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Abstract

This paper presents the most important technical tools that are needed for
designing homogeneous and heterogeneous photoreactors using computer simulation
of a rigorous mathematical description of the reactor performance. Employing intrinsic
reaction kinetic models and parameters derived from properly analyzed laboratory
information, it is shown that is pessible to scale up reactors with no additional
information and without resorting to empirically adjusted correcting factors. The
method is illustrated with twoe examples concerning the degradation of organic
pollutants as typical applications of the newly developed Advanced Oxidation
Technologies. One particular aspect of heterogeneous photoreactors gives to these
reactions a unique characteristic: in many cases, absorption of light by the solid can
not be separated from scattering or reflection by the catalyst, turning more difficult
the analysis of kinetic information and the design of practical reactors. This paper
describes in a very succinet manner the way to perform a rigorous analysis of some
of these reactors. Starting always from fundamental principles and using
mathematical modeling as the main tool, we show the methods {o tackle all problems
derived from the most difficult type of system heterogeneities. Two reactors are
modeled to show the proposed approach. In the case of homogeneous reactions,
predictions from the model are compared with experimental data obtaining reasenable
good results. They provide confidence on mathematical modeling as a design
methodology for homogeneous photochemical reactors. In the case of heterogeneous
reactions, the procedure is illustrated with the design and analysis of a laboratory
reactor. The objective is the acquisition of kinetic parameters that must be
independent of the reactor geometry, size and form of illumination.

Key words: Phetochemical reactors, Radiation field, Homogeneous photoreac-
tions, Heterogeneous photoreactions.
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Outline Cmp mass catalyst concentration (g em#)
C, specific heat at constant pressure
L Notation (Joule g'! K1)
11, Scope and limitations B, diffusion coefficient of component i
I11. Mass and energy balances in the mixture (cm? g1)
IV. Radiation transport e? volumetric rate of photon absorp-
V. Emission by tubular lamps. The tion (einstein s cm™)
LSSE model. G incident radiation (also known as sphe-
Vi. Homogeneous systems, Application rical irradiance) (einstein s* cm?)
to an annular reactor. Ge geometric number (dimensionless)
VI Heterogeneous systems. Application h film heat transfer coefficient (joule
to quantum yield evaluation in cm? 1 K?); also Planck constant
slurry reactors. (joule s8)
H, enthalpy of component i (joule mol?)
I. Notation AH heat of reaction at constant pres-
sure {joule mol!)
g particle surface area (cm? particle?) I specific (radiation) intensity (al-
a, solid-liquid interfacial area per unit s0 known as radiance) {(einstein 5!
reactor volume (em? cm) em? srl)
C, molar concentration of componenti j¢ radiation emission (einstein stem™ -
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Resumen

Este trabajo describe las herramientas técnicas mds importantes que se re-
quieren para disefiar fotorreactores homogéneos y heterogéneos empleando la simu-
lacién computacional de descripeliones matemdticas rigurosas de la performance del
reactor. Empleando modelos cinéficos intrinsecos de reaccién y pardmetros deriva-
dos de experimentos de laboratorio adecuadamente analizados, se muestra cémo es
posible hacer cambios de escala sin necesidad de informacién adicienal o el empleo
de factores de correccidn empiricamente ajustados. El método se ilustra con dos ejem-
plos que abordan la degradacién de contaminantes orgénicos como una aplicacién
tipica de las recientemente desarrolladas Teenologias Avanzadas de Oxidacién. Un
aspecto particular de los reactores heterogéneos provee a estas reacciones de carac-
teristicas finicas: en muchos casos la absorcién de radiacién por el sdlido no puede
ser separada de la dispersién de la radiacién por el catalizador lo que vuelve mucho
mas complejo el andlisis de la informacién cinética y el disefio de reactores précti-
cos. Esta contribueion describe de una manera muy sucinta la forma de llevar a cabo
un andlizis riguroso de algunos de estos reactores. Partiendo siempre de principios
fundamentales y usande modelado matemético come herramienta principal se mues-
tran log métodos que se pueden emplear para tratar los problemas derivados del mds
dificultoso sistema con heterogeneidades. Para mostrar la metedologia propuesta se
modelan dos reactores. En el caso del sistema homogéneo predicciones a partir del
modelo se comparan con datos experimentales propies obteniéndose una razonable
concordancia. Estos resultados proveen confianza en el modelado matemdtico como
metodologia de diseno para fotorreacteres homogéneos. En el cago de los fotorreactores
heterogéneos el procedimiento se ilustra con el disefic de un reactor experimental
de laboratorio. El objelivo en este caso es la adquisicion de pardmetros cinéticos que
resulten independientes de la geometria, tamafo y forma de iluminacion.

Palabras clave: Reactores fotoquimicos, Campo de radiacién, Reacciones ho-
mogéneas, Reacciones heterogéneas.
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melar diffusive density flux vector
of component 1 (mol s em™2)
kinetic constant (for different reac-
tion steps) (units vary with type of
step)

thermal conductivity {joule cm™ s
K~1)

length (cm)

lamp length (¢m)

local volumetric rate of photon ab-
sorption (einstein s ¢m™)

A, Q photon density number (pho-
tons cm*® sr! and unit wavelength
interval)

unit normal vector to a given sur-
face

number of particles

number of particles per unit volume
(particle em™)

molar flux of component i (mol em™
s1)

Nusselt number (dimensionless)
phase function (dimensionless)
output power from the lamp {eins-
tein st)

radial Peclet number for mass (di-
mengionless)

radial Peclet number for heat (di-
mensionless)

radiation density flux for a given di-
rection or surface orientation (also
known as superficial irradiance)
{einstein s em™?)

radiation density flux vector (eins-
tein s cm?)

heat transferred from external
fields (joule g! ')

dimensionless heat of reaction
radius (cm) or radial coordinate (em)
lamp radius {cm)

homogeneous, molar reaction rate of
component i (mol cm? s!)
heterogeneous, molar reaction rate
of component i (meal em™2 g%)
variable representing distances in a
3-D space (cm)

catalyst specific surface area (em?
g")

time (s)

temperature (K)

dimensionless axial velocity

velocity (cm &%)

volume (cm®)

some average of the LVRPA (eins-
tein s em?)

cartesian coordinate (¢m)

vector representing position in a
3-D space (¢m)

cartesian coordinate (cm)
cartesian or cylindrical coordinate
{em)

Greek letters

™o TE [=s] s m =< oo

P

mix

0-*

A

o e

B oD

cylindrical coordinate (rad)
extinction coefficient = x + ¢ (em™)
dimensioniess radial coordinate
liquid hold-up (dimensionless)
dimensionless axial coordinate; also
3-D position vector inside a material
particle (em)

spherical coordinate (rad)
absorption coefficient (cm™)
specific (per unit mass) absorption
coefficient (cm? g?)

wavelength (nm = 107 em)
direction cosine u = cos 0
frequency (s)

interfacial reflectivity (dimension-
less)

density of mixture (g ecm™!')
scattering coefficient (cm™)

specific (per unit mass) scattering
coefficient (cm?® g')

characteristic constant of the annu-
lar space {dimensionless)
dimensionless temperature
transmission or compounded trans-
mission coefficient {dimensioniess)
spherical coordinate (rad)

overall quantum yield (mol einstein)
dimensionless concentration of com-
ponent i

solid angle (sr, ster radian)
dimensionless reaction rate of com-
ponent 1

unit vector in the direction of radia-
tion propagation

Superscripts

a
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Dir denotes direct radiation from the
lamp
Pseudo denotes a heterogeneous reaction

expressed per unit reactor volume

0 denotes initial or inlet conditions

Ref denotes reflected radiation from the
reflector

i denotes specific (per unit mass)
properties

Subscripts

A denotes area

Ac denotes actinometer

Hom denotes a homogeneous reaction

Het denotes a heterogeneous reaction

i denotes intefnal or component i

L denotes liquid phase

0 denotes outside or external

0 denotes initial value or inlet condi-
tion '

R denotes reactor

r denotes radius or radial direction

S denotes solid phase

Sol denotes solid surface

Susp denotes suspension

T denotes total

Tk denotes tank

denotes volume

denotes axial direction

denotes wavelength

denotes polychromatic radiation
denotes direction of radiation
propagation

oM >N

Special Symbols

denotes vector value
{) denotes average value

II. Scope and limitations

A short work to discuss Reactor
Analysis in Advanced Oxidation Technolo-
gies (AQTs) is an impossible task unless we
decide that the readers of this paper have
a previous background on the subject and
related transport phenomena (a good un-
dergraduate level in chemical engineering
seems appropriate) [Froment and Bischoff,

1990; Bird et al., 2002]. Moreover, we can
increase its feasibility if coverage is re-
stricted to only a fraction, albeit significant,
of AOTs namely homogeneous and hetero-
geneous photoreactions. On these premises,
it is possible to concentrate our effort in
those aspects that are distinctive of photo-
chemical and photocatalytic processes,
The distinct aspect of these reac-
tions is the unavoidable existence of a ra-
diation field inside the reactor, that only in
very special cases can be considered uni-
form in space and frequently is not even
constant in time, These intrinsic non-uni-
formities, often neglected, are responsible
for the majority of the difficulties associated
with photoreactor analysis and design.
Many different shapes and configu-
rations are possible for either single phase
or multiphase reactors [Cassano et al.,
1995; Braun ef al., 1993; Puma and Yue,
1998; Ray, 1998; Cassano and Alfano,
2000}. Again, we will restrict ourselves to
describe in more details only a few of them.

II1. Mass and energy balances
II1.1. Mass conservation equations

The general mass conservation equa-
tion is [Bird ef ¢l., 2002, p 5841]:

aC;
oy + V . El = RHDm,i
Ot All mobir T Homogeneous React
100] uxes omogenequs Reactions
Unsteady state  (Convection and Difussion)
(1)

Since the differential equation is
valid for a single phase, only homogeneous
reactions are included in Eq. (1). Heteroge-
neous reactions (Ruet, ) for example, in su-
perficial, catalytic processes can be incor-
porated into the analysis if one considers
that they are boundary conditions for Eq.
(1). However, if a parallel homogeneous re-
action is present, for example photoca-
talysis when also direct photolysis occurs,
both Ry, ;and R,  , must be included.

Equations will be derived for three
representative cases: the tubular reactor of

' - 86 -
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annular ¢ross section, the iscthermal, well-
mixed batch reactor, and the isothermal
batch reactor in a recycle.

IIL.1.1. The tubular reactor (Fig. 1)

Consider firstly a tubular, cylindri-
cal reactor formed by an annular space sur-
rounding a tubular lamp. This is the sim-
plest and more practical continuous
photoreactor, particularly for artificial light
illumination of a single-phase system. Un-
der the following assumptions and operat-
ing conditions: (i) steady state; (ii) unidirec-
tional, incompressible, continuous flow of a
Newtonian fluid under fully developed lami-
nar regime; (iii) only ordinary (concentra-
tion) diffusion is significant (i.e., pressure
diffusion, forced diffusion and thermal dif-
fusion are neglected); (iv) azimuthal sym-
metry, (v) axial diffusion neglected as com-
pared to the convective flow; (vi) constant
physical and transport properties, (vii) non-

o AT 4

Lamp

Reaction
Space ~

{t O

Fig. 1.Geometry of the continuous flow, annular
photoreactor. Adapted from [Cassano et al.,
19951,

permeable reactor walls, and (viii) for the
moment, monochromatic operation, the fol-
lowing equation in cylindrical coordinates
holds (Bird et al., 2002, p 850]:

oz

Conwective flow in
the axial direction

Vz(r)M _@m[;_a_(r aCi(z,r)”&

S,
Diffusional flox in
the radial direction

- RHom,'k (Z,I‘)
——

Homogeneous (2)
reaction rate

Symbols are defined in the notation
section. v, is the axial velocity in laminar
flow, a function of the radial position and
represented by the classical non-symmetric
parabolic profile characteristic of annular
spaces [Bird et al., 2002, p. 55]. Usually it
is very convenient to obtain the solution of
this differential equation in terms of dimen-
sionless variables and parameters. To make
this equation dimensionless let us define:

Iy v
'Y:—“':._, C"_'_'Z ,Ge,—_—»n1’ = A
Ty, Ly Ly (v,)
) T (v } R L
T Pe. = Ri\ = | Hom,i ~'R
wi C(j ? e'I C,Z_;m Ql (Vz )clo{

{v,) is the averaged velocity over the reac-
tor cross section area and Ge is the geomet-
ric number representing the reactor slen-
derness, a very important parameter in
photochemical reactors. Concentration is
made dimensionless using some key reac-
tant (K) initial concentration. Pe, is the
Peclet number for radial mass transport of
component i and Q is a dimensionless re-
action rate for component i. Then, with
some trivial algebra:

U{Y)ﬂ’iﬁ_l[_l 9 (q‘; a_lp__] - 0

& PeGe|y oy k &y Reaction Rate
N % v of component i
Axial {low Diffugional fluy along r
(3)
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In this equation, 1 £ g < rof/Tes = 1/ and 0
<V < 1 provide the definition of the react-
ing region for the radial and the axial po-
sition respectively. The inlet condition is:

Y, (0, )= ¥, “)

This condition states that every re-
actant enters the reactor with a uniform
inlet concentration, Obviously, for products
its value is trivially and identically equal
to zero. For the stable species, the bound-
ary conditions are:

oY,
) (5 1)=0 (5)
o,

5 (& V1)=0 (6)

Meaning that at the non-permeable reactor
walls masgs fluxes are zero.

