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Abstract

The problem of mass transfer limitations in slurry, photocatalytic reactors employing titanium dioxide alone and applied for pollution abatement
is studied with simulation experiments resorting to an existing isothermal reactor and making use of a corrected and recalculated intrinsic reaction
kinetics previously obtained from a complete reaction mechanism corresponding to the mineralization of dichloroacetic acid. The mathematical
description of the reactor is made employing rigorous momentum, radiation and mass transfer models derived from fundamental principles. In the
first part of the work the analysis is concentrated in the bulk of the fluid. External and internal catalytic particle (and possible agglomerations) mass
transfer limitations are the subject of the subsequent study. The main explored variables were: (i) flow rate, (ii) catalyst loading, (iii) irradiation
rates, (iv) virtual changes in one significant kinetic constant of the kinetic model, (v) total suspension volume, and (vi) virtual changes in the
reactor illuminated length. Significant concentration gradients that could result in appreciable transport limitations derived from the intrinsic
non-uniformity of the radiation field are observed. These concentration gradients are difficult to be avoided, and they can be eliminated only
if the reactor is operated under fully developed turbulent flow or very strong mixing conditions. However, it can be concluded that when the

photocatalytic reaction is not fast, employing catalyst loadings below 1 gL™"!, irradiation rates below 1.0 x 10~7 Einstein cm

~25~! and very good

mixing operation, it will be always safe to assume that mass transport limitations in the bulk of the fluid are inexistent.

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

Contaminated waters even with low concentrations of pollu-
tants have been a problem of increasing concern in communities
living in the vicinity of raw water sources for domestic use
located close to wastewater drainages. Several new purifica-
tion processes grouped under the common denomination of
Advanced Oxidation Technologies may provide potential solu-
tions to these justified worries.

These new technologies have two distinctive advantages
compared with more traditional ones: (1) they make use of
destructive reactions that in the vast majority of the cases trans-
form pollutants into innocuous products [1-3] and (2) these
reactions have very low selectivity, thus permitting the treat-
ment of a wide range of contaminants such as: herbicides [4],
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pesticides [5,6], phenol and its derivatives [7-9], halocarbonated
compounds [10,11], alcohols [12,13], organic acids [14-16],
and dyes [17,18]. Among them, photocatalysis is one of the
most extensively investigated. For various reasons repetitively
reported, titanium dioxide has been the preferred choice [19].
One important aspect concerning the use of solid catalytic
semiconductors is the existence of two alternatives associated
with the decision to use suspensions of small catalytic par-
ticles, which normally have been reported to yield the best
activity [20-25] but have the drawback of additional down-
stream separation costs or, alternately, the adoption of different
forms of immobilized titanium dioxide in various reactor con-
figurations [24,26-31]. In some of the latter it is well-known
that mass transfer limitations have been frequently reported
[16-18,23,24,26-28,32-37]. In the case of slurry reactors,
employing pure titanium dioxide, the problem has not been
thoroughly studied with a few exceptions such, as for exam-
ple, valuable contributions by (i) Bideau et al. [38] somewhat
limited due to the use of oversimplified reaction kinetics and
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Nomenclature

ay solid-liquid interfacial area per unit reactor vol-
ume (cm? cm™?)

A area (cmz)

Ca molar concentration of component A (mol cm )

Cine mass concentration of catalyst (g cm™3)

Co, molar concentration of oxygen (mol cm ™)

Da,mix pseudo-binary diffusion coefficient (cm2 s_l)

Da b €ddy turbulent diffusion coefficient (cm?s 1

et local volumetric rate of photon absorption
(Einsteins~! cm™3)

g local superficial rate of photon absorption

(Einsteins~! cm™2)

friction coefficient

parameter in the phase function for scattering

incident radiation (Einsteins~! cm™2)

depth (cm)

specific radiation intensity

(Einsteins~! cm~2 sr~1)

kinetic constant, units depend on the reaction step

equilibrium constant (cm?® mol™1)

length (cm)

phase function

volumetric flow rate (cm> s~ 1)

Het heterogeneous reaction rate (mol g1 cmz)

e Reynolds number

directional spatial coordinate (cm)

specific catalyst surface area (cm? g~ )

time (s)

velocity (cm s~h

volume (cm?)

width (cm)

Cartesian coordinate (cm)

Cartesian coordinate (cm)

~mq%\

QS x>

= =

N g<c"m§n‘4

Greek letters

quantum yield (mol Einstein~!)

