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Abstract

This paper presents a dimensionless analysis of steady-state, continuous flow, photocatalytic reactors using “two-flux’’ (i.e., scattered photons
are purely back scattered) and “‘six-flux” (i.e., scattered photons follow the route of the six directions of the Cartesian coordinates) radiation
absorption—scattering models. The models retain the essential elements of a rigorous approach, whilst providing simple solutions. The effect of
scattering albedo, w and “apparent” optical thickness, Ty, Over reactant conversion in a flow-through photocatalytic reactor was analysed using
the above models for three ideal flow conditions: (1) falling film laminar flow, (2) plug flow and (3) slit flow.

The model simulations show that the optimum value of ,,, that maximizes the conversion is a complex function of fluid flow and reaction
kinetics and should be found in the range from 1.8 to 4.4. When comparing the models to experimental results for the photocatalytic oxidation of
the herbicide ““isoproturon” in a recirculation batch reactor, significant errors in predicting reactant conversion were found when neglecting the full
effect of the radiation scattering phenomena. The experimental results were enclosed by the Beer—Lambert absorption model and the two-flux
radiation model; however, the six-flux model provides the most accurate, yet simple, analysis of the radiation field in a photocatalytic reactor.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photocatalytic oxidation (PCO) is a highly effective process
for the degradation and mineralization of a wide variety of
priority pollutants in lightly contaminated water and waste-
water [1-4]. The absorption of UV radiation by a semicon-
ductor photocatalyst in the presence of adsorbed water and an
electron acceptor yields highly reactive hydroxyl radicals. The
hydroxyl radical is the second most powerful oxidant after
fluorine and is believed to be the main species responsible for
the oxidation of organic substrates is solution. The most
commonly used photocatalyst is titanium dioxide (TiO,), which
is inexpensive, abundant, photostable and non-toxic.

Among the different types of scalable photocatalytic
reactors proposed in the literature using suspended solid
photocatalysts, falling film or double-skin annular/slab reactors
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are the most common [5-7]. These reactor types have been used
in the majority of studies presented in the literature for either
kinetics studies or for assessing the potential of using
photocatalysis for environmental applications.

Reliable tools for the design and modeling of heterogeneous
photoreactors are required in order to successfully bring
photocatalytic processes to the stage where they can be adopted
by industry. They are also required to determine accurate
kinetic parameters from experimental laboratory reactors.

Modeling of photocatalytic reactors is a highly complex task
which requires an intricate analysis of the radiation field in the
photoreactor [8—10]. This analysis, linked to the modeling of
the fluid-dynamics and the reaction kinetics, results in integro-
differential equations which require demanding numerical
computations. Simplified mathematical models that retain the
essential elements of a rigorous model and that can be readily
used for scale-up, design and optimization are therefore
desirable.

This paper presents a dimensionless analysis of steady-state,
continuous flow, photocatalytic reactors using suspended solid
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Nomenclature

a model parameter SFM

A geometrical coefficient

b model parameter SFM

Ceat photocatalyst concentration (kg m )

C substrate concentration (kg m )

H length of the reactor (m)

1 radiation intensity (or radiative flux) (W mfz)

I, radiation intensity divided by wavelength of
radiation (W m > nm ™)

Y S maximum value of radiation intensity at surface
§=0(Wm™)

I;*,z* dimensionless radiation intensity or dimension-
less LVRPA (= I¢./I;%7)

kt kinetic constant (kg' ™ s7! W m©@m+In—))

L lamp length (m)

(LVRPA) local volumetric rate of photon absorption

(Wm™)

(LVRPA)" dimensionless local volumetric rate of photon

Y X

SN

2NN
*

absorption (= (LVRPA)/(LVRPA):Y))

order of the reaction with respect to the LVRPA
order of the reaction with respect to substrate
concentration

Damkohler number

Reynolds number

probability of scattering in the backward direc-
tion

probability of scattering in the forward direction
probability of scattering in the side direction
radial coordinate (m)

dimensionless radial coordinate (=#/R)

lamp radius (m)

rate of the reaction with respect to substrate j
(kg s ! m73)

external radius of annulus (m)

radiation emission of lamp per unit time per unit
length (W m ™)

fluid velocity (m s7h

reactor volume (m>)

radiant power (W)

axial coordinate (m)

dimensionless axial coordinate (=z/H)

Greek letters

IER /O™

X

geometrical parameter (=H/L)

geometrical parameter (=L/nR)

thickness of the annulus (m)

scattering phase function

dimensionless parameter SFM

scattering angle

ratio of internal radius to external radius of
annulus

specific mass absorption coefficient averaged
over the spectrum of the incident radiation
(m*kg™")

radiation wavelength (m)

v kinematic viscosity m?s™h)
specific mass scattering coefficient averaged over
the spectrum of the incident radiation (m? kgfl)

T optical thickness

Tapp apparent optical thickness

w scattering albedo (=0/(o + «))

Weorr corrected scattering albedo SFM

& film thickness coordinate (m)

£ dimensionless film thickness coordinate (=£/5)
v dimensionless parameter in the TFM
'4 radiation transmission factor
Subscripts

abs absorbed

j substrate

1, lamp lamp

min minimum

max maximum

A wavelength

LT direction along the radial coordinate
nR position at inner wall of annulus

w lamp wall

%z direction along the axial coordinate

£ & direction along the film transversal coordinate

Superscripts

) dimensionless variable

H' reactor outlet position

in position at inlet of the reactor
max maximum value

out position at outlet of the reactor

photocatalysts that still retains the essential elements of a
rigorous modeling approach, whilst providing simple solutions.
Three different levels of complexity for the models have been
developed depending on whether radiation scattering is a
relevant phenomena and whether the reactor is “thin-film” or
“geometrically thick™ type. To address these effects the
radiation field in the photoreactor is modelled with either a
“two-flux’’ absorption—scattering model [11-13], i.e., scattered
photons are purely back scattered, or a “‘six-flux’ absorption—
scattering model [14,15], i.e., scattered photons follow the
route of the six directions of the Cartesian coordinates. The
models developed are applicable to either “thin-film” or
“geometrically thick™ slab and annular geometries, of (a)
falling film design or (b) double-skin design, operating with
three ideal flow conditions: (1) falling film laminar flow
(FFLF), (2) plug flow (PF) and (3) slit flow (SF). The effect of
the dimensionless parameters over reactor conversion is
presented and discussed. The models were applied to the
PCO of the herbicide ‘“‘isoproturon” [3-(4-isopropylphenyl)-
1,1-dimethylurea] in an experimental reactor and the uncer-
tainty in predicting the experimental results is shown.