For all but zero and first order re-
actions this equation must be solved nu-
merically. Central finite difference tech-
niques have been usually employed.

The plug flow reactor

Under fully developed turbulent
flow regime the following approximations
can he used: (i) the velocity profile is flat and
equal to the average velocity and (ii) there
is perfect mixing in the radial direction.
When thig is the case and the reactor walls
are not permeabie, concentration gradients
in the radial direction can be neglected and
Egs. (3), (4), (5) and (6} reduce to:

d(‘Pi(g, ’}))AR
d—g'c - (Qi(c” Y))e"kn'..c (1)

A, . indicates an average over the reactor
cross section arca. The initial condition is:

<\Pi (5= 0)> =%io (8)

AR,C

It should be specially noted that
average values of reaction rates are needed
because under no circumstances photons
can be very well mixed; consequently, since
the photon concentration is normally non-
uniform, usually, the reaction rate will be
a strong function of the radial position,

IT1.1.2. The isothermal, constant volume,
well stirred batch reactor (Fig. 2)

Eq. (1) can be simplified if, due to
good mixing conditions, temperature and
concentrations are uniform. Then, after in-
tegration in the liguid volume the diver-
gence of the mass fluxes can be set identi-
cally equal to zero. Since spatial variations
in concentrations do not exist, the partial
derivative with respect to time becomes an
ordinary derivative:

ac,wy .,
dt =<Rum,i(§=t)}VR {9)
ﬁE LIQUID
SAMPLING

rReacTor || -7 |

@ PARABOLIC
EMITTING REFLECTOR
SYSTEM

TUBULAR

LAMP

TEMPERATUHRE

. CONTROL

t

Fig. 2. Schematic diagram of the iscthermal,
constant volume, well stirred batch reactor.
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Note that the reaction rate is still a
function of position because the radiation
field, always inciuded in the reaction rate,
is usually not uniform. Hence:

dt B dt B

<d.Ci(:_:, t)) _d(Ci(x 1),

4c,(t)
= dt = RHnm,i (%» t] (10)
e “Rediatn ol

is not wniform
reastor ! Vr

With

-

(RHm,i (x t))‘-"u 2‘%% Riom i (x,t)dV (11)
R

Even in well-mixed photochemical
reactors, the volume average of the reaction
rate must be always calculated because
usual experimental measurements never
represent local values. As it will be seen
further ahead, this average operation is
important when a reaction rate derived
from a reaction scheme (or mechanism) is
used to model Ry ..

Note that the volume of connecting
lines in Figure 2 has been constdered neg-
ligible. This stirring mechanism is sug-
gested for laboratory reactors to aveid the
effects produced by the presence of a stir-
rer inside the reactor thus producing a dis-
tortion of the radiation field inside the re-
action space.

I1.1.3. The isothermal, batch reactor with
recycle (Fig. 3)

These systems are normally used
when the reaction rate is rather slow and
single pass operation is not effective. Under
the following assumptions: (i) differential
operation in Vj (slow reaction and very high
recirculation flow rate) and (ii) very good
mixing conditions in V,, we can treat the
whole system (V =V, + V) as a well-mixed

PUMP

t

1 TEMPERATURE
CONTROL

Fig. 3. Schematic diagram of the isothermal,
baich reactor with recycle.

batch reactor. Then, since V - N = 0 (no con-
centration gradients, no inlets and outlets),
integrating Eq. (1) in the total volume we
oot

Unlqows
: {dci (E’ t»v
(Vo + Vi)

=(RHam,i (?E: t»VRVR +(RHom,1(§’ t)>VTkVTk (12)

o

@

Note that 1:\'.]&““,i # 0 only in V. be-
cause in V , there is no reaction. The aver-
age concentration can be divided in two
parts:

(C(z b)), =

v, \2
= (G & thy, + <+ (G )y,

Averago en the Average on the
Teactor tank

(13)
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Vi d<Ci (x t))\'n i Vi dC;

AT Vo4
e In the tank
.ol
= vV (RHnm,i (}5’ tJ)VR (14)

Only in the reactor

Since V, /V < 1 and the conversion per pass
in the reactor is very small, the first term
in Eq. (14) is negligible. Then, changes in
concentration with time described by Eq.
(14) can be measured directly in the tank.
The final equation can be written as:

(15)

dei(t) | _ vy
dt :L‘k - Vo <RH"“"i [E’ t')>vR

A more detailed derivation can be
found in [Martin et al., 1996].

I1.1.4. Heterogeneous reactions

Components of water or air pollu-
tion are usually in a fluid phase. Hence we
may write equations such as (3}, (7), (9) and
(15) for the fluid. The fluid may have non-
permeable boundaries (the reactor walls)
and permeable boundaries (entrances and
exits of the system as well as catalytic sur-
faces where mass fluxes must be equal to
the superficial reaction rates). Usually,
these reaction rates are modeled as pseudo-
homogeneous and, moreover, experimental
measurements are usually made in the
fluid phase.

Heterogeneous reactions are the
result of a process that occurs at phase in-
terfaces. The mass conservation equation
has been written for a region in a single
phase (the fluid phase, for example). This
means that for the differential equation
that is only valid for the fluid phase, het-
erogeneous reactions (surface reactions for
example) are just boundary conditions for
such differential equation. The problem is
very simple to formulate: at steady state
and at the boundary of an active surface,
the normal mass or melar fluxes must be

made equal to the heterogeneous, superfi-
cial reaction rate. Then:

At x on the surface —+ N;'n =

Mags flures

= RHet,i (O ?“'*'fa’-"e H T} etC) = RHet,i (E; t) (16)

e
Surface reaction

Note that n is the outwardly di-
rected normal coming out from the surface,
i.e., the flux normal to the surface is equa-
ted to the superficial chemical reaction.
Typical examples are solid catalyzed reac-
tions or wall reactions occurring in free
radical chemistry. Usually reacting surfaces
are covered by a boundary layer of the
fluid. Then, it is of no surprise that the
fluxes be expressed in term of the diffusive
fluxes exclusively. In any mass balance, we
usuailly have mass fluxes expressed in
terms of V - N.. From standard definitions
[Bird et al., 2002, p. 537]:

o
J (%, t) +C;(xt)v(x.t)
et ——

Diffusional fluxes

EH[ (E,t)zz
‘-—w.._,_...‘

Mass fluxes Convective fluxes

(17)

At the catalytic surfaces, convective
fluxes are zero. Diffusional fluxes are zero
only at the non permeable walls. Then,
when heterogeneous reactions are present
at the catalytic surfaces V' N. # 0 even if
the reactor is well mixed. Hence, the diffu-
sional fluxes can be made equal to the het-
erogeneous (superficial) reaction rate:

g (x )0 =Ruu, (x1)[=] 228
Normal component of
the diffusional Mox

(18)

Since we are interested in pseudo-
homogeneous reaction rates:

Pseudo

i c : - le
Hom,i — &y RHel.,i —Cmpsg RHEt,J' [_] mo

cm® s

(19)
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A typical application can be found
in [Cabrera et al., 1997 (b)].

111.2. Thermal energy conservalion
equations

Including heating effects due to ra-
diative transfer and neglecting: (i) energy
fluxes due to the diffusion-thermo effect
(the Dufour effect), (ii) energy fluxes caused
by interdiffusion -of the different chemical
species, (1ii) heat effects produced by viscous
dissipation (frictien), (iv) heat effects result-
ing from pressure gradients, (v) heat con-
duction in the axial direction compared with
the convective flow in the same direction
and assuming: (vi} constant physical and
transport properties and (vii) steady state
conditions, the balance of thermal energy
for multicomponent systems in cylindrical
coordinates is [Bird et al., 2002, ps. 589,
848]:

v, 9T 2 11( ﬂ)
pmlx(f'?‘(\vz dZ) k:l:r ar \r .ar :|+
S gt T I

Thermal flow im Heat canduction in the
the axial direction radial direction

Txt IT
+ pQ" - Y H; (Ruom,i)
Radiation A S
heatsources  Enthalpy changes dus
to chemical roaction

(20}

Q™ is an scalar that includes all
forms of heating effects produced by en-
ergy transmission without contact, i.e.,
from external bodies (typically, radiation,
electrical heating, etc.). In the vast major-
ity of photochemical reactions (employing
visible and UV light), heating effects pro-
duced by radiation should not be impor-
tant. However, with lamps emitting signifi-
cant energy in the infrared region, if the
IR radiation is not filtered (i.e., absorbed
by cooling devices before entering the re-
actor), the QF* term must be taken into
account. In Eq. (20) FIi are the partial mo-
lar enthalpies of reactants and products.
Neglecting heating effects due fo radiation,
this equation can be re-written in the most
familiar form:

& _a*_r)_ ;_a_( ar) |
pm(,pkvz oz kn[r ar\” or ﬂ

- E QI"IJ RHom,j (E, t)
Jd

o
Heat of reaction

(21)

In Eq. (18) the index j stands for the
j different chemical reactions occurring in
the system. k_ is the thermal conductivity.
We can now change the scales for making
Eq. (21) dimensionless:

_ Pumix @P (Vs)
k.

> Pe‘i‘

1

LR(E— AH; Rj-]

-
" pas Ce (v2) (To - T.)

T, is the inlet temperature and T,
some fixed temperature in the system, for
example that of the refrigerating water that
for simplicity is assumed constant. Note that
temperatures are made dimensionless in
such a way that they will take on values of
0 at the reactor entrances (T = T). The
boundary conditions for the reactor walls are
written in terms of the Newton equation for
cooling: iq) .. =h (T —T)HI h is the film
heat transfer coefficient. This adoption also
permits for exothermic reactions to have (To
— Te) > 0 always. Pe_ is the Peclet number
for radial heat transport. The dimensionless
thermal energy equation is then:

ve) 1 [1af &vs]
Ux (Y) | ag - GePe {xs‘i[\’ _&f—JJ——

Axial thermal flaw Heat conduction in the radial direction

= Qu(y,5) (22)
Hoat o catichicn
The inlet condition is:
70, vy = 0 (23)

stating that the fluid enters the reactor
with uniform temperature. The boundary

-9]1 -
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conditions that take into account heat
transfer from the reactor walls into the
cooling liquid are:

%;Y’_l) =Nu;(t ~ 1) (24)
i‘.%l.fx_)z_muo(x— 1) (25)

Nu is the Nusselt number [Nu = hr ad B
Nu, = hr, /k | that involves the thermal con-
ductlvxty of the fluid and the film heat
transfer coefficient of the refrigerating lig-
uid. If the reactor operates under almost
isothermal conditions Eqs. (22) to (25) are
not needed. G

Under plug flow conditions let us
integrate Eq. (22) over the cross sectional
area of the tubular reactor:

GePef[ ARC ARG

- f[yay(yﬂl}dﬁydy— [Q, dBydy

27

A mixed cup dimensionless average
temperature and a reactor cross section
average heat of reaction can be defined:

(U ) J{M} {t)

# Ak,ci_ 72

Apg = ITUZ dBY dﬁf

ARC

g

= ](QR),;,,LC = [QudBydy

(28)

Then:

(29}

Applying boundary conditions (24)
and (25) and assuming that Nu_ = Nu = Nu:

d(t g
LT T
=(Qe),,. (30)

Since the exchange surface area per unit
reactor volume is:

(31)

<Us (Y))"\-R c dg =k
Nua,r,
: VIR (e 1= (O
Ge PBT ( 1? ﬁff( Vs g]}ﬁx.c (32)

Heat removal Heat produced

~ Eq. (32) permits to calculate tem-
perature profiles along the axial direction
in a plug flow reactor.

