamp. 

The system constituted by the lamp and monolith is sche- 
matically represented in Fig. 2. In the present descriptioneach 
irradiated point of the monolith surface is associated to a 
point of the lamp. Easy geometrical considerations allow to 
calculate the width (A r) and position (r) of an annulus on 
the lamp surface as a function of the width (Ax) and position 
(x) of the correspondent element on the catalyst surface and 
to define the photon flux v) in each point of the channel 
surface as a function of the axial coordinate: 

4, 
r=2(x+1,) 

Wi 

Ar= 4, 
2(x+ 1,)2 

Ax. 

After defining a function of flux distribution: 

(13) 

FDF3fw~(~) (14) 
u 

the photon flux on the channel wall can be calculated through: 

f= 
2nWAr W 

= -FDF. 
N,hvuAx N,hv 

(15) 

2.4.3. Heat and mass transfer coeJficients 
The heat and mass transfer coefficient are evaluated from 

the relationships proposed by Refs. [ IO, 111. 
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~0.56 
(16) 

2.4.4. Catalyst andjuid properties 
The physical properties of the solid matrix considered in 

the solution of the model are referred to those of titanium 
dioxide supported on sepiolite, since Ti02 is usually em- 
ployed in the photocatalytic treatment of air streams contain- 
ing VOCs. 

The estimation of the active catalyst volume was derived 
from Ref. [ 11. 

The fluid flowing in the monolith ‘:hannel consists of a 
mixture of air and a contaminant. Since the reactor is designed 
to treat air streams at low pollutant concentration, the physical 
properties of the gas-phase are referred to those of the air. 
The values of these properties and, where significant, the 
dependence on the fluid temperature are calculated according 
to the relationships reported in Ref. [ 221. 

2.5. Integration 

On using the following parameters: 

c,, - c, 
y= Cgi J,,= 

(17) 

the governing transport equations (Eqs. ( 1 )-( 6) ) along with 
the boundary conditions (Eq. (7)) and the expressions for 
the chemical reaction rate and energy transfer rate (Eqs. (8)- 
( 10) ) may be rendered dimensionless. 

(18) 

J&--w) +Dak,*=O (20) 

i:= 1: y= 1; I= 1; $= -PeQ:f*FDF% 

,=l:$=o 

The set of model equations constitutes a nonlinear bound- 
ary-value problem. The solution of the differential equations 
is obtained through a finite difference representation of the 
derivatives [23]. The resulting nonlinear equations are 
solved by means of the Newton-Rapheson method. 

3. Results and discussion 

Some of the parameters introduced to describe the pho- 
tooxidation of air contaminants in monoliths reactors are 
those usually employed to describe heterogeneous catalysis 
(Pe, Da? JD, JH). The influence of these parameters on the 
photocatalytic process is qualitatively similar to the influence 
that the same parameters have in pure thermal catalysis (with- 
out any effect of light). As an example, Fig. 3 reports the 
conversion profile along the monolith channel as a function 
of the Damkohler number, while Fig. 4 reproduces the cal- 
culated wall temperature along the channel as a function of 
the Peclet number. 

Due to the low adiabatic temperature rise and the high 
Peclet number which typically characterize monolithreactors 
for photoassisted oxidation of air contaminants the processes 
are expected to occur in the region of unicity of steady states 
[ 10,111. In fact photocatalytic reactors are normally used for 
the oxidation of low concentration contaminants in gaseous 
streams; under these conditions, the adiabatic temperature 
rise in amonolith channel is actually low. Moreoverthe active 
phase for photocatalyzed reactions is generally supported on 
non-metallic materials characterized by low thermal conduc- 
tivity. 

, Conversion 
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Dimensionless axial coordinate 

Fig. 3. Effect of Damkohler number on the shape of conversion 
(B=3.6. @=0.3,f*= 1363, J,=7, J,= 12.Pe= 102, y= 17.3). 
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Fig. 4. Effect of Peck number on the shape of wall temperature profile 
(B=3.6,Q~=0.3,Da=0.3,j*=1363,J,=7,JH=12,y=17.3). 
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Fig. 5. Photon flux profile along the channel for diffe-ent values of light 

intensity. 