It is worth noting that photocatalysis may well be employed
for treating gas streams in solid—gas reactors. In this case
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photocatalyst particles are usually attached to solid walls, rather
than being freely suspended in the fluid phase. This clearly
requires different modelling tools than those adopted in the
present paper, which is therefore mainly aimed at analysing the
performance of solid-liquid (slurry) photoreactors.

2. Modeling of photocatalytic reactors

A schematic representation of the general methodology for
the modeling of a photocatalytic reactor has been shown in the
literature [16]. The development of a complete reactor model
requires the inclusion of a number of sub-models. These are a
radiation emission/incidence model, a radiation absorption—
scattering model, a kinetic model and a fluid-dynamic model.
The central aspect of the modeling procedure is however, the
calculation of the local volumetric rate of photon absorption
(LVRPA) at each point of the reaction space, which in the most
complex case requires solving the radiative transfer equation
(RTE) in the reaction space [9]. As a result of the complex
nature of radiation scattering, this results in a set of integro-
differential equations, which require elaborate numerical
methods, especially in curvilinear co-ordinate systems.

Due to their absorbance spectra and/or their low concentra-
tion, the absorption of photons by the species in solution is often
negligible in comparison with that of the photocatalyst. In such
cases direct photolysis of the species can be neglected and it can
be safely assumed that the photons with energy higher than the
band-gap of the semiconductor are absorbed by the solid
photocatalytic particles only.

This assumption removes the interdependence of the
progress of the reaction and the attenuation of the radiation
from the species in solution because the photocatalyst does not
undergo changes in concentration. Consequently, the radiation
field can be decoupled from the reactant concentration field and
can therefore be computed in advance.

Once the LVRPA has been calculated, it is normally
substituted into the kinetic equation, and the material balance
for the substrate j in the reactor is solved with suitable initial
conditions, to estimate the concentration of j at the reactor
outlet.

Three approaches have been proposed in the literature for
the calculation of the LVRPA: (1) the ‘‘rigorous approach”
which involves the mathematical solution of the RTE, although
its integro-differential nature makes this approach significantly
complex [8—10]; (2) the “numerical approach” which involves
the Monte Carlo simulation of the radiation field in the
photoreactor, a simple but also a computationally demanding
procedure [17]; and (3) strongly simplified radiation field
models such as the Zero Reflectance Model (ZRM) [18] and the
Two Flux Model (TFM) [11-13] that, although approximate,
give an immediate grasp and physical understanding of the role
played by the key parameters in the whole process. The former
is based on the assumption of no photon scattering by the
photocatalytic particles while the latter assumes that photon
scattering can occur in the backward direction only. Recently a
novel simplified ““Six-Flux Model” (SFM) was also proposed
[14,15], which has been shown to be able to match quite closely

the exact solution of the RTE, while still retaining all the
advantages of simplified models.

The two- and six-flux models yield a sensible representation
of the LVRPA in the reaction space and allow a considerable
simplification of the mathematical model, as a result, these will
be used in the present models.

For the sake of brevity this paper will present models for the
annular geometrical configuration only. The models, however,
can be easily translated to the slab geometry with appropriate
changes in variables and coordinates and taking into account
that the photon flux does not decrease with the inverse of
distance in the slab geometry.

3. Modeling of annular photocatalytic reactors using
suspended solid photocatalyst

A complete dimensionless mathematical model, which is
straightforward to apply to steady-state, continuous flow,
annular photocatalytic reactors using suspended solid photo-
catalysts is presented in Table 1. This model distinguishes
between thin-film (TFS) and “geometrically thick” photo-
reactors, and exhibits three levels of complexity depending on
the scattering properties of the photocatalyst (i.e., the value of
the scattering albedo), and on the geometrical configuration of
the photoreactor. The essential assumptions and features of this
model are given below.

3.1. Reactor geometry and film thickness

A schematic representation of the geometry of an annular
photocatalytic reactor is shown in Fig. 1, which shows a cross
section of the cylindrical lamp and of the annulus in which the
photocatalyst is suspended. The cylindrical symmetry of the
configuration allows a two-dimensional analysis along the (7, z)
plane to be made. The annulus has the following dimensions:
external radius R, internal radius nR, length H. A cylindrical
UV lamp of length L is located in the axial centre of the annulus
and centred with respect to the length of the reactor.

The reactor geometry of an annular photoreactor is
described by the following dimensionless design parameters:

= — 1
o@= M
L
= — 2
=i @)
The dimensionless axial and radial coordinates are:
Z
L2 3
T=g 3)
r
S 4
= )
The dimensionless film thickness coordinate is:
&
. _§ 5
§ 5 (5

where 4§ is the thickness of the annulus and £ the film thickness
coordinate with origin at the inner wall of the annulus.



Table 1

Dimensionless mathematical model for steady-state, continuous flow, annular photocatalytic reactors

Dimensionless geometrical parameters
Reynolds number

Dimensionless variables

Scattering albedo
Optical thickness
Maximum radiation intensity at surface (S* =0)

Maximum LVRPA at surface (S* =0)

Dimensionless radiation intensity at inner wall (E"=0)

Steady-state ideal flow systems

Npe = 2R(1 nl)}vg”c“g“ _2 “:‘“gc

E=br=no=F%u=0gxC = Cc—j’ (LVRPA)" = 7@3&‘;?; =l = /:To
0=

7= (04 Kk)ccad = (0 + Kk)ccaR(1 — 1)

2% = flw,7) arctan( )j”““‘x I,

(LVRPA)™™ = chml*:(, =(1- ) 51;:“ = (1= ) g 12

I __ arctan[(B8/2)(2az" —a+1)]—arctan|(8/2) 2az* —a—1)]
=0z T 2arctan(B/2)