solid angle (sr)

unit vector in the direction of radiation propaga-

tion

o] kinetic parameter (cm*mol~1s71)

o kinetic parameter (cm®* s~! Einstein~!)

volumetric extinction coefficient (cm™")

parameter in the variable change in the y-direction

for the numerical solution of the mass balance

equation

3, parameter in the variable change in the z-direction
for the numerical solution of the mass balance
equation
z coordinate in the transformed space (cm)
volumetric absorption coefficient (cm™1
wavelength (nm)
cos 6

0 cosine of the angle between an incoming and a
scattered ray

RN QS

%Ootb

TT XS

v kinematic viscosity (cm?s~!)

0 spherical coordinate (rad)

o volumetric scattering coefficient (cm™h
T mean residence time (s)

& y coordinate in the transformed space (cm)
Subscripts

ads denotes adsorption

A component A

c catalyst

ex exit condition

in inlet condition

max maximum value

mix mixture

R reactor

S relative to superficial variable

T total

Tk tank

turb turbulent

w relative to the wall of the reactor

Z relative to z-axis

2 relative to the direction of radiation propagation
A relative to wavelength

Superscripts

HR surface at y=HRr

0 initial value; also surface at y=0

* specific properties

Special symbols

() average value over a defined space
under bar a vector value

over bar average value over wavelengths

radiation transport equations, (ii) Chen and Ray [8] that did not
find significant diffusive limitations in suspended solid reactors,
(iii) a more detailed experimental study by Mehrotra et al. [39]
that have found that at high catalyst loadings there are both
internal diffusive and light penetration restrictions providing
qualitative explanations for the obtained results and (iv) Martin
et al. [40] that, proposing a rather simple kinetics for a reac-
tion performed in an annular reactor and employing a rigorous
theoretical model, studied the effects produced by changes in
the optical thickness of the reaction space (resulting from vari-
ation in the catalyst loadings) on the local volumetric rate of
photon absorption and the reactor conversion. Computational
results were presented for both the radial and axial directions,
showing the consequent lost of efficiency when the said opti-
cal thickness exceeded the calculated optimal values. On the
other hand, the literature concerning experimental observations
reporting very different limiting values of the catalyst concen-
trations beyond which the reaction rate reaches a plateau or
appreciably decreases is more abundant [10,12,41-49]. Fur-
thermore, Bickley et al. [50], considered farther this problem,
reporting the results of several studies considering changes in the
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reaction rate with variations in the catalyst concentration, indi-
cating that in some cases the optimal concentration was reached
before the point where the reactor became opaque and, in oth-
ers, larger conversions were observed after reaching this optical
condition [40,41,47-49]. They mentioned that most of the expla-
nations for these phenomena were given without quantification
or convincing arguments and that this problem must be solved to
assist any effort directed towards photocatalytic reactor design.

This work is an attempt to quantify these effects, in many
cases produced by mass transport limitations, and extend the
results shown by Martin et al. [40] including additional variables
and operating conditions as well as a more realistic kinetics.
This phenomenon is important in both, kinetics studies to obtain
intrinsic parameters free from mass transfer limitations and reac-
tor design to operate the equipment under the most efficient
conditions. Very often, in laboratory studies with suspended
catalysts, mixing is achieved with a gentle magnetic stirring in
reactors of regular size, which may give rise to doubts concern-
ing the generalized use of the perfect mixing assumption in the
interpretation of the results.

There are several problems to examine but the interrela-
tionship among them must be investigated to explain three
phenomena: (i) often, the reaction rate increases beyond the
catalyst concentration that makes the reaction space opaque
transforming, from the radiation absorption point of view and,
analyzing the phenomenon independently, part of the reactor
volume is theoretically useless [51], (ii) under some experimen-
tal conditions the observed reaction rates reach a maximum and
afterwards decrease with increasing the catalyst concentration
[39,41,47-49], and (iii) when the irradiation intensities arriv-
ing to the reactor reach high values, the reaction rate becomes
unaffected by further increases in the radiation energy input
[39,52].