IV. Radiation transport

When writing the rate of a photo-
chemical reaction it is necessary to make
the distinection between dark and radiation

= B8
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activated (lighted) steps. To treat the dark
reactions one uses the same methodology as
for conventional reactors; the main differ-
ence appears when evaluating the rate of
the radiation-activated step. The existence
of this very particular step constitutes the
main distinctive aspect (and the most im-
portant one) between thermal (or thermal
catalytic) and radiation activated reactions.

The rate of the radiation-activated
step is directly proportional to the absor-
bed, useful energy through a property that
has been defined as the Local Volume-
tric Rate of Phofton Absorption. The
L.V.R.P.A, (e!), represents the amount of
photons that are absorbed per unit time and
unit reaction volume. The L.V.R.P.A de-
pends on the radiation field (photon distri-
bution) existing in the reaction space;
hence, we must know the radiation field
within the photoreactor. This radiant en-
ergy distribution is not uniform in space
due to several causes; among them, the at-
tenuation produced by the species absorp-
tion is always present. Additional phenom-
ena, usually alse important, are the physi-
cal properties and geometrical characteris-
tics of the lamp-reactor system. The value
of the L.V.R.P.A. is defined for monochro-
matic radiation but it can be extended to
polychromatic fields by performing integra-
tion over all useful wavelengths. Useful
wavelength range i$ defined by the overlap-
ping ranges of lamp emission, reactor wall
transmission, reactant or catalyst absorp-
tion and, eventually, reflector reflectance.

The general structure for calculat-
ing the rate of the activation step may be
described as it is schematically indicated in
Figure 4. As it was shown before, the mass
balances ask for expressions formulating
the reaction rates; be it a molecular or a
free radical reaction mechanism, always
some of the steps (generally one} are ini-
tiated by radiation absorption. The radia-
tion activated step kinetics is always writ-
ten in terms of (e?). The evaluation of the
L.V.R.P.A. is performed stating first the
general radiation transport equation that
requires the appropriate constitutive equa-
tions for absorption, emission and scatter-

RADIATIVE TRANSPORT MASS BALANCES FOR
EQUATION STABLE SPECIES

CONSTITUTIVE

EQUATIONS FOR: [ REACTION RATES ]

- Abscrption o
- Emisslon
- Scattering

KINETICS OF
THE DARK REACTIONS

1 INIFIATION RATE

)
T

Fig. 4. Evaluation of the rate of the initiation
step. Adapted from [Cassano et ai., 1995].

E RADIATION BﬁLﬂNCEJ

REACTOR

APPLICATION TO
AND LAMP

ing. The resulting radiative transfer equa-
tion is then succegsively applied to the re-
action space where there is only absorption
(in homogeneous media) or absorption and
gcattering (in heterogeneous media), and to
the lamp where emission is the prevailing
phenomenon. Combining both results one
can obtain, in a straightforward manner,
the local value of the rate of radiation ab-
gorption. With this information the rate
equation is developed and incorporated into
the mass balance.

IV.1. Spectral Specific Intensity

Under usual conditions, propaga-
tion of photons may be represented by bun-
dles of rays with a given energy. These rays
may be specified by the Spectral Specific
Intensity that is the fundamental property
for characterizing radiation fields. In Fig-
ure 5, let dA be an arbitrarily oriented
small area about the space coordinate x, P
a point in this area and n be the normal to
the area at point P. At a given time there
will be radiation rays associated with this
surface element that may be traveling with
different directions. Energy may be trans-
mitted through, emitted by or reflected on
this elementary surface. Let us consider a
specific direction along which we draw a
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Fig. 5. Characterization of the spectral specific
intensity, Adapted from [Cassano et al., 1995].

line that is characterized by the unit direc-
tion vector Q that makes an angle 8 to the
normal n.The vector & coincides with the
axis of an elementary cone of solid angle
d€. All elementary solid angles correspond-
ing to rays parallel to the direction £ pass-
ing through dA define a truncated semi-in-
finite cone dm, whose cross sectional area
perpendicular to & at the point P will be dA
cosf. Let dE, be the total amount of radia-
tive energy passing through the area dA
inside the cone dm in the time dt and with
an energy in the wavelength range between
A and A + dA. The spectral specific inten-
sity 1s defined as:

dE
I (0 t2)= ’ %
,\(2{_ LS _) “'dg‘gzﬁl_,@(dA cosB dQ dt d)\-}

(33)

According to Eq. (33) the Spectral
(monochromatic} Specific Intensity is the
amount of radiative energy streaming
through a unit area perpendicular to the
direction of propagation Q, per unit solid
angle Q about the direction Q, per unit
wavelength about the wavelength ), and
per unit time t. In photoreactor engineer-
ing, the usual units for I, are einstein (or
Joule) per square meter (or square cm), per
steradian, per unit wavelength interval (or
unit frequency interval) and per second..

Quantum theory introduces the
proportionality between frequency and en-
ergy. The energy of a quantum is e = hv =
he/d - h = 6.626 x 10% erg s, is the Plank’s
constant. ¢ is the speed of light (2.9979 x
10% emv/s) and A is the wavelength in cm.
To some extent, a guantum is a unit of en-
ergy, but its magnitude is not fixed because
it varies with the wavelength (or the fre-
quency). The best definition of a quantum
is to say that is the radiant energy equal
to hv. Whatever it is, when one molecule or
an atom absorbs one quantem, a change in
that molecule or atom from one level of
energy to another will be produced; i.e., its
energy will have been increased by an
amount equal to one quantum, Similarly, if
one mole absorb one quanta, the energy
absorbed is Nh ¢/A, where N = 6.023 x 10%
molecules/gmole is the Avogadro’s number.
Hence the energy of a gram male of a given
material will be increased by Nh ¢/A. The
quantity of radiant energy equal to Nh ¢/i
is called one einstein. All units in J (or W)
can be converted into einstein (or einstein/
&) with the proper transformation. This new
unit is very convenient in photochemistry
because the photochemical activation is the
result of the interaction of one molecule
with one photon having one quantum of
energy or, in other terms, one mole with
one mole of photons that have energy equal
to one einstein. The transformation can be
obtained as follows:

I?‘ns . A

Wi peins instein
I)L ,“-"l.t IL [=j|err17£
sCcm Ssr

and I} [=] Vf
cm 51

{both monochromatic).
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Then, the conversion constant is

1 -9 einstein/s

kpisiy =———=8, ¢ 10" —————and:
w Nrho 8358 x an
. . 0.11964
1 Einstein = 2222 Wa,
1NSTEIN }L( ) =

V2. Homogeneous media

From the radiation viewpoint a ho-
mogeneous medium means that scattering
does not need to be considered. This is a
great simplification for medeling and de-
sign. In this case, the intensity of a mono-
chromatic beam of radiation in any arbi-
trary direction £ will be changed only by
emission or absorption. Emission can be
usually neglected particularly for low tem-
perature processes. Then, at any point in
space x and any time t, we are left with the
three dimensional form of the Bouguer-
Lambert “law» for monochromatic radiation
absorption in homogeneous media:

&i(g—}—) + %3 (%, 1) L.a{xt)=0
s

(34)
In Eq. (34) s is measured along a direction
in space (£2) for photons transport. With the
following simplifications: (i) the absorption
coefficient bears a linear relationship with
the concentration of the absorbing species
and (ii) the radiation beam is unidirectional
(usually a collimated beam of parallel rays),
Eq. (34) reduces to the well-known Lam-
bert-Beer equation used in spectroscopy.
The spectral specific intensity must not be
confused with radiation fluxes. They are
equal only for unidirectional irradiation, a
case very distant from the general one. Note
that even under steady illumination, inten-
sities may change with time because so may
do the absorption coefficient.

In the most general case, radiation
may be arriving at one point inside a pho-
tochemical reactor from all directions in
space. For a photochemical reaction to oc-
cur this radiation must be absorbed by an
elementary reacting volume (a material

point in space); thus, pencils of radiation
coming from all directions must cross the
whole elementary surface that bounds such
an element of volume. Consequently, the
important photochemical property is the
Spectral Incident Radiation given by:
Galx, ) = [Tgs (x. t) dO (35)
o
In Eq. (85) integration for all possible direc-
tions & over the entire spherical space has
been performed. In a spherical coordinate
system located at the point of incidence (the

reacting elementary volume), since dQ = sin
06d¢d8, the arriving incident radiation is:

By @2
Gifx,t)=] [Igy, (x, 1) sine do do

a1 o

(36)

[0,, 0,] and l¢,, ¢,] are the integration lim-
its that define the space from which radia-
tion arrives at the point of incidence. If ra-
diation energy arrives from the whole 4=
space, then the limits for 6 extend from 0
to m and those for © extend from 0 to 2.
For each point of incidence, in practice,
these limits are defined by the extension of
the lamp.

For polychromatic radiation, inte-
gration over the wavelength range of inter-
est must be performed (accounting for the
overlapping wavelength regions of lamp
emigsion, reactor wall transmission and
radiation absorbing species absorption coef-
ficient):

iz dg @3 2
G (% 6)= [ [ [Tooa (x,t)sin0 do d0 d (g7

ko614

In the elementary volume of radia-
tion absorption, for single photon ahsorp-
tion, energy is absorbed according to:

ex (% t)=ru(x, ) Gulx, t) (38)
@) is the Spectral (monochromatic) Loeal

Volumetric Rate of Photon Absorption
(L.V.R.P.A.) or the spectral rate of photon
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absorption per unit reaction volume, very
often improperly called «Absorbed Inten-
sity». Its units are einstein per cubic meter
and per second, very ditferent from those
corresponding to an Intensity, k is the ab-
sorption coefficient that is always some
function of the concentration of the absorb-
ing species. The well-known Beer’s approxi-
mation can be used for homogeneous, dilute
systems. Note that since G is a function of
position, so is e?. (Z may be a function of
time for lamps operating under unsteady
state conditions. The absorption coefficient
may be a function of position for reactors op-
erating under strong concentration gradi-
ents and a function of time for systems
where absorption changes with the reaction
progress (the reactant absorbs radiation,
some reaction products absorb radiation,
etc.) or when using a photocatalyst the solid
semiconductor is not stable in its optical
properties. For polychromatic radiation:

by B2 0 .
eh(xt)=] | fm sz (2,t) sinb do d8 da (39)

18141

Thus, to evaluate the L.V.R.P.A. we
must know the Spectral Specific Intensity at
each point inside the reactor. Its value can
be obtained from the photon transport equa-
tion,

IV.3. Helerogeneous media

In more general terms, the radiative
transfer equation may be rationalized con-
sidering a balance of monochromatic pho-
tons along a given direction of radiation
propagation:

Time rate Net flux of &, A Net gain (loss)

of change of | |photons leaving of &, % photons

Q, A photons| [the volume V owing to

in the +| across its = | emission,

volume V bounding absorption,

surface 4 in- and out-

scattering in
the volume V

%Jv o AV + [, %, (cQ) ndA =
=, 3L AV + f, #EA AV +

+ J. v 125::1 dv - I\r ‘?g’é:;’“’- dv

Transforming the area integral into
a volume integral (with the Divergence
theorem) all the terms will have the same
integration limits. Then, multiplying by
(hv) and considering that I, = chv (7%, ) we
can extract the differential equation in
terms of Specific Intensities. In symbolic
form [Ozisik, 1973, p 251}

l aIE__)\
¢ dt

~Wai+Wa, + WaP -

+V (g, Q)=

-l (40)

Eq. (40) iz the general form of the
radiation conservation equation for Q.2
photons. Usnally the first term can be ne-
glected (the factor 1/c makes it always very
small); i.e., at a given time the radiation
field reaches its steady state aimost instan-
taneously. However I, will change with
time if the boundary condition associated
with Eq. (40) is time dependent (for ex-
ample, in a photoreactor having a time de-
pendent radiation source emission; typi-
cally, & solar reactor) or if the state vari-
ables which appear in the constitutive
equations for any one of the different pro-
cesses Wiy, W, Wi," and WS ™, change
with time.