Thin-film annular photoreactors (n ~

1)—FFLF (Ng, < 750):

2 . . .
v; =1- E* B v;nax = %vz,average’ PF (NRe > 750): U:f =1, vxznax = Uzaverage>

SF (Nge < 750): vF = 1 — (2&* — 1)%,

max __ 3
UZ ) Uz,average

Geometrically thick annular photoreactors (0 < n < 1)—SF (Ng, < 2000):

o () 421y )P0 ) B
Ve = ) 2/z ot - =1 (=g

“In 2
2y, ) = lnw and v — {2 L (L) 42)1}vz_avmge

Level 2 TFS photocatalytic
reactors, any value of @

Two-flux absorption—scattering model—
(LVRPA)” =iy exp(—TappE™),

(=) /(1=12) =21V )
Level 3 ““geometrically thick” photocatalytic

reactors, any value of @

Six-flux absorption—scattering model—
(LVRPA)" =I5« e eXP(—Tappé”):

Dimensionless Level 1 TFS photocatalytic
LVRPA and reactors with @ < 0.3
radiation model
parameters
Apparent optical Beer—Lambert’s absorption model—
thickness (LVRPA)" = If._ . exp(—Tappt’)s
Ao, 7)=1
Tapp =T

Kinetic equation, material
balance and Damkdohler number
Radial distribution of substrate
concentration at reactor outlet

Geometrical coefficient

f(w, r):1+5(1—%m),

1// 1-V1-w

H\/_EXP( 2Tap11)

Tapp = TV 1 — @?

f(w’ T) = (1 +a’x.un (1 _% \% 1- wwrr)

40 pJ
T—wp,—wpy 2op,)’
Wcorr = b; Y= 71 |~ oo CXP( zrapp)

a 1/ 1-wZo

Tapp = AT/ 1- wcorr

a=1-wp;—

kr (LVRPATX )"’H(Cij!’)

m n ac; m n *
—1;=kp (LVRPA)"(C)"; v} 52 = —Npa(LVRPA*)"(C})"s Npg = L

Z dz vz
Thin-film annular photoreactors (n ~ 1)—

1/1-n

C;g:lil _ [1 _ANDu(I*")SXP(*MTaPPS*)] forn#1;

Cipt = exp[1 — Al fory —
Geometrically thick annular photoreactors (0 < n < 1)—

m exo(—mpn g1 1/17n
= 1A Gerte) e o1,

Cig' =exp [1 -4 (n+(1n—n>s

A= fol (If_g+ )" dz*; if m=1 we have:

)" Nuf,exm o)) forn — 1

b:wprr(

4w pg
)(1 +l —pg—pp—. pr})

40 1);
1—wpg—wp,—2wpg)°

n—1
=0
Jmax

Apmt = (ﬁ(a + Darctan[£ (a + 1)] — (e — Darctan [£ (@ — 1)] + ]n%) (Zaﬁarctan(g))‘l

06=8L (L00Z) TZI &vpol S1sKpivy /oiwonig *y ‘vund 17 "D

I8
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Geometrically thick annular photoreactors (0 < n < 1)—

Thin-film annular photoreactors (n &~ 1)—y; =1 — -

Yj
1/

Table 1 (Continued)
Absorbed radiant power
Radiation transmission factor

Conversion

In thin-film photoreactors the thickness of the reaction space
is of the order of one millimeter or less and n ~ 1. As a result,
the effect of lateral scattering of the photons and the effect of
curvature on photon fluxes and fluid flow can be safely
neglected. In “geometrically thick” photoreactors, 0 < n < 1,
therefore the effect of lateral scattering of the photons and the
effect of curvature on photon fluxes and fluid flow must be taken
into account. These two cases will be dealt below using either a
two or a six-flux absorption—scattering model.

3.2. Radiation emission model

The emission of radiation from the lamp is modeled using
the Linear Source Spherical Emission (LSSE) model [19]. The
lamp is considered to be a line source. Each point on this line is
assumed to emit radiation in every direction and isotropically.
There is no light absorption, scattering, or emission in the space
between the lamp and the inner radius of the annulus. The LSSE
model is preferred to more complex radiation emission models
as it allows a reasonable representation of the radiation field at
the inner wall of the annulus and allows a significant
simplification of the mathematical model.

According to the LSSE model the intensity of the incident
radiation entering the inner wall of the annulus can be written as
follows:

S
I(VIR).Z* = 471’717R {arctan l:g (2051* a4+ 1):|
— arctan {’g (Zaz* Ca— 1)] }) ©)

where S is the radiation emission of the lamp per unit time and
unit length of the lamp:

)\me\x
Sl = 27‘[7‘1/ IW7A dx (7)
A

min

Eq. (6) shows that the photonic flux at the inner wall of the
annulus is not uniform along the z direction. It is worth noting
that Eq. (7) considers only the photons emitted by the lamp, and
therefore does not include radiation from the scattering effects
that take place within the reaction space.

According to the LSSE model the dimensionless intensity of
the incident radiation at the inner wall of the annulus can be
represented by the equation shown in Table 1.

3.3. Radiation absorption—scattering model

In Table 1, the dimensionless intensity of the incident
radiation (Ig*"z*) i*s dfﬁned as the ratio of the total photon
flux at a point (§, z ) in the reaction space divided by the
maximum value of the photon flux in the reaction space, which
in a symmetrical photoreactor system corresponds to the value
of the total incident flux calculated at the front window of the
photoreactor (E* = 0) at the middle length (z* =0.5). Since the
LVRPA is defined as the product of the total photon flux
multiplied by the volumetric absorption coefficient, it turns out
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Fig. 1. Schematic representation of the geometry of an annular photocatalytic
reactor.

that the dimensionless intensity of incident radiation corre-
sponds to the dimensionless LVRPA.

The two most important dimensionless parameters for the
modeling of a photocatalytic reactor are the scattering albedo,
w, which relates to the optical properties of the photocatalyst,
and the optical thickness of the reaction space, t, which is a
measure of the degree of opacity of the photoreactor.