The essential point is to recognize that in photocatalytic slurry
reactors there are different interrelated phenomena that ana-
lyzed separately may lead to erroneous conclusions and, at the
same time, their effects are difficult to investigate when they
are considered simultaneously: (i) examining radiation trans-
port, increasing the catalyst concentration, there is a limit in
the characteristic distance of radiation propagation (that can be
expressed in terms of an optical thickness) beyond which, in
practical terms, all the incoming radiation has been absorbed
and, in the absence of very strong mixing, beyond this dis-
tance it is true that no further catalyst activation is possible;
(i1) however, being a catalytic reaction the number of active
sites increases with catalyst concentration disguising the effects
related to the existence of very large optical thickness; (iii)
increasing the catalyst concentration (or, in other terms, the
available surface area or active sites, or the optical thickness)
its effect in the reaction rate may turn possible that diffusive
limitations of reactants and/or products come into scene with
several possible mechanisms (severe concentration gradients in
the bulk, interfacial external diffusion and even internal diffu-
sion due to catalyst porosity and especially agglomeration); (iv)
increasing the incident radiation on the catalytic surface may
have similar effects on the reaction rate, giving rise to analo-
gous diffusive limitations; (v) in porous catalytic particles (very

often due to catalyst agglomeration) the light penetration may
not be complete and part of the catalyst nominal surface area may
be useless; this last phenomenon may be coupled with internal
diffusive limitations of reactants and/or products. The existence
of these interrelated phenomena will be emphasized through-
out this work, particularly in the graphical representation of the
obtained results. Catalytic external surface limitations and cat-
alytic particle (or agglomerates) internal transport limitations of
both mass and radiation transport will be the subject of a separate
contribution.

Resorting to a previous work [53], but introducing some
changes in the kinetic model, due to the existence of an unjus-
tified assumption, and recalculating all the kinetic parameters
from the original data [54], a realistic, mechanistically derived,
intrinsic reaction kinetics was used. Afterwards, resorting to
simulation experiments and making use of rigorous mass and
radiation transport models, some of the above described phe-
nomena will be analyzed in this contribution. The main problems
are: (i) the limiting operating conditions under which diffusive
limitation in the bulk of the reactor space produce important dis-
tortions in the interpretation of experimental results and (ii) the
definition of conditions under which these effects are safely neg-
ligible. This first part will be concerned exclusively with global
concentration gradients.

The strategy for the analysis is to consider first the solution
of the differential mass balance and radiation transport equa-
tions for a specially designed photoreactor with a sort of global
approach looking at the field of concentration in the bulk, with
and without the assumption of complete mixing, and observe
under which conditions radiation and concentration profiles can
arise. Pivoting around the operating conditions of the modified
work of Zalazar et al. [53] and thus obtaining a validated and
intrinsic kinetic expression for dichloroacetic acid degradation,
the effects produced by changes in the following variables will
be inspected in the simulation studies: (i) the catalyst concentra-
tion, (ii) the flow rate, (iii) the irradiation rates, (iv) the catalytic
activity (resorting to virtual changes in the appropriate kinetic
constant), (v) the total suspension volume, and (vi) the effects
resulting from a significant change in the reactor length (to avoid
disguising results as a consequence of an unwanted differential
operation of the reactor).

2. Description of the adopted experimental set up

This simulation work was not done in abstract. All the param-
eters correspond to a reactor presently under operation. The
apparatus is assembled with the following components (Fig. 1
and Table 1): (i) one long parallelepiped (100 cm x 8 cm x 1 cm)
that includes, in a small part of its length (at its top), one flat plate
photoreactor resulting from the existence of one borosilicate
glass window (15 cm x 8 cm) on each side of the parallelepiped;
(ii) a recirculating centrifugal pump; (iii) a rotameter; (iv) a
well-stirred, 5000 cm? tank, isolated from the laboratory light
(employing two different liquid volumes: 500 and 3000 cm?);
(v) an oxygen bubbling system, operating continuously in the
tank to maintain constant the gas concentration in the reactor
feed; (vi) a heat exchanger for temperature control connected
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Fig. 1. Reactor description. Keys: 1, reactor; 2, UV lamp; 3, parabolic reflector; 4, blower; 5, box; 6, flowmeter; 7, heat exchanger; 8, thermostatic bath; 9, tank; 10,
oxygen; 11, sampling; 12, thermometer; 13, pump; 14, valve; 15, borosilicate glass window; 16, borosilicate ground glass; 17, neutral filter; 18, shutter.

to a thermostatic bath; (vii) two lamps (one on each side of the
windows) located horizontally at the focal axis of their respec-
tive custom made parabolic reflectors. The radiation sources are
medium pressure, Mercury lamps with a nominal input power
of 1000 W each (chosen to have the possibility of investigating
a wide range of irradiation rates) and polychromatic emission
between 260 and 580 nm with a well-known quantitative relative

Table 1
Adopted reactor main characteristics

Reactor: stainless steel

Length 100cm
Width 8cm
Thickness lcm
Total volume 800 cm?
Reactor windows: borosilicate glass
Length 15¢cm
Entrance length 75cm
Width 8cm
Thickness lem
Photoreactor volume 120cm?