Absorption and out-scattering are
modeled in the same way that absorption
is accounted for in homogeneous systems.
Emission should be modeled according to
the particular involved process. However,
as said before, in most photochemical reac-
tions it can be usually neglected.

In-scattering is responsible for most
of the complications that arise when scat-
tering of radiation is an important phenom-
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enon. It results from the almost unavoid-
able existence of multiple scattering. When
scattering is not single, a photon scattered
out from one direction may interact with
other particles. Then, part of the radiation
that ig scattered in space may be incorpo-
rated to the stream of Q, A photons accord-
ing to the scattering distribution function
(the phase function). This process may oc-
cur from all directions in space and for all
wavelengths, Thus, (£, A", (&', A} and (@', A")
photons may be incorporated to the family
of Q, A photons. The contribution must be
computed for all possible directions and
wavelengths. When radiation is arriving to
the volume element from all directions and
all wavelengths, this integration yields
10zisik, 1973, p. 27]:

Wein =L

LT o)

p(A' = A, Q'— Q) (x,£)dr' dQ' (41)

where p is the phase function. The above
equation is valid for incoherent scattering.
The scattering is incoherent or anelastic
when the frequency of the scattered radia-
tion is different from that corresponding to
the incident radiation; i.e., the radiation
beam changes its energy. Otherwise the
scattering is elastic or coherent. For coher-
ent scattering:

Wi =L [ on () (@ - )L, (x, t) do
(42)

With the normalizing condition:
413 J..P@ »Q)da' =1 (43)

Scatiering is isotropic when p = 1.
Isotropic scattering requires, among other
requirements, that at least the scattering
material be homogeneous and isotropic, and
that the surrounding medium be also iso-
tropic. More details on phase functions can
be found in the classical references of [van

de Hulst, 1957; Ozisik, 1973; Siegel and
Howell, 1992]).

Very often the sum of the absorp-
tion coefficient and the scattering coefficient
is called the extinction coefficient:

Br(xt)=

The extinction coefficient is usually
used together with the scattering albedo
that is defined as:

X1 (%t) + 0u(x,t) (44)

o, (x, t)

[N

Working photon transport eguation

o (X, t)= (45)

Going back to Eq. (40) one can ne-
glect the fransient term and substitute the
different constitutive relationships. After
defining a directional coordinate s along the
ray path, from slementary caleulus it is
known that;

because the unit vector Q is independent of
position. The last term in Eq. (48) is the di-
rectional derivative of the intensity along the
direction defined by the unit vector . Then,
the following working photon transport
equation for coherent scattering is obtained:

dL, (s,t)

5 TX (s,t) Lo (s, t) +

Absorption

+ 0y (s, t) 1o (s, t) — J (s, t)+

Emission

i
Out - scattering

[ p(@

n4r

-5 Q) Ly (s, t)dQ'

+-Lax(s, t)
Ar L (47)

In- acatten"ng

There is an important assumption
implicit in the derivation of this expression;
it may be applied only to a medium that
may be considered as pseudo-homogeneous.
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This restriction puts some limits to the ap-
plication of this equation in heterogeneous
media. It should have a valid application
when the existing heterogeneities are of
small size and they are present in small
concentrations; let us say particle sizes
smaller than 2 mm and concentration of
solids below 10 percent. If this is not the
case a different approach may be necessary.

This consideration lead us to con-
clude that under the validity conditions al-
ready established for Eq. (47), most likely,
also conditions for independent scattering
will prevail. Independent scatiering means
that particles are sufficiently far from each
other and that it is possible to study the
scattering by one particle without reference
to the others. This condition prevails when
the clearance between particles is suffi-
ciently large relative to both the particle
diameter and radiation wavelength [Siegel
and Howell, 1992].

Perhaps one of the most important
conclusions that can be drawn from this
equation is that in heterogeneous reacting
systems classical forms of analyzing the
light distribution inside the photochemical
cell (i.e., the Lambert-Beer equation) would
be incorrect and very likely, useless. This
conclusion is particularly important when
the effect of the Incident Radiation on solid-
fluid photocatalytic reaction rates is inves-
tigated. The second conclusion of signifi-
cance is that, with only a very few excep-
tions (collimated heams), radiation trans-
port is a three-dimensional phenomenon,
and one-dimensional models cannot be al-
ways used with confidence.

V. Emission by tubular lamps. The
line source with spherical emission
(L.SSE model)

The simplest, fairly realistic model
published in the literature [Jacob and
Dranoff, 1966; Cassano et «l., 1988] is the
LSSE model. The following assumptions are
made (Fig. 6):

1. The source is a line with uniform
emission along its length (axial direction).

B o

“REACTION SPACE .

LINEAR LAMP

Fig. 6. The Line Source with Spherical Emission
(LSSE) model.

2. The line is considered an infinite
succession of ideal point sources, each one
emitting in a spherical manner over an
angle of 4.

3. This emission is isotropic (no
preferential direction of emission).

For this model we need a special
definition of the Specific Intensity because
the lamp does not have a defined surface
of emission;

I" = dP}.
Y zac ak (48)

In this case: I = I:(s,(-),t). Recall that this
is not the same definition that is used in
radiation field theory for three-dimensional
emission produced by real bodies.

If we consider for simplicity a par-
ticipating, absorbing medium with no scat-
tering, the Radiative Transfer Equation

(RTE) is:

dl(s,0,t)

= x5 1) I:(s,6, t) (49)
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According to Figure 6, the boundary
condition at the point of radiation entrance
to the reactor wall is represented by:

L {se, 0, t)= 1 (t) (50)

One must notice that this Intensity
is independent of direction, a condition that
is derived from the assumption of isotropic
emission by the lamp. For each particular
direction, it corresponds to the lamp emis-
sion intensity since the medium between
the lamp and the reactor wall is usually
diactinic.

Emission by the lamp is [Eq. (48)]:

dP, , =T"dz dQ di (51)

P}.,L PA.,L

ir L T il {52)
dQ |dz r
o]

,G)u
I;\. =

Integrating Eq. (49) and considering
Eqs. (50} and (52);

® P L S an S
Il(s& 9, t) = 41;]: eXp|:-— IK?~(S’ t}d8:| (53)

The actual output power from a dif-

ferential element of the lamp must be equal
to that described by the LSSE model. Then:

dP, =L,dAcos 0, dQ dr = I, dzdQ dx (54)
And;
L, dA cos 0, =1, dz (55)

Using Eq. (55) and the definition of
the solid angle:

do = dA cos 8, (56)
p2
the following equation is obtained:
Lde-T; & (57)
p

With HEq. (567) and the definition of the
LVRPA:

e3(x,t) = xa(x,t) [ 1,02 = k6 (x, t) [ T (5,0,8) 9%
(=18 Ly p

]

{58)

X is a position inside the reactor. It bears a
univocal relationship with s, the distance
traveled by the radiation bundle. Q, is the
solid angle defining the extension of the
lamp.

Substituting Eq. (53) into Eq. (58):

eﬁ (Est) - P.J., L

Ki(x, t) Lg[, e:»(p[—_[:R K, (8, t)dglg:f-

nl,, p
(59)
From Figure 6, since:
p(® cosb =r and p(B)sing = z
dz _do
nE (60)

In this equation r is the radial distance,
perpendicular to the lamp axis, measured
from the lamp “line” to the point of radia-
tion incidence inside the reactor x. With
this substitution, the LVRPA is:

ex (}_i: t) =

- PJ\,L ) 9=Hg dg _ r H w -
2 471"]'_,[’ Kj\(é, t) _{ —-'Elpi‘— fl{;(s,t]ds“! (61)

B=Gw

From plane trigonometry, the new
limits of integration, @, and 9, are:

y: af 1)
0=t 1(_1' W d 8, =tan J(L
v =tan s =) ane S =t 8%

Eqgs, (61) and (62) are normally the
working expressions for using the LSSE
model. As in any other model, Eq. (61) must
incorporate the reactor wall compounded
transmission coefficient to account for re-
flections and internal transmission. Note
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that Eq. (61) is valid for homogeneous me-
dia because so was the starting equation
[Eq. (49)]. Extensions to heterogeneous me-
dia is a straightforward procedure.

VI. Homogeneous systems. Application
to an annular photoreactor

This application will have two
parts: (i) the description of a methodology
to obtain an intrinsic kinetics in a batch
laboratory reactor, and (ii) the description
of the methodology to scale-up results for
a tubular, pilet plant reactor.

VI1.1. Reaction kinetics

A very simple case will be used to
illustrate the procedure. For any process
employing radiation having a wavelength
below 300 nm, direct photolysis is almost
unavoidable. Hence, even if in practice an
oxidant will always be used (for exampie,
hydrogen peroxide) the parallel photolysis
must be also modeled. 2,4-dichlorophenoxy-
acetic acid (2,4-D) is a widespread herbicide
that is known to have a high level of toxic-
ity. Its relatively high solubility in water
facilitates its migration to natural courses
where it 1s also known that it may last for
several weeks due to its long mean lifetime.
The reaction using UV alone with 2,4.D
shows most of the features that must be
taken into account to model a homogeneous
reactor for AOTs. Although it is a rather
slow reaction that needs to be comple-
mented with a stronger oxidation, it can be
used to illustrate some of the concepts pre-
viously developed. As reported by [Cabrera
et al,, 1997 (a)], kinetic studies were per-
formed in a well-stirred, batch, cylindrical
photoreactor irradiated from the bottom
(Fig. 2). Monochromatic light (A = 254 nm)
was used. Analyses of the results were per-
formed as it is described in what follows.

VI.1.1 Radiation Field
In 1985 [Alfano et al., 1985] studied

the above described reactor geometry using
a three-dimensional (r, z, () model. Results

were experimentally verified with variabie
spatial position microreactors [Alfano et of.,
1986 (a); Alfano et al., 1986 (b)]. It was found
that for the used geometry and dimen-
sions radial and angular variations were
not very significant. With this background,
a one-dimensional model (y-coordinate) can
be adopted. Then, Incident Radiation [Eq.
(36)] can be described by:
G, () = Gy, expl= Kk, ) (63)

In Eq. (63), G, i is the Incident radia-
tion at the wall of the reactor bottom (y = 0)
and 1, , Is the total absorption coefficient of
reactant and products. It must be noted that
the optical properties of the reacting medium
change with the reaction evolution. This is
not only due to the decrease in 2,4-D concen-
tration; on the contrary, during part of the
course of the reaction, at 253.7 nm, the ab-
sorption coefficient of the reacting mixture
increases, indicating an important effect due
to absorption by the reaction products. Con-
sequently, even in a first approximation, the
system must be characterized by a mini-
mum of two absorption coefficients: (i} one
corresponding to the reactant (2,4-D) and (11)
a different one corresponding to the reacting
mixture, being both a function of time. These
values, as well as G, can be experimentally
measured. It should be also noticed that, if
desired, the Incident Radiation at ¥y = 0 can
be theoretically predicted with great accuracy
with [Alfano et al., 1985] radiation model.