The scattering albedo is defined as the ratio of the scattering
coefficient, divided by the extinction coefficient of the
photocatalyst suspension (Table 1), where o and « are the
specific mass scattering and absorption coefficients, respec-
tively. As these are wavelength-dependent quantities, the
analysis that follows is meant to be for monochromatic
irradiation. In the case of polychromatic radiation the two
quantities may be averaged over the useful spectrum of the
incident radiation:

A ma
" 5,15, i

o= 7&; s 8)
[ 1, da

f;\m_ﬂx KAIA dx
T ©)
f . I, dx

where A, and A, are respectively the minimum and max-
imum wavelengths of the incident radiation that can be
absorbed by the photocatalyst. However, caution should be
exerted in this case, especially when using lamps with irregular
emission spectra, as using the averaged quantities is clearly not
rigorous and may lead to errors. Also, note that the scattering
albedo should be evaluated using the absorption and scattering
coefficients determined experimentally under the prevailing
conditions of the slurry suspension (i.e., with the observed
degree of agglomeration of TiO, in the suspension).

The optical thickness of the photoreactor (Table 1) is a
function of the extinction coefficient (o + «), the thickness of
the reaction space 6 or [R(1 — n)] and the concentration of
photocatalyst c.,. The optical thickness takes the physical
meaning of the ratio of the thickness of the reaction space
divided by the photons mean free path in the suspension. The
experimental methods for the measurement of the extinction
coefficient (o + k) and of the scattering albedo w have been
reported in the literature [20,21].

Model simulations have shown that when o < 0.3 or
smaller, in practice the effect of radiation scattering can be
safely neglected in the modeling procedure [11,22]. Under the
above circumstances, the dimensionless LVRPA in the reaction
space takes the form shown in Table 1, which is similar to the
“Beer—Lambert” law. As a result, a simple dimensionless
analysis of the reactor can be performed. It is worth noting that
the attenuation term of (LVRPA) in the radial direction is
expressed in terms of the optical thickness of the reaction space
(Tapp = ).

Although the case for w < 0.3 results in readily applicable
analytical equations, its applicability in the modeling of
photocatalytic reactors is rather limited since commercial
photocatalysts (i.e., TiO, powders) typically have scattering
albedo higher than 0.5 [20,21]. This implies that the radiation
scattering phenomena should be included in the modeling of
photocatalytic reactors. Nevertheless, the above model can be
useful for an ‘“‘optimistic” analysis of the performance of
photocatalytic reactors. Since radiation scattering always
reduces the number of photons absorbed within the reaction
space of a photocatalytic reactor, it can be expected that the
performance of a photocatalytic reactor in the presence of
scattering will be poorer compared to the case in which
radiation scattering has been neglected (see also Figs. 5 and 6).

As mentioned above, the applicability of a simplified
radiation—scattering model would depend on the geometry of
the reactor. A suitable radiation absorption—scattering model
for TFS photocatalytic reactors is the two-flux model (TFM)
[11]. This is a one-dimensional radiation model in which the
incident radiation at a point (£, z') in the liquid film is taken to
be equal to the sum of the radiation flux that travels in the
forward direction and the fraction that travels in the backward
direction due to back-scattering (Fig. 2). The traveling direction
of these photon fluxes is taken to be orthogonal to the main
liquid flow direction.

The dimensionless LVRPA at a point (E*, z*) in the reaction
space calculated with the TFM takes the same form as for the
case without back-scattering (Table 1) but with the introduction
of a dimensionless function f(w, 7) and of an “apparent” optical
thickness. This function depends on the scattering albedo w and
on the optical thickness t. The expression for f(w, 7) for the case

Incident flux ..;,t:',?"";:-
'] ""h.

—l

Back-scattered flux

Fig. 2. Photon fluxes in the TFM.
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of pure back-scattering can be derived from the study of
Brucato and Rizzuti [11] under the assumption that the optical
thickness of the photoreactor is large enough to make v a small
number such that (1 — ¥) ~ 1 This is the case of an optically
thick photoreactor, which corresponds to negligible radiation
flux leaving from the outer wall of the annulus as it would be
expected in commercial photoreactors. The TFM shows that the
attenuation term of the (LVRPA)” is a function of the ““apparent
optical thickness” of the reaction space. This is related to the
“characteristic extinction length” of photons when radiation
scattering is present and corresponds to the optical thickness,
which would be measured using a thin-film photoreactor
system with scattering particles.

“Geometrically thick” photoreactors are those reactors in
which the thickness of the reaction space cannot be neglected in
comparison with the other dimensions of the reactor. An
example is the annular photoreactor used in many research
laboratories for kinetic studies. To model these types of reactors
we have recently introduced a novel six-flux absorption—
scattering model (SFM) [14,15], which is a three-dimensional
extension of the two-flux model, used to model TFS
photoreactors. The SFM allows an integral analytical estima-
tion of the local volumetric rate of photon absorption (LVRPA)
at each point of the reactor. The SFM has shown close
agreement with the Monte Carlo simulation of the radiation
field in a planar photoreactor [15]. This model takes into
account both absorption and scattering of photons. The main
assumption of this model is that photons are either absorbed or
scattered upon colliding with a particle, and scattering follows
the route of one of the six directions of the Cartesian
coordinates (Fig. 3).

The derivation of the SFM from first principles and its
experimental validation is reported in Li Puma et al. [14] and
Brucato et al. [15]. The LVRPA calculated with the SFM using
the nomenclature reported in their paper is:

Io
)chorrwcorr(l - )/)

% T [(eore = 1+ /1 — @2, )R e
I%
+ y(a)COI‘[ - 1 - \/1—7%)C+R(r*7n)/)‘wcorr] (10)

In Table 1 the SFM is reported in dimensionless form for an
optically thick photoreactor, i.e., negligible radiation flux
leaving from the outer wall of the annulus and (1 — y) = 1. The
model parameters py, pr and p of the SEM are the probability of
backward, forward and side scattering. These can be estimated
by fitting the SFM to the exact solution of the radiative transfer
equation by a Monte Carlo approach. For the case of a
“diffusively reflecting large sphere” phase function [23] given
by:

er,z =

8 .
D(¢) :§(sm(p—¢cos<p), an

Dw, Pr and pg were found to be equal to 0.71, 0.11 and 0.045,
respectively [15].

P back
4

left

Pforward

‘ pdown

Fig. 3. The six principal directions of photons scattering in the SFM and the
scattering probabilities.