Nominal recirculating volume 3000 cm? and 500 cm?

Recirculating pump: stainless steel

Operating power 0.5hp
Lamps: Philips HPA 1000 x 2

Input power 1000 W

Length 8.5cm

Emission wavelength 260-580 nm
Reflectors: aluminum mirrors

Alzac® treatment Parabolic

Filters: neutral density

Filters attenuation 7,20 and 45%

Tank: glass

Volume 5000 cm?

Catalyst: TiO,

Aldrich 99% Anatase

wavelength distribution of the output energy; (viii) between each
lamp system and the reactor window there are a flat borosilicate
ground glass to produce diffuse emission toward the reaction
space and neutral density filters of different transmissions to
change the intensity of the incident radiation on the reactor
windows; (ix) the lamps and reflectors operating temperatures
are controlled. With this arrangement, considering the radia-
tion absorption characteristics of titanium dioxide, the reflecting
properties of the aluminum mirrors and the transmission char-
acteristics of the borosilicate glass, the useful wavelength range
for operation is between 275 and 390 nm. When the wavelength
distribution of the lamp output is known, Zalazar et al. [55]
have developed a method to calculate the incident radiation on
the reactor window in the specific useful wavelength working
range, from actinometric measurements in the whole range of
emission by the lamp.

3. Theoretical models

Either for a laboratory reactor or a large scale apparatus, the
problem always starts by writing the mass balance. Depend-
ing on the operating conditions, the required information from
the momentum balance may be very simple (even unnecessary)
or more complex, but the velocity field must be well-defined.
The mass balance in a reacting system will ask for a reac-
tion rate either in the differential equation or in the boundary
conditions for heterogeneous systems. This reaction may be
an empirical, phenomenological proposition or, much better, a
mechanistically derived expression. The distinctive character-
istic of photochemical reactions is that the above mentioned
reaction rate always involves at least one activation step pro-
duced by absorption of radiant energy. Consequently a radiation
balance is needed. Under isothermal conditions, the thermal
energy balance may not be necessary on account that the energy
associated with those photons having the ability to activate reac-
tions has very low thermal effects and the uncoupling of the
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radiation balance from the thermal energy balance is an accepted
simplification in the majority of the cases. We will formulate our
approach following the above described steps. For the reaction
kinetics, the photocatalytic mineralization of the dichloroacetic
acid will be used. It has already been shown [53] that in the
employed useful wavelength range there is no homogeneous
reaction.

For the momentum balance, under well developed velocity
profile in laminar regime (recall the described entrance length
in Table 1):

2y 2
Uz, $(¥) = Umax |1 — <HR - 1) ()
With:
_ 30
Umax = 2 Hg Wa )

Whereas for turbulent flow the von Karman velocity profile near
the wall [56,57] and a widely accepted empiric correlation for
the turbulent core [58] have been adopted.
For the viscous sublayer:
vl =" Yyt <5 3
For the buffer zone:
vl =5Iny* —3.05, 5<y* <30 “)

For the turbulent core:
3(1 — (y/Hr))

*—=25In|v* +55, y*>30 (5
vz - <2y/HR>>2] e
With:

P P 4G O L \/7<vz,s> ©)
(v) v 2

where y"* goes from the wall to the center of the flat plate and
fis the friction coefficient, which for turbulent flow can be
calculated from [58,59]:

0.0791
f= Rel/4

The mass balance of component “A” for a heterogeneous
reaction considered as a boundary condition in a flow reac-
tor, with the pseudo-homogeneous assumption, applying a
two-dimensional model and considering constant temperature,
density and viscosity results [57,59,60]:

dCAR(Y, 2, 1) dCAR(Y, 2, 1)
+ vz,S()’)
ot 0z

9 0CAR(Y, 2, 1)
—— 3 [Da,mix + DA,turb(y)]iy
ay ay

= ayRye, AR(Y, 2, 1) (3)

2.1 x 10° < Re < 10° @)

In those cases operating under laminar flow regime, the pseudo-
binary diffusivity (Da mix) is used considering the usually
very dilute concentration of the contaminant in the mixture for
those cases in which photocatalysis could be applicable. On the

other hand, the eddy turbulent diffusion coefficient (DA turb)
is used in the turbulent regime cases, and was calculated using
an empirical correlation [58,61,62]. In addition, considering
the employed catalyst concentrations, the solid hold-up is
practically negligible.