The derivation of Eq. (63) needs
some careful analysis. First, note that in
any one-dimensional model, the inten-
sity has the special characteristic that only
one component of the three-dimensional
representation of the radiation field is dif-
ferent from zero. In general, with the Dirac
delta function:

L(x @ t)=T{x t) 5 (2 - j) (64)
Q oy - o -

5= gﬁ(g_i)dg:l f"r%:é (65)
0 for &2+ j
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This equation indicates that radiation
transport is permitted only along the direc-
tion corresponding to the unit vector in the
single direction of radiation propagation “y”.
Note also that the units for this “special,
one-dimensional intensity” are:

L(x t)=T(y,t)[=] E“;l—szt:ﬁ With
5(Q - j)=] L
(@i

In this case, the Incident Radiation
results:

()= Lz 2 t)do=
imx’ £)8 (@~ j)do
“T,(v,t) f (@-jjda=TL(y.t) (66

because I,(x,t) is independent of Q and the

integral of the delta function is equal to one.
Then, for one-dimensional, one directional
models:

il (Y, t) =G, (Ys t)

The LVRPA for the photolytic reac-
tion is obtained from:

(67)

eilb(y, t) =K D,RGA (y, t) =

=Kp, (t) Gw, eXp[_K T,?.,(t) .V] (68)

In Eq. (68) k,, , is the absorption co-
efficient of 2,4-D exclusively. The boundary
condition for Iiq. (68) is the Incident Radia-
tion at v = 0. It can be precisely evaluated
with actinometer measurements. Potassium
ferrioxalate was used according to the op-
- erating conditions reported by Murov
[Murov et al., 1993]. According to Eqg. (9) a
mass balance for the well-stirred, isother-
mal, batch reactor applied to the actinom-

eter reaction gives for the reaction product
(Fe):

dCFez" (t)

2 i35, = 03t (1)

Vi

(69)

(ei i, t))vR =

1 VR/AR

VAo Jhm(t G, expl—kq, (t) v]dy
(70)

V. /A, is the radiation path. Note that at-
tenuatlon is influenced by the total absorp-

tion coefficient (KT =Kact KFez+) but the re-

action rate for the product formation is in-
fluenced by the absorption coefficient of the
reactant exclusively (x, ). Also note that
both absorption coefficients are a function

of t, because always K; =xiC; and C, for

both, Fe* and Fe?*, changes with the reac-
tion evolution. Integrating Eq. (70) and sub-
stituting the results into Eq. (69):

dc ae AxGwa Kaealt)

Fez'_‘_q)
dt " Vi kaa(t)

{1 - exp[—icm (t)(Vr/Ax )]

(71)

In Eq. (71) Ac is the reactant (Fe*?)
and the reaction product is Fe*? In the
batch reactor, for net too high reactant con-
versions the plot of Fe*2 vs, time glveh a
straight line. At t - 0, dCFea Jdt lTB =m),
is the slope of such a straight line. At time
— 0, the following equation holds:

A.G
(Fe it (I)A{: R W,A-
A % —_VR (72)
Eq. (72) is valid hecause (i) when t
- 0, ¥pae, =Kpa Coo =0 (the reaction
A = 253.7 nm,

Kra = Kgep for this actinometer is very

product) and (i) at

large. From the experimental results:
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(73)

VI1.1.2 2,4-D Mass Balance

The reactor operates under the fol-
lowing conditions: (i) perfect mixing and (ii)
isothermal performance. The mass balance
{Eq. (9] gives:

dC&Dt(t) — (Rp,-:\ (Y7 tj>vaf&R

Co(t=0)=C}

(74)

The radiation field is not uniform and
consequently the LVRPA is a function of y
and so is R,. Then, in Eq. (74) an average
reaction rate has been defined according to:

A, YR/AE
r‘Rn 2 (v, ),.’V i =V_: | Roly.

]

t)ydy (75)

An expression for the local reaction
rate is still unknown. It was proposed the
following general and perhaps too simple
relationship:

Rpa(y,t)=—@n, l[e Yy t)]n [Cn (t)]m (76)

As it will become clear further ahead,
in Eq. (76), within the limits of the performed
work, @), , 18 an overall quantum yield for the

decomposition of 2,4-D. Employing Eq. (68)
the average reaction rate results:

<RD,?\ (Y! t)} VR/AR =

A, VR/AR ,
- q)D 5 B {KD,;L(t)CIw,; X

Ve |
WY [en ] ay

exp[—K ra(t (77)

Substituting into the mass balance;

dCp(t L8 o
-“‘a?EL")- = éR- ¢y ;L(Gw 1) (K DA )’) [C[‘ (t')] 2
\'RH\E

fexpl-xra(t) v} dy (78)

Since in Eq. (78) the concentration
of 2,4-1} is uniform it was possible to take
it out of the integral. Integrating the right
hand side of Eq. (78):

dCo(t)  Ap . /n
‘Ti*:“v:—‘:bn,l( W)

(oa (&)

Ko (t)n

{ 1~ exp[-kra{t)n (Vi / Ag)|

[Co®)]"

(79)

This ordinary differential equation
must be solved with the initial condition in-
dicated in Eq. (74). Note that due to the re-
quired averaging procedure, the reaction
order with respect to the LVRPA (n) has a
rather complex relationship with respect to
the time rate of change of concentrations.
Since this averaging procedure is re-
quired every time that the radiation
field is not uniform, in photochemical
reactors, graphical methods to obtain
this reaction order are useless. The ex-
ception could be the case of very weak ra-
diation absorption.

VI.1.3 Absorption Coefficients

Eq. (79) needs two optical parameters
that must be obtained from independent
measurements. The 2,4-D absorption coeffi-
cient can be obtained from standard measure-
ments. The data for 253.7 nm produced a
value of the molar Napierian absorptivity of
409 L mole? cm™. Then, from Beer’s equation:

Kpa = K;J.ACD (80)
To obtain the total absorption coefl-

ficient (a mixture of reactant and reaction
products) it was proposed:
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Kra(t)=xaCn(t) + Kbra Coelt)  (B1)
The “unknown-products” hypotheti-

cal concentration can be expressed in terms

of the 2,4-D instantaneous concentration:

ra(t)=x2,,Co(t) + k2 [CE - Co(t)]  (82)

Koa(8)=[xb.n = k202 ] Op(b) + k7 Ch (83)

In Xq. (83) only one parameter is
unknown. Values of ¥, , as a function of
C,(t) were obtained (with spectrophotomet-
ric measurements} from all the experimen-
tal decomposition runs at 253.7 nm. Apply-
ing a linear regression to the experimental
points and expressing x; . in em™ and C(t)
in ppm, the following empirical correlation
was obtained:

icn, () = 00197C3 —[0.03755 - 0.0197]C, (t)
(84)

VI1.1.4. Parameter Evaluation

It is now possible to obfain the ki-
netic parameters from the experimental
data and the proposed kinetic model in Eq.
(79). We have three unknowns: the quan-
tum yield, and the exponents “m” and “n”.
The whole model was fed to a multiparam-
eter, non-linear regression algorithm that is
coupled with an optimization program ac-
cording to the Marquardt method [Mar-
quardt, 1963].

The regression program gave the fol-
lowing values for the exponents: n = 1 and
m = 0, With these estimations, at 25 C and
253.7 nm, the following kinetic equation
was obtained:

Ry (y, t)=—0.0262e3"(y, t) (85)

Eq. (85) indicates that at 253.7 nm,
and for the explored range of concentra-
tiong, the overall quantum wyield is 2.62%,
which is a rather low value. This equation
also indicated that the dependence upon the

2,4-D concentration is completely accounted
for with the concentration dependence of
the LVRPA. However, this result should
not be interpreted as zero order dependence
with respect to 2,4-1} concentration because
it participates in two parts of the variable
e, From Eqgs. (79), (80) and (81) it can be
seen that the LVRPA bears a direct linear
dependence with the 2,4-D concentration
[Egs. (79) and (80)] and a decreasing expo-
nential dependence with the total absorp-
tion coefficient that includes the 2,4-D con-
centration [Eqs. (79) and (81)]. The inner
filtering effect produced by the reaction
products is also taken into account by the
exponential term. )

V1.2. Reactor Analysis

A pilot-plant scale, tubular (annu-
lar configuration) photoreactor for the di-
rect photolysis of 2,4-D has been modeled
[Martin et ai., 1997]. A tubular germicidal
lamp was placed at the reactor centerline.
This reactor can be used to test, with a very
different reactor geometry, the kinetic ex-
pression previously developed in the cylin-
drical, batch laboratory reactor irradiated
from its bottom and to validate the annu-
lar reactor modeling for the 2,4-D photoly-
sis. Note that the radiation distribution and
consequently the field of reaction rates in
one and the other system are very differ-
ent,

It is well known that modeling can
be done in two different forms: (i) the de-
sign mode [to calculate the size (or reac-
tion time) of the reactor for a defined per-
formance] or (1) the predictive mode (to
predict the performance of a prescribed re-
actor). The second approach will be illus-
trated here. With this approach, the reac-
tor dimensions, the lamp dimensions and
its operating characteristics are pre-estab-
lished conditions. The design mode uses the
same methodology but must iterate with
different lamp and reactor sizes until the
desired performance is satisfied. Iteration
iz needed because normally, lamp sizes and
lamp output powers can not be changed in
a continuous manner and the design must
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use what is available in the market. Since
the reaction is quite slow, the annular re-
actor will be operated inside a batch recy-
cling system.

VIL.2.1. Proposed reactor (Pilot plant-scale)

Figures 1 and 3 provide a schematic
representation of the employed reacting
system. More details can be found in Table
N° 1.

VI.2.2. Reactor Model

The reactor model was constructed
according to the following sequence: (i) The
annular reactor, radiation distribution mo-
del of Romero et al. [Romero et al., 1983]
was adapted for this particular set-up; (ii)
The fubular lamp with voluminal and iso-
tropic radiaiion emission model of Irazogui
et al. [Irazoqui ef al., 1973] was applied to
this system (it is a refinement of the model
described in section V); (iii) A mass balance
for an actinometric reaction carried out in
a tubular reactor inside the loop of a recy-
cling system was adapted from Martin et o,
[Martin et al., 1996], and (iv) To verify the
radiation madel, actinometer experiments
were performed in the reactor to compare
theoretical predictions with actual results.
This procedure permitted to verify the qual-
ity of the radiation emission model for the
lamp and the radiation distribution model
for the annular reactor. Afterwards, for the
photolytic reactor employing 2,4-D the fol-
lowing sequence was followed: (1) A species
mass balance for a tubular reactor inside

Table N* 1

Paramefer Value

Reactor Irradiated length 48 cm
Pyrex® Outside diameter 6.03 cm
Suprasil® Inside diameter 445 cm
; Irradiated volume 624 cm?®

LAMP Input power 30 W

Philips TUV  Output power 9 W
A = 2537 nm Neminal length 89.5 cm
Diameter 2.6 cm
Reservoir Volume 6000 cm?

the recycling system was written according
to Eq. (158); (2) The kinetic expression given
by Kq. (85) was incorporated info this mass
balance; (3} The radiation model previously
validated was used to predict the LVRPA
in the kinetic expression [Eq. (85)]; (4) Ra-
diation absorption by reaction products was
incorporated into the radiation model ac-
cording to the empirical expression repre-
gented by Eq. (84); (5) Time evolution con-
centrations of the 2,4-D in the recycling
system were predicted using steps (1), (2),
(3) and (4); and (6) Experimental 2,4-D con-
centrations in the pilot plant reactor were
compared with theoretical predictions.