The use of the diffusively reflecting large sphere phase
function (Eq. (11)) in TiO, slurry photoreactors has been
recently questioned [21,24] and other phase functions,
including the simple isotropic scattering phase function (i.e.,
Pv, Pr and ps=1/6 for SFM) have been claimed to better
approximate the real optical behaviour of TiO, slurries. The
matter however is not settled yet. As the scattering phase
function strongly depends on particle size distribution and
particle morphology, and the latter depend in turn on a number
of variables such as TiO, type, particle concentration, aggregate
agglomeration/breakage dynamics, liquid phase composition,
pH, turbulence intensity, etc., no general phase function can be
proposed. An interesting possibility is that of using a fairly
general function with an adjustable parameter, as proposed by
Satuf et al. [21]. However, for the purpose of the present work,
Eq. (11) was adopted. In reality, the procedure is independent of
the choice of a particular phase function, and may easily be
adapted to any phase function by simply adjusting the values of
the three parameters py, pr and p,. This may expected to lead to
different quantitative results (e.g., the exact value of the optimal
catalyst loading), but the qualitative conclusion of this work
(e.g., the existance of such an optimum, and its dependence on
reactor features) should not be affected by the phase function.

The SFM, as shown in Table 1, was derived under the
assumption that the intensity of the incident radiation at the
inner wall was approximately constant for an axial length of the
reactor equal to the thickness of the annulus, and that the
average travelling path length of scattered photons in the axial
direction was always much less than the thickness of the
annulus. These assumptions are rational for an annular
photocatalytic reactor of optimal geometry, i.e., the geometrical
design parameter « and B have been selected such that the axial
change in /() + is small for the majority of the length of the
reactor (e.g., @ = 1.3 and B =20) [22] and that it is operating at
optimal optical thicknesses (7,p, > 1). The function f(w, 7) with
the SFM takes into account that the intensity of the incident
radiation at each point of the reaction space arrives from the
forward flux, the back and the side scattered fluxes.
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As shown with the TEM, the attenuation term of (LVRPA)"
with the SFM is a function of the ‘““‘apparent optical thickness”
of the reaction space. This is related to the ‘‘characteristic
extinction length” of photons when radiation scattering is
present and corresponds to the optical thickness, which would
be measured using a geometrically thick photoreactor system
with scattering particles.

The TFM and the SFM form the basis for a simplified, yet
realistic, mathematical representation of the radiation field in
annular photocatalytic reactors in the presence of absorbing—
scattering particles.

3.4. Fluid-dynamics models

The liquid phase is considered to be a Newtonian fluid with
constant physical properties. The catalyst particles are
considered to be uniformly distributed within the liquid film;
however, the concentration of solids is not so high as to cause
substantial changes in the rheological properties of the fluid.
The entrainment of gas bubbles is limited and the effect of the
velocity gradients on the radial particle distribution is
negligible. The dimensionless velocity is represented by:

Uz

I (12)

< max
vz

The flow regime for the fluid is determined by the value of
Reynolds number, Ng,, as shown in Table 1 [25].

For thin-film photoreactors, three cases of steady-state,
unidirectional, continuous flow have been considered in the
model as shown in Table 1: falling film laminar flow (FFLF),
plug flow (PF) and slit flow (SF). Conversely, in geometrically
thick photoreactors the fluid flow is taken to be fully developed
slit flow (Table 1). In geometrically thick photocatalytic
reactors the thickness of the annulus should be of the order of
centimetres or less, since operation at high catalyst concentra-
tion is desirable in order to maximize the concentration of
hydroxyl radicals per unit volume. If this is coupled with
limitation to the maximum allowable flow rate, imposed by the
material of construction of the UV transparent inner wall
(quartz or pyrex), the regime of slit flow is most often verified.

3.5. Reaction kinetics

The kinetic equation for the photocatalytic degradation of a
species j in Table 1 can be derived from the literature [26]. At
each point in the reaction space, the rate of the reaction of a
substrate j is taken to be proportional to the LVRPA raised to the
mth power and to the nth power of the local substrate
concentration C;. The parameter m is linked to the efficiency of
electron-hole formation and recombination at the catalysts
surface and takes a value between 0.5 and 1. The method for
obtaining m and n is based on the approximation that the
conversion per pass is small [14]. kt is a constant that takes into
account all other factors that may affect the overall quantum
yield, with the exception of the substrate concentration and the
LVRPA. A discussion for using a power law kinetic equation in
preference to a more popular Langmuirian rate equation has

been given elsewhere [14]. It is clearly important to avoid
employing oversimplified kinetic models, as this may
significantly affect model results. On the other hand, it is only
with simplified models that analytical (closed form) solutions
may be obtained. As a consequence the adoption of models able
to properly account for the dependence on the major factors
affecting the process may well be a good choice, as the relevant
loss of precision may well be compensated by the advantages of
dealing with simpler closed form solutions.

3.6. Material balance

The dimensionless material balance for a substrate j in
Table 1 was derived taking a differential, annular control
volume within the liquid film, and neglecting the transversal
diffusive flux term. This simplification is required in order to
obtain closed form model equations, and is based on the
consideration that photocatalytic reactions, being kinetically
quite slow reactions, often result in negligible radial gradients
of C;. There may well be cases, however, where this assumption
is not realistic. These should be treated with models able to
account for such effects. The material balance is expressed in
terms of the Damkohler number, Np,, which in this case has the
meaning of the ratio of the overall reaction rate, calculated at
the inlet concentration and at the maximum photon flux, to the
maximum input mass flow rate of the reactant.

The integration of the design equation with initial condition:

7" =0, C;=1 (13)
yields the radial distribution of the dimensionless concentration
of substrate j at the reactor outlet section, C?* from which the
conversion can be calculated.

A is a dimensionless coefficient that depends only on m and
reactor geometry and an analytical solution is possible when
m =1 as shown in Table 1.

3.7. Radiation absorption and radiation transmission
factor

The effective radiant power absorbed within the reaction

space W,,s can be obtained by integrating the LVRPA in the
reaction space.