Photon flux (mol/m%) 

The innovative aspect of the present work could be related 
to the capability of describing the interaction between light 
and matter at the catalyst surface in the considered system. 

Photons are in general the most expensiv- component of 
photocatalytic reactors and criteria for their effective use are 
very important in the design and operation of these systems. 
The photon flux on the channel wall as calculated through 
Eqs. (12)-( 15) is depicted in Fig. 5 for different values of 
light intensity. The shape of the curves in Fig. 5 does not 
depend only on light intensity but also on the mutual position 
of light source, focus and reactor. It is evident from Fig. 5 
that only the first part of the reactor is fully irradiated and the 
intensity of the incident photon flux decreases rapidly along 
the channel length. This implies that only a limited part of a 
monolith can be effectively photoactivated, this being an 
additional constraint in the design of the system. 

Fig, 6 reports the model estimation of the rate of energy 

transfer (k,) and chemicaf reaction (k,) corresponding to 
different values of the Damkohler number and dimensionless 
photon flux. Depending on these parameters the step con- 
trolling the overall process rate shifts from the energy transfer 
(Fig. 6a) to the chemical reaction (Fig. 6~). From the point 
of view of process optimization, the most attractive situation 
is that represented in Fig. 6a, where the transfer of photons 
is the controlling step throughout the channel length: in this 
case a photonic regime can be defined where al1 the incident 
photons are used to activate the sites on the catalytic surface. 
If the controlling step is the chemical reaction, only a fraction 
of the photon Aux is directly involved in the reaction process 
at the monolith wall, the remaining part being used to heat 
up the surface. In this case it is not possible to distinguish 
between pure photonic effect and pure thermal effect and we 
can therefore define a regime of thermal operation. Under the 
conditions typical of photonic regime (lowf*/Da ratio) the 
overall reaction rate does not depend directly on the wall 
temperature, whilst it does under the conditions of thermal 
regime (highf*/Da ratio) _ 

If the Damkohler number is relatively high, the portion of 
the reactor characterized by photonic regime corresponds to 

0 0.2 0.4 0.6 0.8 1 

Dimensionless axial coordinate 

Fig. 6. Profiles of energy transfer and chemical reaction rate for different 
values of the dimensionless photon fux (B = 3.6, Q: = 0.3, Da = I. J, = 7, 

J,=12,Pe=102,y=17.3). (a)f*=%O: (b)f*=lOOO: (c)j*=1750. 
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Fig. 7. Effect of Damkohler number and photon flux on the profiles of energy 

transfer and chemical reaction rate along the channel (B= 3.6, Q$ =0.3. 
f*/Da=500.Jr,=7,J,= 12, Pe= 102. y= 17 3). 

, Conversion 

0 0.2 04 0.6 08 1 

Dimensionless axial coordinate 

Fig. 8. Effect of photon flux on the conversion profiles along the channel 

(8=3.6, Q:=O.3, Da=0.3, J,=7,&= 12, Pe= 102, y= 17.3). 

the initial part of the channel, where the photon flux is highest. 
This situation should be seen as optimal for the best utilization 
of photons. 

The transition from photonic to thermal regime is influ- 
enced by many operating variables such as photon flux, wall 
temperature, residence time of the gas phase, and by the 
characteristics of the reactants. The effect of these parameters 
can be included in the Damkohler number and photon flux 
and it is represented in Fig. 7, which reports the position of 
the transition between photo-and thermal effect for different 
values of Da as a function of the dimensionless photon flux. 
The position of the discontinuity in k,, corresponding to the 
transition from photonic to thermal regime, moves towards 
the entrance of the reactor when Da increases. 