VI.2.3. Radiation Field

For a homogeneous medium the ra-
diation distribution is obtained by solving
Eq. {34) with the following boundary con-
dition:

11.3(5:0):-'12,9 (86)

The boundary condition was ob-
tained from the Extended Source with
Voluminal and Isotropic Emission model
[Cassano et al., 1995], according to:

: %
P, Yga(R) (Ri —1% sin® ¢
s 0,0 - R0l )

sing

(87)

Figure 7 illustrates the principal
variables. P, is the corresponding output
power for the useful lamp length and Y, ()
is the compounded transmission coefficient
of the reactor wall (internal absorption plus
interfacial reflections). This equation is
valid for arc type lamps that have transpar-
ent walls, as it is the case of the germicidal
lamps employed in this work, It permits the
inclusion of all lamp characteristics and the
reactor and lamp geometric arrangement
into the design of the reactor. The solution
of Eq. (34) provides values of the radiation
intensity as a function of position (r, z) and
direction (0, ¢). Once I is known, the Inci-
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Fig. 7. The Extended Source with Voluminal

and Isotropic Emission model. Adapted from
(23).

dent Radiation and the LVRPA can be ob-
tained from Kqs. (36) and (38). Since mono-
chromatic radiation is employed, no integra-
tion over wavelength is needed. The final
equation for calculating the LVRPA is:

Kia % )Y (Q) P, %
2niRIL,

ei(x, t) =

Tao Tdo(R? ~r*sin?y)* x

by 91

exp "’KT’ h SiIle

I COS 0 — {rz cos” ¢ —(r?‘ --I‘H?;i))}é W]

(88)

The integration limits for 0 and &
for the case of the annular reactor (Fig. 8},

were derived by Irazoqui et «f. [Trazogui et
al., 1973]:

.1" CosSQ — [rﬁ(cosz o — 1) + Rf]h

(L. - 2)

91(¢) = tan "

(89)

REACTION SPACE

Fig. 8. The integration limits for 0 and ¢ angles,

.r i
RO ot ] [
e |
(90)

. (r2 - R?)%
—01=0; =cos —t -

It must be noticed that the exponen-
tial term (attenuation) uses the reacting
medium total absorption coefficient while
only the reactant ahsorption coefficient in-
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tervenes, with a linear effect, in the value
of the LVRPA. Hence “i” stands for the re-
actant, while:

Kri = 2K
T.A ; I A (92)

and “” stands for the reactant and any
other component in the reacting medium,

The Actinometer Reaction in the
Annular Reactor

The classic uranyl oxalate reaction
was used [Murov ef af., 1993). According to
Eq. (15), under steady operating conditions,
changes in concentration inside the recy-
cling system are obtained from:

dC.(t) Vs
dt Jn ) VTut.ui <RHﬂm’i(r’ Zt )‘?n
G (0) = ! {93)

This equation is valid when: (1) the
recirculation rate is very high and (2) the
operation of the reactor is differential. For
the actinometer reaction, with i = Ac;

Ritom, ac(1, 2, t) == @50 % (r,2,t)  (94)

Recall that since the radiation field

is not uniform in Eqs. (93) and (94) the re-

action rate is a function not only of time but
of position as well. Then, even for the dif-
ferential reactor operation a volume aver-
age operation is required. For the actinom-
eter reaction this average is easily com-
puted because for conversions below 20%,
the reaction rate is not a function of the
oxalic acid concentration and the uranyl ion
concentration remains constant (a sensi-
tized reaction). Calculating the volume av-
erage of the LVRPA we get:

&, e _ Kaea Yra Py ®e
(el A [g»w -m'“ [ rdrx

IR,i

Taz)Tas afdﬁ(l{f - r'sin?g)/% x

1] 3] H

reos— (r2 cos? ¢ — [r2 - rl{i))%

sinf

€XPi ~Kaea

(95)

Molar absorptivities to calculate
K., Can be measured in the spectrophotom-
eter and the quantum yield at 253.7 nm can
be taken from Murov ef al. [Murov ef al.,
1993]. To validate the radiation model, re-
sults obtained from of Eq. (95) must be com-
pared with experiments. From Eqgs. (93)
and (94) and after integration:

_ [Ci" = C"‘c(t)] Ve _ 1
(t-0) Vi @sen

e

Jmp. (96)

Experiments were carried out at
three different uranyl sulfate concentra-
tions: 0.005, 0.001 and 0.0005 M. Oxalic

acid concentrations were 5 times larger al-
ways. Figure 9 shows the experimental

3.0
IW
a
5
£ 20l A
@
@
=
s
o
% 104
£
S
e
00 ; :
0.0 25 5.0 75

C, x 10°mol em™

(~——) Model predictions [Eg. (95));

(A) Experimental data {Eq. (96)].

Fig. 8. Experimental verification of the radia-
tion model. Adapted from [Martin et al., 1997].
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data [Eq. (96)]. The solid line corresponds
to predictions from the radiation and reac-
tor model [Eq. (95)]. The largest error was
smaller than 8%. Since agreement is very
good, one may conclude that the radiation

field of the annular reactor has been pre-:

cisely represented. Note that no adjustable
parameters have heen used.

VI.24. The Reactor Model for the 2,4-D
Photolysts

Eq. (93) is the same for the actinom-
eter than for the photolytic reaction, particu-
larly when the reactor differential operation
is fulfilled. If the reactor operation is not dif-
ferential, Eq. (3) with inlet condition (4) and
boundary conditions (5) and (6) must be used.
Note that the simplified kinetic expression
represented by Eq. (85) has the same form as
Eq. (94). However, during the 2,4-D photoly-
sis the radiation absorption characteristics of
the reacting medium change. This is a very
distinct phenomenon because: (i) the uranyl
oxalate reaction is a photosensitized reaction
and the radiation absorbing species is not con-
sumed and (ii) conversely, not only the 2,4-D
absorption coefficient changes but absorption
by reaction products increases the total ab-
sorption coefficient above the initial value,
This phenomenon produces an unavoidable
coupling between the steady state radiation
balance and the unsteady state mass balance
(notice that due to the speed of propagation
of the changes in the radiation field, the tran-
sient term in the RTE is always negligible).
The total absorption coefficient can be ob-
tained from HEq. (84). Then:

dt = VT:;] (R'Hom.D(ra Z, t)>va {97)
with the L.C. Cp(t=0)=C}

And the reaction rate is:

{RHm,D (r: Z, t))VR = _(I)D,.\ V_};i —[VR E:’D (1’, Z, t) dV

(98)

Inserting the LVRPA into Eq. (98)
and substituting the result into Eq. (97) we
obtain:

dC-D . 1 FP),YR_lK;’lCD(t)
—— =~ P - ¥
dt Viga | nRD L,

nj"o rdr h[Rdz ?dq; gj‘zde(Rf - rzsinﬁq;»)}'é P

IR, ¥ o1 L3

reos— (r2 cos” ¢ — (r2 - rﬁ,)) .

sind

S ———

exp —KT,}_

v

(99)

Integration of this equation pro-
vides the time evolution of the 2,4-D con-
centration. Notice that all the lamp charae-
teristics are incorporated in the design. The
mass balance and the volume average pro-
cedure indicated in the equations above are
greatly simplified by the differential opera-
tion in the photochemical section of the re-
actor. Eq. (99) must be numerically solved.
At each different time, the LVRPA must be
calculated according to the existing concen-
trations. The most difficult and time-con-
suming step is the calculation of the Eq.
(88) for each reaction condition.

Figure 10 shows the results for two
initial concentrations. Solid lines corre-
spond to predictions of the 2,4-D concentra-
tions obtained from the solution of Eq. (99).
Symbolg correspond to experimental values.
It can be seen that agreement is fairly good.
The observed discrepancies, that in some
cases produce an error as large as 15% are
mainly due to the fact that the reaction ki-
netics of this very complex reaction has
been modeled in terms of just one single
variable (the 2,4-D concentration). Rigor-
ously speaking, in the case of the 2,4-D re-
action one should expect that: (i} more than
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100

6
t[h]

{——) Mudel predictions;

(0,0) Experimental data.

Fig. 10, 2,4-D concentration vs. time for two
initial concentrations. Adapted from [Martin et
al., 19971

one reaction preduct may affect the radia-
tion absorption of the reacting medium [Eq.
(84)] and (ii) the proper reaction kinetics
may be a function of other variable besides
the LVRPA; for example, intermediate
product concentrations [Eq. (85)].

The ideas described in this section
can be easily extended to more complex
reacting systems either from the chemistry
point of view -for example to include the
paraliel oxidation reaction with hydrogen
peroxide or ozone- or to deal with others
lamp-reactor configurations. A comprehen-
sive, tutorial review for homogeneous pho-
tochemical reactors has been published
{Cassano ef al., 1995] that provides most of
the required methods.

VII. Heterogeneous systems,
Application to quantum yield
evaluation in slurry reactors

For the case of photocatalytic reac-
tors employing solid semiconductors and
trying to reach a compromise between
length and clarity in a detailed application,
it seems appropriate to concentrate the ef-
fort in describing all the reactor analysis
concepts that must be developed to measure
true quantum yields in heterogeneous

slurry photoreactors. This particular prob-
lem permits to show in a rather short ex-
tension, most of the main features of het-
erogeneous photocatalytic reactor modeling.
Once the distribution of radiation inside
reactors of different geometries is known
(see for example, [Romero et al., 1997} for
annular reactors and [Brandi ef al., 1999]
for flat plate reactors) basic concepts al-
ready available in the chemical reactor en-
gineering literature [Froment and Bischoff,
1990] can be used to model others reac-
tion and reactor types. A complex reaction
scheme or mechanism can also be incorpo-
rated into the corresponding mass balance
as it has been shown by Alfano ef al. [Al-
fano et al., 1997] and Cabrera et al. [Ca-
brera et al., 1997 (b)]. A typical example of
modeling a different reactor type has been
recently published, dealing with a fluidized
bed, photocatalytic reactor [Chiovetta et al.,
2001].

The general methodology for mod-
eling slurry photoreactors has been re-
viewed by Cassano and Alfano [Cassano
and Alfano, 2000]. We will apply these con-
cepts to the evaluation of absolute and true
values of quantum yields.

VIL1. Definition of the problem

The monochromatic, overall, true
initial quantum yield is defined as:

1
e
TEUE

appearznce |

{I:Rate of{disﬂpea mnnclof compound 1" [)_( t)};\ -0

© VR-AVER _
{[Ra!.e of photon abserption by the catalyst (;5, L)]‘.‘ }\ e
'g - AVER
q
[(R‘)v ]
o "% JExPER {(100)

T,

CALG

The volume average of LVRPA is
very difficult to measure. However, employ-
ing rigorous mathematical modeling of
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photecatalytic slurry reactors it can be pre-
cisely calculated [Brandi et al., 2000 (a);
Brandi ef al., 2000 (b)]. Consequently, in
Eq. (100): (i) the numerator is the reactor
volume-average of the reaction rate mea-
sured at initial conditions (the result of an
experimental determination), (ii) the de-
nominator is the reactor volume-average of
the calculated spatial distribution of the
LVRPA, and (iii) the LVRPA is calculated
solving the Radiative Transfer Equation
(RTE) employing catalyst optical properties
and light intensities arriving at the reactor
window for radiation entrance, both inde-
pendently measured.

Quantum yields are not unique val-
ues unless several operating conditions are
precisely defined, for example:

1. Concerning the employed radia-
tion: (1.1) wavelength must be monochro-
matic and (1.2) the employed range of ra-
diation intensities must be defined because
of the existence of different reaction order
dependencies at different irradiation rates.

2. Concerning the reaction environ-
ment, several conditions must be fixed: (2.1)
temperature, (2.2) pH, (2.3) substrate initial
concentration, and (2.4) guality of the “re-
actants” that are employed because impu-
rities affect the photocatalytic rates.

3. Concerning the oxidative path:
operating conditions must ensure excess oxy-
gen concentration gver the stoichiometric
demand during the full course of the reaction.

4. Concerning the catalyst we must
define: (4.1) catalyst variety and (4.2) cata-
lyst concentration.

Additionally, to facilitate compari-
sons, quantum yields should be measured
at substrate and catalyst concentrations
where the reaction rate shows zero order
dependence with respect to both variables.

VIL2. Methodology

To develop a rigorous model of a
photocatalytic slurry reactor several steps
were necessary. They are briefly described
below.

1. To study scattering effects by
solid particles in a fluid and adapt previous
existing methods in generalized transport
theory (the Discrete Ordinate Method or
DOM) [Duderstadt and Martin, 1979] to
solve the RTE [Alfano ef al., 1995].

2. To develop a laboratory reactor
that permits the easiest solution of the RTE
employing the DOM [Cabrera et al., 1994).
It consists of a flat plate configuration (a
cylinder irradiated from one of its circular
surfaces).

3. To develop special methods to
measure monochromatic specific (per unit
catalyst mass) absorption (x}) and scatter-
ing (o) coefficients of titanium dioxide slur-
ries and obtain values for different catalysts
and for the wavelength range between 295
and 395 nm [Cabrera et al., 1996].

4. To develop precise methods for
obtaining intrinsic kinetic data in a batch
reactor with recycle [Alfano et al., 1997;
Cabrera ef al., 1997 (b)]. It includes a model
for radiation absorption by a material par-
ticle {in the continuous mechanics defini-
tion) made of catalytic particles and the
fluid. The model has the ability of separat-
ing and calculating radiation absorption by
any of the two phases. Thus, parallel pho-
tolysis can be also handled.

5. To include effects of reactor
wall properties into the incident radiation
intensities corresponding to the boundary
condition for radiation entrance. The model
includes internal absorption and interfacial
reflectivities [Brandi et al., 1999].