R rH
Wabs = / (LVRPA)dV =2x / / r(LVRPA)drdz
v

= 27wH(R — nR)
LVRPA oy / /
+ (R — nR)E'](LVRPA)*d" dz” (14)

The result of the integration is shown in Table 1. Once the
absorption of radiation W, is known, the apparent quantum
yield of a photocatalytic reaction can be calculated.

The radiant power emitted by the radiation source, i.e., the
UV lamp, Wiump can be calculated by considering the total



86 G. Li Puma, A. Brucato/Catalysis Today 122 (2007) 78-90

photon flux at the inner wall of the reactor using the LSSE
model (Eq. (6)):

1
W gy = 271(17R)aL/0 Ly d2" = AmlSlaLarctan<§>
(15)

and letting @ = 1, B — oo in Eq. (15) and replacing (nR) with .
It follows:

)Lmax
Wiamp = 5 SIL =2 2L / I, dA (16)
A

The efficiency of photon utilization in annular photocatalytic
reactor can be represented by the radiation transmission factor
¥, that is, the ratio of W, divided by Wyump and the result is
shown in Table 1.

3.8. Dimensionless groups

The models in Table 1, are expressed in term of four
dimensionless groups. These are, the Reynolds number, Ng.,
which suggests the type of fluid-dynamic model (laminar or
turbulent flow) to be included in the model, the Damkohler
number, Np, < 1 indicates that the disappearance of the
substrate j is much slower than the convective transport through
the reactor, the (apparent) optical thickness of the photoreactor
T (Or Topp) Which is a measure of the degree of opacity of the
photoreactor, and the scattering albedo of the photocatalyst, w,
which relates to the optical properties of the photocatalyst. The
above dimensionless groups should be maintained constant, if
possible, during scale-up of photocatalytic reactors by
dimensional analysis.

The expression of the model in dimensionless form allows
the analysis of the effect of these dimensionless groups on
reactant conversion.

4. Comparison of TFM and SFM predictions

The model predictions of TFM and SFM are compared as a
function of the dimensionless groups and dimensionless
parameters. To allow a comprehensive analysis of the effect
of each dimensionless group, the geometrical parameters were
selected to be =13, =20 in all simulations, which
represents a suitable geometry of a pilot-scale annular
photoreactor.

4.1. Radiation transmission factor

Fig. 4 shows the values of the radiation transmission factor
(efficiency of photon utilization), ¥, as predicted with the TFM
and SFM as a function of the optical thickness, 7 (Fig. 4a) and of
the apparent optical thickness, .p, (Fig. 4b) at different values
of the scattering albedo. As expected, the TFM is found to
underestimate the absorbed photon flux in comparison with the
SFM, whose predictions should be expected to be quite close to
reality, if a plane geometry system were considered. For the
cylindrical geometry, under consideration here, it may be

1 . . —
r (a) (Beer Lambert model) w=0

optical thickness

(b) (Beer Lambert model)

A | n I T S S S

Apparent optical thickness

Fig. 4. Radiation transmission factor, ¥, as predicted with the TFM and SFM as
a function of the optical thickness, v (Fig. 5a) and of the apparent optical
thickness, 7,5, (Fig. 5b) at different values of the scattering albedo. Geometrical
parameters: « = 1.3, 8 =20.

suggested that SFM predictions are likely to overestimate
somewhat the absorbed flux, since in the plane slab geometry
none of the side scattered photons is allowed to escape the
system, while in the cylindrical geometry, this is bound to occur
to some extent. It may be concluded that the real reactor
behaviour probably lies in between the TFM and SFM
predictions, being probably closer to the latter.

The radiation transmission factor increases with the
(apparent) optical thickness until an asymptotic plateau is
reached which occurs at progressively lower values, as the
scattering albedo increases. Note that when w = 0 (no radiation
scattering) ¥ does not reach unity since in the geometry under
consideration (o = 1.3, f=20) some photons are allowed to
escape from the top and bottom ends of the photoreactor
through the space between the lamp and the inner wall of the
annulus. Furthermore, Fig. 4a shows that this plateau is reached
at increasing values of the optical thickness as the scattering
albedo increases and it is a function of the geometry of the
reactor (Table 1). Conversely, in Fig. 4b the plateau is reached
at the same values of the apparent optical thickness regardless
of the value of the scattering albedo. It also shows that there is
little benefit in operating the reactor at apparent optical
thicknesses higher than approximately 3. However, the precise
value of apparent optical thickness at which to operate a
photocatalytic reactor depends on the reaction kinetics and type
of flow pattern as it will be shown in following sections.
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In Fig. 4b it can be seen that the uncertainty in the estimation
of ¥, i.e., the interval between SFM and TFM predictions,
remains practically constant for values of T, >2 and
increases with the scattering albedo. When w=0.5 the
uncertainty is less than 10%, while it becomes approximately
30% when w =0.8.

4.2. Idealized flow, reaction kinetics, scattering albedo and
conversion

The kinetic parameters m and n in the model correspond to
the dependence of the reaction rate of a substrate j on the
LVRPA and the substrate concentration, respectively. The
langmuirian fitting of the rate data of photocatalytic reactions
results in the values n=1 at low substrate concentration

Conversion (%)

Conversion (%)

1 10
100 - v . —r
) SFM
g0l "7 TFM ]

Conversion (%)

Apparent optical thickness

Fig. 5. Model simulations for the conversion of a substrate j calculated with the
TFM and SFM as a function of the apparent optical thickness, 7.y, at different
values of the scattering albedo for different idealized flow conditions. Kinetic
parameters: m =1, n = 1. Geometrical parameters: « = 1.3, B =20. (a) FFLF;
(b) PF; (c) SE.

(typically <1-10 ppm) and n =0 at high substrate concentra-
tion (typically >100 ppm). Kinetic studies on the effect of the
intensity of the incident radiation have shown that at weak
intensities, typically less than 10> Ein m > s, the observed
rate of oxidation is first order in radiation intensity [27], i.e.,
m = 1. These limiting cases for m and n were used to illustrate
the effect of reaction kinetics on the calculated substrate
conversions using the TFM and SFM.