The influence of the radiation on the reactor performance 
is plotted in Fig. 8 which reports the conversion profiles along 

r 

0.2 

0' 
0 0.1 0.2 0.3 0.4 0.5 0.6 

Damkohler number 

Fig. 9. Effect of photon flux and Damkohler number on the exit conversion 
(B=3.6.Q~=0.3.&=7,JH=12,Pe=102,y=17.3). 

the channel as a function of the dimensionless photon flux. 
For high values off* (thermal regime) the reaction zone 
moves towards the monolithic module entrance. In Fig. 8, the 
cross hatched area delimitates the region within the reactor 
characterized by photonic regime. At high photon flux the 
exit conversion is high but most part of the reactor works 
under thermal effect. For the set of parameters used to cal- 
culate the model solution reported in Fig. 8 the best conver- 
sion under pure photonic effect is about 0.86, reached at 
f*=750. 

The combined effect of photon flux and chemical reaction 
rate is represented in Fig. 9. The exit conversion is plotted as 
a function of the Damkohler number for different values of 
the dimensionless photon flux. Fig. 9 does not allow to dis- 
criminate between thermal and photonic effect and should be 
combined to Fig. 8 to evaluate the role of photoassisted catal- 
ysis in each particular situation. 

4. Conclusions 

Physical and chemical processes involved in the photoca- 
talytic oxidation of air contaminants in monolith reactors 
were analyzed in terms of heat and mass balance equations. 
The innovative aspect of the modeling is the description of 
the interaction between light and matter at the catalyst surface 
which allows the rate of chemical reaction and energy transfer 
to be computed. Depending on the rate of these two processes 
a photonic regime and a thermal regime are defined and cri- 
teria for the optimal operation of the reactor are given. It is 
expected that the results of modeling will assist in the design 
of versatile catalytic systems for the photoassisted oxidation 
of air contaminants. 
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5. Nomenclature 

AlJ 
B 

FDF 
h=6.63 x lO-3J 
H 
kc 
kc 
kh 
k nr 

k, 
kr 

k, 
1, 
1 
T 
NA = 6.02 x lo*’ 
M 

ii 

;=*.31 
S 

SS 

T 
u 

W 
X 

Greek letters 

frequency factor 
dimensionless adiabatic 
temperature rise 
concentration 
specific heat 
channel diameter 
diffusion coefficient 

gap energy 
activation energy 
photon flux 
flux distribution function 
Plank constant 
heat of reaction 
mass transfer coefficient 
energy transfer rate 
heat transfer coefficient 
radiationless deactivation 
rate 
reaction rate 
radiative deactivation 
rate 
quenching rate 
distance focus-lamp 
distance reactor-lamp 
channel length 
Avogadro number 
molecular weight 
pressure 
heat transfer by radiation 
lamp radial coordinate 
universal gas constant 
channel void cross- 
section area 
channel wall cross- 
section area 
dimensionless gas 
temperature 
temperature 
dimensionless wall 
temperature 
velocity 
conversion on catalyst 
surface 
lamp power 
channel axial coordinate 
conversion in gas phase 
dimensionless axial 
coordinate 

light adsorption 
coefficient 
catalyst thickness 

s 
-I 

mol/m3 
J/h K) 
m 
m’ls 
J 
J/m01 
mol/(m’s) 

J/S 

J/mol 
m/s 
mol/(m’s) 
J/(m’sK) 
mol/(m’s) 

mol/(m’s) 
mol/(m* s) 

mol/(m’s) 
m 
m 
m 

kg/kmol 
Pa 
J/(m* s) 

z(mol K) 
m’ 

m’ 

K 

m/s 

w 
m 

m 

A 
u 

P 
(T 

active catalyst thickness m 
effectiveness factor 
dimensionless activation 
energy 
quantum yield of energy 
transfer 
quantum yield of non- 
radiative deactivation 
quantum yield of 
radiative deactivation 
thermal conductivity W/m K 
light frequency S 

-I 

density kg/m3 
wet perimeter m 

Dimensionless parameters 

Da 

Nu=(dk,)/h, 
Re= (p,c!d)/p., 
SC = (DP,) f ps 

Sh= (dkJ/D 

Subscripts 

g 
S 

i 

Superscript 

* 

Damkohler number ( see 
Eq. (17)) 
Nusselt number 
Reynolds number 
Schmidt number 
Sherwood number 

gas phase 
solid phase 
inlet conditions 

dimensionless 
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