6. To characterize and model the
problem of reactor window fouling by tita-
nium dioxide [Brandi et al., 1999].

7. To select the best phase func-
tion for radiation scattering by titanium
dioxide [Brandi ef al., 1999].

8. To obtain direct and precise
experimental verification of the quality of
the results obtained with the numerical
solution of the RTE with the DOM [Brandi
et al., 2000 (a); Brandi et al., 2000 (b)}. For
catalyst loadings above 0.25 g/L, errors
were never larger than 5%.
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V1L.3. Selection of a reactor

At this point we should decide on
the experimental reactor to be used.
Cabrera et al. [Cabrera et al., 1994] pro-
posed a new experimental reactor that
-—with a few changes— has been also suc-
cessfully used for detailed kinetic studies.
Figure 11 gives a schematic description of
the device. It is made of the following parts:

1. A cylindrical reactor with two flat
windows made of good quality Pyrex glass
(alternatively, one of them may be made of
Suprasil quality quartz). The window for
radiation entrance —either glass or quartz—
must be modified; its external side upon
abrasion with HF has the texture of ground
glass. The reactor has an optical path (L,)
sufficiently large to ensure that no ratha—
tion is arriving at the flat plate facing the
window of radiation entrance. With a
length of 10 em, the reactor volume is 212
em®, Illuminating the reactor through the
modified window produces diffuse irradia-
tion inside (the irradiation boundary con-
dition) which greatly simplifies the radia-
tion model (Fig. 11).

2. A tubular UV lamp of well-known
characteristics: output power, radiation
spectral distribution of its output energy
and geometrical dimensions. It is a 360 W,
UA3-UVIARC lamp, from G.E. Its operation
can he continuously monitored with a W-A-
V meter. This lamp has significant peaks of
emission at 313 and 365 nm.,

g_ ]

TUBULAR
LAMP ,

"PARABOLIC
REFLECTOR

2} Quartz or Pyrex WindowA:

REACTOR 2
x=0

x= L,

Fig. 11. Schematic description of the unidimen-
sional photocatalytic reactor. Adapted from
[Alfano et al., 1997].

3. A cylindrieal reflector of para-
bolic cross-section with well-known reflect-
ing properties (Alzak® from Alcoa) and well-
defined geometrical dimensions. The lamp
is placed at its focal axis and the distance
from the reflector to the reactor is precxselv
measured and controlled.

4 Monochromatic light was ob-
tained by interposing in the radiation
bundles trajectories narrow band interfer-
ence filters (peaks at 313 nm and 365 nm).
To protect the filters, an infrared absorb-
ing filter was placed between the lamp and
the interference filter holder.

9. A shutter placed in {front of the
reactor window permitted to decide on the
exact starting time of the reaction once
steady state conditions had been reached.

6. A calibrated photodiode detector
with a filter connected by means of a quartz
optical fiber to an UV radiometer was pla-
ced by the reactor window opposite to the
one of radiation entrance. It permitted
monitoring of the lamp operation and the
conditions of both reactor windows as a con-
sequence of the unavoidable fouling pro-
duced by Degussa P 25 titanium dioxide.

The reacting system was operated
inside the loop of a batch recycling arrange-
ment (Fig. 12) with provisions for: (1) a
storage tank made of glass with a volume
of 2100 cm?, (2) an all glass and Teflon re-
circulating pump with high flowrate capac-
ity, (3) a device for the exact positioning of
the reactor and the reflector (with the
lamp), (4} a temperature control system, (5)

T| Heai Exchanger

Gas Sampling%

rl‘ Rellector

h

it 1B
Ol "%

=it
Liquid™§ Tank
Sampling

Fig. 12. Flow sheet of the experimental device.
Adapted from [Cassane and Alfano, 2000],
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a continucus feed for oxygen, (6) two sam-
pling ports in the tank: for the headspace
and for the liquid, (7) a stirring system for
the tank, and (8) an exhausting system.

A laboratory reactor must be con-
structed in such a way that an exact analy-
sis of the experimental results should be
simplified as much as possible. This experi-
mental device has four itmportant features
for its modeling: (1) the tank volume is sig-
nificantly larger than the reactor volume,
(2) the pump has a high flowrate; thus in
the reactor, conversion per pass will be very
small, (3) irradiation at the inside face of
the reactor window is diffuse which means
that azimuthal symmetry for the direction
of radiation propagation inside the reactor
will be achieved, and (4) no radiation ar-
rives at the opposite face of the reactor plate
and consequently there is no radiation re-
flection on this face. The first two charac-
teristics simplify the mass balance and the
other two have the same effect on the ra-
diation balance,

VIl4. Calculating procedure for the
reaction rale

Consider the case represented in
Figure 12. From ILiq. (1), a local mass bal-
ance for the i-component in the liguid
where there is no chemical reaction (no
parallel photolysis} is:

acl(gg,t)

+V-N. =
ot R

(101)

This equation can be integrated
over the whole liquid volume of the system
(V p) that, in principle, is different from the
total volume of the suspension (liquid +
solid) (Vo = Vo, + V =V .+ V)

3C(x, t
(x )dvﬂmg.ﬁi dv=0 (102

~r Vi __aug_

Note that V_ includes all volumes
in the system that are not the photoca-
talytic reactor volume. Since the total vol-
ume is fixed (integration limits are not a
function of time):

A (%,
Lm a: iz ) gy dj C(x,t)dvV (103)

The second integral can be divided
in two parts: (i) one comprising the liquid
volume of the reactor and (ii) the other com-
prising the liquid volume of the tank. In the
first part we can apply the definition of an
average concentration and in the second we
must recognize that the concentration of the
tank is uniform. Since:

Cix t)., =—2 [Cixt)dV

{Cilz 1), . VLRVL i(x.t) (104)
dCi(x, 1) d

A A

dC,(t)]
Vi | 105
dt |, s

In Eq. (105}, (C(x, thy, , 1s the re-

actor liquid volume averaged concentratlon
of component i. In V, - a well stirred sys-
tem - since there is no chemical reaction,
C(x, t) is uniform and was directly taken
out of the volume integral.

On its turn, the second volume in-
tegral of Eq. (102) can be transformed into
a surface integral (with the Divergence
theorem). Then, applying the definition of
the molar flux [Bird et al., 2002 p. 537} it
can be written as:

v—’

S Diffusion

| ¥-N;dV= | {_ﬁ( ) Ci(}f;ﬂ‘_j}ELdA

Convection

(108)

We-have considered that A, Sm,
i.e., the total interfacial area of the hqmd is
equal to the total interfacial area of the solid.
Noting that fluxes are different from zero only
at permeable solid surfaces, in a closed sys-
tem the only permeable surfaces are those
corresponding to the catalyst. In Eq. (106) v
1s the mass averaged liquid velocity. Substi-
tuting Eqgs. (105) and (106) into Eq. (102):
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- ]Gz t)y-n dA

AgT

(107)

In Eq. (107) (J, (E,t)]'EJ is

Az
“the total liguid-solid particles inter-
" face, averaged, molar diffusive flux of
component i’ Note that Acp =gy +hga
The second term of the right hand s1de of
¥q. {107) is zero because at the catalyst in-
terface convective- fluxes are zero. On the
other hand, from Eg. (18} the molar diffu-
sive flux through the boundary layer at the
liquid-solid interface must be equal to the
reaction rate at the Hquid-solid interface:

AST{ (x, 1) n)&

=iy AS‘R (RH.et, i (E’ t)\

fAggr

=Agp <Eli (5’ t) ’ QL\

/ ASR

(108)

In Eq. (108) the molar flux at the
solid-Yiquid interface is different from zero
only at the permeable solid-liquid interface
where there is chemical reaction; this
means that this flux is different from zero
only at Ay . Substituting Eq. (108) into Eq.
(107);

Va d{Ci(;_c,t])Vm dC;(t)
W dt e
o

ay (RHeh (E t)\

/ AsR

(109)
" e

In Eq. (109) the following defini-
tions have been used: '

ELR _Vime _
V. Vi =&y (110)
A= 8,V (1)

where ¢ _is the liquid hold-up in the system
that is uniform throughout, and a, is the
catalytic surface area per unit suspension
volume. Since V/V,, <1 and the conversion

per path in the reactor

very small (both being design conditions):

dGi(t)) _ Vx
S VR o (R (x, ¢
B e av(Buaal® b)), . (112)
Since:
a, =8, C,, (113)

the reaction rate per unit catalytic surface
area results:

(Ruai (x:1)),, =

AsR

]l Vi dG; (t)\

[ ] mol
Se Cop Vi dt

cms

(114)

I

When the same value per unit sus-
pension volume is needed [for Eq. (100)] we
must consider that (i) the cross sectional
area corresponding to the irradiated flat
plate reactor is constant (a design condi-
tion) and (ii) the catalyst concentration is
uniform (well mixed system in the whole re-
actor volume; a established operating con-
dition):

(oo (% e = (Roteea (2 )" =

= Vi dci(t)’
Ve dt

] maol

g (115)

Th

In Kqgs. (114) or (115) we need to measure
dC/dt in the tank because all other values
are known. Note that the above described
conditions permitted to move from the av-
erage reaction rate over the surface area of
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the solid catalyst to the average over the
reactor volume; and for the one-dimensional
model, to the average over the reactor

length.

<R1{d'i)AS,R Ay = {RHEI-,i>PSQUdB 55 (R}{ﬁ‘i}mdﬂ

Vr
(116)

Eq. (115) can be integrated with the
initial condition:
t=0 - ¢, =¢C! (117)
Eq. (115) provides the value of the
numerator for Eq. (100). For calculating
initial rates, the.time rate of change of the
substrate concentration must be calculated
ast — 0. It will be seen that this evalua-
tion is greatly simplified for the conditions
that will be defined for calculating quantum
yields (Section VIIL.6).

VIL5. Photon absorption rate by a
material particle of the suspension

At this point we would like to know
the LVRPA by the solid and to be able to
isolate this value even if the liquid would
also absorb radiation. To do this we need
to model absorption by a material par-
ticle of the suspension. In the continuum
mechanics sense, a material point in space
is a volume for which every property can be
well defined by a single value (for example,
temperature, density, concentration, ete.).
Its size may be very large if the system is
uniform and at equilibrium or very small if
significant gradients are present. For a
catalytic suspension, it will be made of
the liquid and the solid phases. Let us
consider a small volume V of the suspension
space representing this material particle.
This volume is located at a point in space x
(IMig. 13). Any point inside V can be defined
in terms of a local reference frame ¢. The
particles of many of the known varieties of
titanium dioxide have a non-porous struc-
ture; then, absorption of radiation is pro-
duced in the particle volume through its
bounding surface that is characterized by a

Solid Particle

Small Suspension
Volume

Fig. 13. Modeling of photon absorption by a
material particle of the suspension. Adapted
from [Cassanc and Alfano, 2000},

unit normal vector n,, pointing outwards.
The Net Radiation Flux is defined as {ol-
lows:

q, (x:t) = [T o(x, £)Q dQ (118)

Note that the Net Radiation Flux is
different for the Incident Radiation because
here integration over the solid angle is
made with a vectorial quantity. The nor-
mal component of the Radiation Flux is
equal to the Incident Radiation only for one-
directional radiation transport. At a given
point on the surface of a catalytic particle
radiation arrives from different directions
in the surrounding space. This energy de-
fines the Radiation Flux vector at point P
inside this gmall volume that is given hy:

gh(§+5p’t)= [ Im,g(ﬁ""gp,t}gdﬂ (119)

Q=4x

Part of this radiation may be re-
flected on the surface (scattered) and part
may be ahsorbed. The flux that is going in-
side the particle and is absorbed at point
P(x + g;) on the differential surface dA of
particle “n”, at a time t and for a wave-
length A (actually between A and A + dA) is:

ot 5, ][0 15,8

|
:L!IQI,{,Q(MQPJ}S_I-EL dﬂjdA (120)
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for all positive values of the dot product
{fluxes that are not reflected).