If the inlet substrate concentration C;“ is chosen to be 1, the
Damkdhler number, Np,, is independent of substrate concen-
tration. After rearrangement and replacing of the terms with
m =1, it becomes:

N (kTH arctan(/2) f;r::x Ly, dr >
ba = 77R2(1 - n)vz,avemge

(”Zj;e;fge flo,7)(1 - w)r) (17)

The first term in parenthesis is independent of scattering
albedo, optical thickness and type of flow pattern and was
assigned the value 1.2611 in the simulations such that the
maximum conversion with the FFLF system in the absence of
radiation scattering (w = 0) was 80%. This choice allows the
elucidation of the full effect of the flow conditions and reaction
kinetics on conversion.

Figs. 5 and 6 show model simulation results for the
conversion of a substrate j calculated with the TFM and SFM as
a function of the apparent optical thickness, T,pp, at different
values of the scattering albedo, and different reaction kinetics,
respectively, for FFLF, PF and SF ideal flow systems. Several
aspects can be observed from these results.

Figs. 5 and 6 show that radiation scattering significantly
affects the conversions obtained at different values of apparent
optical thickness. As the scattering albedo w increases, the
conversions decrease significantly as a result of losses of
photons from the reacting systems by scattering.

The model simulations show that for given values of the
scattering albedo, apparent optical thicknesses and reaction
kinetics, the conversions obtained with the three different
idealized flow systems follow the sequence: FFLF >
PF > SF. The reasons for this have been explained in full
elsewhere [21] and can be attributed to the degree of
correspondence between radiation field and fluid residence
time. For example, in the FFLF system there is a high degree
of correspondence between radiation field and fluid residence
time since the fluid elements with the lowest residence times
near the front wall of the annulus (S* =0) receive maximum
intensity of radiation, and the fluid elements with the longer
residence times near the back wall (¢* = 1) receive the lowest
intensity of radiation. Conversely, in the SF system there is a
low degree of correspondence of radiation field and fluid
residence time since the fluid elements with the lowest
residence times, near the middle of the wall of the annulus,
receive a photon flux that has been attenuated by the previous
layers and, therefore, exits the reactor with a low degree of
substrate conversion.
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Fig. 6. Model simulations for the conversion of a substrate j calculated with the
TFM and SFM as a function of the apparent optical thickness, 7,pp, at different
values of the scattering albedo for different idealized flow conditions. Kinetic
parameters: m = 1, n = 0. Geometrical parameters: @ = 1.3, 8 =20. (a) FFLF;
(b) PF; (c) SE.

The simulation results show that the SFM predicts higher
conversion than the TFM because of the higher efficiency of
photon utilization as result of the scattering of photons
occurring in the lateral direction as well as in the forward and
backward directions. As stated previously, the SFM is indeed a
more realistic representation of the scattering phenomena in a
photocatalytic reactor than the TFM and therefore should
predict reaction conversions closer to reality, though with some
degree of conversion overestimation due to the cylindrical
geometry. It is worth noting, however, that the uncertainty
interval between SFM and TFM predictions is practically
negligible when the scattering albedo is 0.3 or less, and
becomes significant only at very large values of the scattering
albedo.

4.2.1. Optimum apparent optical thickness

Of particular interest is the determination of the optimum
value of the apparent optical thickness, thus the optimal catalyst
loading, at which a particular photocatalytic reactor should be
operated [28]. For a given reactor and type of catalyst, the
thickness of the annulus and the scattering albedo are fixed
parameters. Therefore, the only operating parameter that can be
freely varied is the catalyst loading. In order to facilitate
selecting the loading of catalyst that maximize conversions,
without the need for performing lengthy experiments, model
simulations using the TFM and SFM can be carried out. Figs. 5
and 6 show that an optimal value of the apparent optical
thickness exists, which maximizes conversion in a photo-
catalytic reactor. This occurs as a result of the combination of
increase in the opacity of the reactor as the catalyst loading is
increased and darkening of the back side of the reactor at large
catalyst loading. However, unlike batch photoreactors, in flow-
through reactors the fluid velocity profile can have a significant
influence on the optimal value of the apparent optical thickness.
The maximum conversion in Figs. 5 and 6 occurs at
progressively larger values of the optical thickness over a
relatively narrow range as the scattering albedo is increased.
For example, using the SFM in Fig. 5a the optimum optical
thickness ranges from 2.2 at @ =0 to 3.4 at w = 0.9 with the
FFLF velocity profile, in Fig. 5b it ranges from 1.8 at w =0 to
2.6 at v =0.9 with the PF velocity profile and in Fig. 5c it
ranges from 2 at w =0 to 2.2 at w = 0.9 with the SF velocity
profile. Since the parameter m is the order of the reaction with
respect to the LVRPA, and considering that m = 1 is the upper
limit, for 0 < m < 1 there will be an even closer deviation from
optimum optical thicknesses as a function of the scattering
albedo. From the results presented, it may be concluded that the
optimum value of the apparent optical thickness that maximizes
conversion in a flow-through photocatalytic reactor should be
found in the range from 1.8 to 4.4 depending on flow conditions
and reaction kinetics. Notably, both TFM and SFM give rise to
similar results as concerns the optimum optical thickness,
which can therefore be considered as well assessed, despite the
approximations affecting the two models. As the TFM is a
singularity of the SFM with p,, = 1, pr = p, = 0, the difference in
the results obtained with the two models may be regarded as
indicative of the differences that may result from ‘large”

Table 2
Model parameters used in the simulations

Geometry a=1.197, $=16.385, H=0.255m
Thickness of annulus 8 =6 mm
Total UVA intensity at lamp wall 1852 W m™?

(8 W Sylvania blacklight blue)
Substrate initial concentration Cij“ =7.495x 103 kgm ™

Reynolds number Ng. =563 (laminar flow)

Flow rate 1.7 L min~"

TiO, extinction coeff. (Degussa P25) (o + k) = 1296 m? kg™

Scattering albedo 0.7396

Kinetic parameters m=1,n=0.815kr=7.5 x 107°
kg(l—n) S—l m3m+3n—3 W

Catalyst concentration 0.4 kg m~?

Optical thickness 3.114
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changes of the scattering phase function. It is therefore
confirmed that although the quantitative results are affected by
the choice of the phase function, the qualitative features of the
results presented (e.g., the existence of an optimal optical
thickness and its dependence on other model parameters) may
be considered as well assessed.

4.3. Fitting the Beer—Lambert’s model, the TFM and SFM
to experimental results

In Table 1, it can be observed that the SFM reduces to the
TFM by setting p, = 1, p;= 0 and p, = 0 (back-scattering only)
and that both TFM and SFM reduce to the Beer—Lambert’s
absorption model when the scattering albedo w approaches the
value of zero. To illustrate the prediction of experimental
results and appreciate the relative error among these three
radiation models, these models were compared with the
experimental results for the oxidation of the herbicide
isoproturon, in aqueous suspensions of TiO, (Degussa P25),
which have been reported in the literature [14]. The reaction
was carried out in an annular photocatalytic reactor operated in
a recirculation batch mode. Table 2 summarizes the model
parameters and the experimental conditions for the oxidation
reaction.

The models were applied to the recirculation system
following the method reported in Li Puma et al. [14] and the
results are reported in Fig. 7 against the experimental results. In
the Beer—Lambert model simulation, the scattering albedo was
set equal to zero. The kinetic constant &t in Table 2 corresponds
to that calculated by fitting the SFM to the experimental results
of the oxidation of isoproturon under a wide range of
experimental conditions [14], therefore a good fit of the
experimental results was expected. In Fig. 7 it can be observed
that the TFM underestimate the degradation of isoproturon and
that the Beer—Lambert model overestimates the experimental
results, which is as expected. The TFM and the Beer—Lambert
model practically enclose the experimental results. It is
however, important to appreciate the relative error among
the three radiation models which can be significant and should
not be ignored at least for the Degussa P25 photocatalyst.

0.008

0.007
0.006
0.005
0.004
0.003

Clsoproturon (kg m_3)

0.002

SFM
0.001 | Beer-Lambert H
A 1 ] ] A PR n

O L 1 I I 1 I It
0 600 1200 1800 2400 3000 3600
Time (s)

Fig. 7. Modeling the photocatalytic oxidation of isoproturon using Beer—
Lambert model, TFM and SFM. Lines are model results with parameters from
Table 2. Experimental results are from ref. [14].

The derivation of reaction kinetic constants of photocatalytic
reactions should always take into account, as a prerequisite, the
mathematical modeling of the radiation field in the reactor. It is
evident from this example that the most accurate radiation
model is necessary to derive precise values of the kinetic
constants. For design purposes, the TFM provides an under-
estimation of the degradation and therefore can be used as a
modeling tool for safe design of photocatalytic reactors.
Conversely, ignoring radiation scattering in a photocatalytic
reactor can result in significant undersizing of photocatalytic
reactors or miss determinations of reaction kinetics constants
from experimental reactors.

5. Conclusions

In this work, a dimensionless analysis of steady-state,
continuous flow, photocatalytic reactors was performed, by
suitably coupling mass and momentum balance results with
simplified reaction kinetics and radiation absorption—scattering
models. These latter ranged from a simple Beer—Lambert model
(no photon scattering), to “two-flux” (scattered photons are
purely back scattered) and “six-flux” (scattered photons follow
the route of the six directions of the Cartesian coordinates)
models. Although at the expense of some approximations, these
simplified models retain the essential elements of a rigorous
approach, whilst providing simple solutions.

The effect of scattering albedo, w, and “‘apparent” optical
thickness, t,,p, over reactant conversion in a flow-through
photocatalytic reactor was analysed using the above models for
three ideal flow conditions: (1) falling film laminar flow, (2)
plug flow and (3) slit flow.

Simulation results show that for each given flow and
geometrical condition, optimum values of 7,,, (i.e., optimum
loading of catalyst particles) exist, at which reactant conversion
is maximised. The actual value is a complex function of fluid
flow and reaction kinetics, but is usually found in the range
from 1.8 to 4.4. Notably the optimal values predicted by the
TFM and SFM radiation models are not significantly different.
As the two models are expected to enclose the real behaviour of
the system, with the SFM being closer to reality than the TFM,
the above consideration implies that the optimal optical
thickness values can be accepted with confidence. From a
qualitative and quantitative point of view, it may also be
speculated that the selection of a different scattering phase
function, such as the isotropic or the preferential forward
scattering as suggested by some authors [21,24] should yield
optimal values of 7,5, which are slightly smaller than the one
calculated using the diffusively reflecting large sphere phase
function adopted in this work, thus the general conclusions
reported above should remain valid.

Finally, model results were compared to experimental data
for the photocatalytic oxidation of the herbicide isoproturon in
a recirculation batch reactor. As expected the experimental
results were found to be enclosed by the Beer—Lambert
absorption model and the two-flux radiation model, with the
six-flux model providing the most accurate, yet simple, analysis
of the photocatalytic reactor performance.



90 G. Li Puma, A. Brucato/Catalysis Today 122 (2007) 78-90

This study has demonstrated the importance of performing
accurate modeling of the radiation field in slurry photocatalytic
reactors, which should be invaluable when analyzing reaction
kinetics, for assessing photocatalyst activities and for selecting
the optimal catalyst concentration for given reactor geometry
and kinetics. In the view of the authors, accurate kinetics studies
in photocatalytic slurries cannot be decoupled from the
mathematical analysis of the reactor, and a simple tool to
perform this analysis has been provided in this work. As a
result, reaction kinetic parameters can be estimated with a
higher degree of confidence making the corresponding reaction
kinetic equations generally applicable to photoreactors of any
geometry and size.

The SFM model, as presented, can also be used for design
and scale-up of photocatalytic reactors and for the prediction of
reactant conversion expected in flow-through photocatalytic
reactors.

It may be worth underlining that, apart from the
simplifications involved in the radiant field and kinetic
models, mass transfer limitations as a result of radial
substrate concentration gradients were also neglected. This
has no effect on the predicted performance if the reaction is
zero order with respect to reagent concentration (i.e., n =0,
Fig. 6 results), but might lead to discrepancies in the case of
relatively fast photocatalytic reactions. Possible future model
improvements include (i) the adoption of different scattering
phase functions leading to different values of the SFM
scattering probabilities; (ii) the adoption of more accurate
kinetic expressions and (iii) the allowance for mass transfer
limitations.
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