If polychromatic radiation is used,
Eq. (120) must be integrated over the wave-
length interval of the useful radiation range
of interest (A, and 2,), accounting for the
overlapping wavelength regions of lamp
emission, reactor wall transmission (absorp-
tion and reflection) and radiation absorbing
catalytic species ahsorption coefficient. Con-
sidering the total external area of the solid
particle A_ :

:AJE;\ dA[ﬂA (E.:d‘ Sp?t)‘BL] (121)

According to Figure 13, n, (the out-
wardly directed normal to the hquld phase)
= —n, (the outwardly directed normal to the
solid). Applying the Divergence theorem to
Eq. (121) and thus transforming the surface
integral into a volume one, we get:

elsa(®t) = J 4= gl(?_& + 5,,,’0) : Es]=
Fn

= fd

J vy g, (x+g, t)]

(122)

Following Ozisik [Ozisik, 1973, p.
251] we recall Eq. (46):

dl; ;
gzg-zlmzz-(_ 3 (123)

Additionally, neglecting emission,
we can multiply Eq. (47) by dQ and integrate
over the whole spherical space (Q2 = 47). In-
and out-scattering cancel out because:

—= [p(Q'—Q)dQ2 =1 and [dQ=4dn (124)

T 9=4r Q=4n

Considering Eq. (118) and since the
V is independent of the solid angle, we have:

[V-(QLs)dQ=V.

Q=47

1,040 =Y ¢
sn

e -
Radiation flux

= —K; f I, AG da
Q=1n
Badiation Ahuorpmon

(125)

The last term in Eq. (125) can be
substituted according to:

Vg (xt)=-el(xt) (126)
where e; is the Local Volumetric Rate of
Photon Absorptmn {the LVRPA). Had we
included emission, the left-hand side of Eq.
(126) would have represented the net ab-
sorption or mnet emission depending on
whether it is negative or positive. In this
case, we have considered only absorption by
the reacting media. Applying Eq. (126) to
the case described by Eq. (122), the mono-
chromatic photon absorption rate for par-

ticle “n” results:

el 5,,1(}; t) = | dVC;s(X +6 )

Yem

(127)

In Eq. (127) V_ is the volume of the
solid part1de We must now relate the

“1}
,,,,,

solid), e;‘_(g, t). The ahsorbed energy per unit
wavelength interval, unit time and unit
volume of the suspension (solid plus liquid)
is by definition of an average value over the
total volume:

el (x, t)=

idVe;”; (§ G t) (128)

1
v

V is the small suspension volume of the
heterogeneous system (solid plus Hquid)
located at point x. The right hand side of
Eq. (128) can be divided in two parts: (i) the
radiation energy absorbed by the liquid and
(i1) that part of the absorbed radiation cor-
responding to the solid particles:
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ef(x; t)= %— j dVei, (; +G t) +

Vi

Absorption Ey the liguid

1 8
+<= [ dVebs(x +c, t
Vv ( = ) (129)

Ahsarption by the salid

Suppose that in the small volume V
we have “N” solid photocatalytic particles;
then, the right hand side of Fq. (129) can
be changed according to:

el (x,t)= dVe?,;(& P, t) +

A
Vi,

+Ll s | aves (x+st)
Viag, oy E (130)

Absorption ]:I; cne particle

Assuming that all particles are equal:
a _1 2
ei(x, t)= = JLdVeA,L(g 5 t)+

A govifes)

—e, (ei,., (E *S t))\"[, ¥

2
Average valne of absorplion
by the Haquid phase

v Ny [dVels(xrgit)
e L. T
Number of particles | Sn X ’ ( 131 )
per unit velume Absorption by one particie

In this equation ¢, is the liquid hold-up (V,/
V) and N, = N/V is the number of particles
per unit suspension volume. Finally from
Eqs. (127) and (131) we get:

?%.Sn (x,t) Nv} =

== |
Absorption by the solid

=| eist) - .sL(ei,L(§ ts t)) (132)

Trtal absorption. ™~

YL
Ahsorption Ey the liquid

1
!
J

If the liquid does not abserb radia-
tion in the wavelength range under consid-
eration, the second term of the right hand
gide is zerc. Note that:

Ny (ei_s,,)= Absorption by all solids in

the material volume V  (133)

However, if the liquid absorbs radia-
tion, the complete Eq. (131) will be neces-
sary to compute the radiation field inside
the reactor. When this is the case, that part
of the radiation absorbed by the liguid must
be also incorporated into a separate initia-
tion rate for the reaction mechanism
in the homogeneous phase. Hence, when
absorption by the liquid phase is present,
both absorbents produce attenuation of ra-
diation inside the reactor: the liquid and the
solid. Then, to model the radiation field in
the reactor, radiation attenuation produced
by absorption (in both phases, with two
separate absorption coefficients) and scat-
tering (in and out) inside the system, must
be fully incorporated using an equation that
accounts for the addition of the four con-
comitant processes. Thus, attenuation is
affected by the four phenomena (including
in and out scattering as part of them) but
each one of the different terms for absorp-
tion (by the fluid and by the solid) defines
a different activation step. Activation of the
solid is the only one that is needed to for-
mulate the photocatalytic initiation step.
When the liquid is transparent, Eq. (132)
indicates that the solution provided by the
RTE in terms of the absorption and scatter-
ing coefficients of the suspension, can pro-
vide, directly, the value of the photon ab-
gsorption rate by solid particles. Conse-
quently, if the liquid is transparent:

e?:,So] (E) t) = NVe?.,Sn (E! t’) =
|

Absorption by
the soitd particles

a einstein

€ (31 t) 3

O cm” s
Soluticn of the RTE

(134)
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VIL.6. Calculating procedure for the
LVRPA

In order to apply Bq. (134) we need
to solve the RTE [Eq. (47)] for this particu-
lar reactor set up. As shown by Alfano et
al. [Alfano et al., 1995] and Cabrera et al.
[Cabrera et al., 1994] the radiation field of
this reactor can be modeled with a one-di-
mensional — one-directional radiation
model and rather simple boundary condi-
tions (Fig. 14). Hence, with azimuthal sym-
metry derived from the diffuse emission at
x = (), since:

i:ig = i 1 e 3
ds axds " ox. Withw=cost (135)
We obtain:
al;t X,
n %“)- + (ka + o In (%, ) =

(136)

G]L et i * s,
=~ JL(p) e, 0)du
k=-1

Fig. 14, Radiation field modeling of the one-di-
mensional, one-directional photoreactor, Adap-
ted from [Cabrera et al., 1996; Cassano and
Alfano, 2000].

And the following boundary condi-
tions:
IJ. (0} ﬂ) = Ig

p>0 (137)

L(Lg,p)=0 n<0 (138)
Just one spatial coordinate (x) and
one angle (8) are needed to describe radia-
tion transport in this reactor. Diffuse radia-
tion permit to consider incoming intensities
independent of direction [Eq. (137)]. Eq.
(138) profits by the fact that no radiation
is arriving at x = L, that translated into
zero reflection at that face of the reactor.
At this point we need the value of 19. It can
be obtained by two different approaches:
1. With an emission model for the
tubular lamp and the parabolic reflector
{Alfanoef al., 1985; Alfano et al., 1986 (a) and
1986 (b}]. This model, with no adjustable pa-
rameters, permits to calculate radiation in-
tensities at any point on the reactor window
if the lamp and reflector characteristics and
geometric dimensions are known. It takes
inte account both direct and reflected radia-
tion. These intensities can then be trans-
formed into fluxes [Eq. (118)] and both con-
tributions added at x = 0 - e (with e being the
wall thickness). It was found that, with the
adopted arrangement, radiation fluxes were
fairly uniform on the surface of radiation
entrance. They were, however, averaged over
the surface of the window, affected by the
experimentally measured wall transmission
coefficient and transformed into direction
independent intensities according to:

(aralr,B)),, =

4 171 w2
=— [wdr | 4df _qD,J\(r: B) + Qrea(r, B)
Ty o o R

ot
Dirget radiation  Reflected Radiation
Fluxes Flaxes
(139)

Since radiation 1s diffuse, intensi-
ties can be calculated from:
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L= 71; Vi (dea (0 B)), (140)
Y, , is the compounded transmission coeffi-
cient of the reactor window, a function of
direction, wavelength, the internal trans-
mittance of the quartz (or glass) and the
intervening interfacial reflectivities (air-
quartz and quartz-water) or alternatively,
it can also be obtained experimentally,

2. The boundary condition may also
be directly measured with homogeneous ac-
tinometry inside the reactor as it was shown
in the previous section of this chapter. It is
always possible to use the first method and
verify the results with the second, employ-
ing the well-known uranyl oxalate or potas-
sium ferrioxalate actinometers,

Eq. (136) with B.Cs. (137) and (138)
can be solved with the Discrete Ordinate
Method {Duderstadt, 1979]. At this point,
absorption and scattering coefficients, as
well as the phase function for scattering
must be known. They are available from: (i)
specific (per unit catalyst mass) absorption
and scattering coefficients for different va-
rieties of titanium dioxide in water suspen-
sion have been measured by Cabrera ef al.
[Cabrera ef al., 1996] as a function of wave-
length (Fig. 15); both bearing a linear rela-
tionship with the catalyst concentration and
(ii) Brandi et ol [Brandi et al., 1999] have
shown that scattering by Degussa P 25 ti-
tanium dioxide can be well represented by
the isotropic phase function [p(p' — p) = 11.

Solution in terms of intensities can
be immediately used to calculate local val-
ues of the LVRPA. Optical properties can be
assumed constant (stable catalyst) and con-
sequently, for a transparent organic com-
pound the k, and o, values are only a func-
tion of position at the most. The numerical
result gives monochromatic intensities as a
function of position and direction. Then the
following operations can be performed:

(141)

W=l 4 s l.t ]
G;.(x):.—21‘cu;|’_.{.h(x, pidp [=] 9_1%’3;1_

Eq. (141) gives the Incident Radia-
tion sometimes also called spherical irradi-

80000
SCATTERING
= 500007
o
o
E 40000
ib Hombikat
200604 W
L] T t t t + +
265 285 305 395 345 385 385 405
A(nm)
0000
ABSORPTION
D 40000
o
£
0
e 200001
Hambikat
" s g

265 285 305 8325 3485 365 385 405
A (nm}

Fig. 15. Specific scattering and absorption
coefficients of different brands of Ti0,. Adapted
from [Cabrera et al,, 1996; Cassano and Alfano,
2000].

ance. Integration over the solid angle of ir-
radiation eliminates the angular depen-
dence of the transported radiation. For the
one-dimensional - one directional model
only integraticn on 1 is required. The time
dependence on G is not considered under
the assumption that the optical properties
of the ecatalyst remain constant. The
LVRPA or the photon absorption rate as a
function of position, results:

9? (X) = K3 G’}_ (X) l:] %_Eég

(142)

The absorption coefficient has been
assumed independent of position (uniform
catalyst concentration) and time (stable
catalyst). The reactor volume average of
the LVRPA for the one-dimensional model
in the Cartesian coordinate x is;
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Table N° 2

Variable

Value Units

Wavelength

Radiation intensity for 313 nm (at clean reactor window) 2.187 x 100
Radiation intensity for 365 nm (at clean reactor windew) 4.997 x 1010

Temperature

Initial pH

Initial substrate concentration
Catalyst

Catalyst concentration

313 and 3656 nmo
einstein /em® s sr

einstein fem? s sr

298 K

3.0 —_—
20 p.p.m1.
Degussa P 25

2.0 g/L

Use pure substrates and pure water
Work under zere order reaction rate regimes with respect to substrate and catalyst concentrations

Table N* 3: Results

-

Compound Quantum Yield (%) mol einstein!

A= 313 nm A= 365 nm
Phenol 9.5 8.5
1,4-Dioxane 5.8 4.0
I T
o)y, = Lo | ei(x) dx (143)

Equations {141} to (143) provides
the denominator of Eq. (100).

VIL7. Results

Absolute values of the true mono-
chromatic quantum yields have been re-
cently measured for 1,4-dioxane and phenol
[Cassano et al., 2002]. The adopted standard
conditions are described in Table N* 2.

Employing the method described in
previous sections, the reporied values are
presented in Table N° 3.

It must be stressed that the ap-
proach shown here for caleulating quantum
yields is almost the same that must be used
to design any slurry photocatalytic reactor.
Moreover, these concepts can also be
adapted and/or extended to design other
photocatalytic reactor configurations (for
example, fixed or fluidized bed operations).
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