For the tank, and again for a heterogeneous system, with a
similar reasoning, we can get:

dCA,Tk,ex(t) _ Q

=—|[C in(®) —C t 9
dr VTk[ A,Tk,m( ) A,Tk,ex( )] ( )
The initial and boundary conditions for the system are:
CAr(. 2,1 =0)=CQlg (10)
aC =0,z,¢
AR(Y 20 _y an
dy
aC = HR,z,t
ARY = Hr, 2, 1) _ 0 (12)
dy
The connecting conditions between reactor and tank are:
CaRin(3 2 = 0,0) = CaTiex(®) (13)

Catikin(®) = (CARex(Y: 2= LR, 1)) 5,

y=Hr
o Car(y,z= LR, v, s(y)dy
_ Jy=0 < (14)

= Hj
SR ves(dy

According to Appendix A and using the original data of
Zalazar [54] the following reaction kinetic model corresponding
to the reaction described in Table 2, will be employed:

av Ryet,A(, 2, 1) = SgCinct1 CAR(Y, 2, 1)Co,

o =390

2

xd1-y/142 (), Cmel din
@ S3CneCar(y, 7, Co, /A:m A Eme

(15)
With the following parameters:
o) =235+£042cm*mol™!s™! and
oy = 1.25 £0.41 cm®* s™! Einstein™! (16)
Table 2
Reaction mechanism
Reaction steps No. Constants
TiOy +hv — h*t +e~ 0 D;,
Site + CHCI,COO™ <> CHC1;COO,q4s~ 1 K
CHCl,COOQOy4s~ +h* — CHCI,COO* 2 k>
CHCI,COO® — HCI,C* +CO, 3 k3
Site + Oy <> O2,45 4 Ky
O2ads + HC]QC' — CHCIZOO' 5 k5
2CHCI,00°* — 2COCl; + H,0» 6 ke
COCl; +H,0 — CO; +2HCI 7 k7
h* +e~ — Heat 8 kg
Opugs +e~ —> 0° 9 kg
0,*" +H" — HO,* 10 kio
HO,®* +e~ — HO, ™ 11 ki1
HO,™ +H* = H,0, 12 k12

Reaction scheme taken from Zalazar et al. [53].
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In Eq. (16) o1 and o are the lumped kinetic parameters and
both include the specific constant for the recombination rate
of electrons and holes. This specific constant will be used to
introduce virtual changes in the reaction rate in order to make
more comprehensive the analysis performed in this work for
reactions that could be faster than the DCA degradation.

Finally, the existence of the term €4 [(y), Cinc] makes nec-
essary the solution of the radiative transfer equation (RTE) in a
participating media, with absorption and scattering (no emission
is considered because AOT reactions are normally carried out at
ambient temperature) [63,64]:

drl) (s, 1)
— % + ks, DL (s, 1) + oals, D g(s, 1)
ABSORPTION OUT-SCATTERING
, 1
AL p(2 — DI, (s, 12 (17)

dr Jor—an

IN-SCATTERING

For the case of a one-dimensional slab geometry (Fig. 2)
with azimuthal symmetry (resulting from the diffuse radiation
as a consequence of the employed ground glass device) the RTE
becomes [65]:

drL(y,
pIO L oL )
dy
— ox w=l l I I
=< L.y, w)p(u, u)du (18)
w=-1

Note that ; + 0 = 85, the extinction coefficient and u = cos 6.
The diffuse and isotropic inlet boundary conditions are:

Ly=0,p =1,
L(y = Hg, p) = IJ®,

According to [66] we will use the Henyey and Greenstein
phase function [67,68]:

forpu >0 (19)
foru <0 (20)

1— g7
pHG,A(/’LO) = > 3/2 (21)
(1+ g5 —2gx10)
y =0 y =HR
n=cos 0
N 14
hv Of 1 hy

8 A

1 n=0

Fig. 2. Schematic representation of the radiation field inside the reactor.

with 1o being the cosine of the angle between the direction of
propagation of the incoming scattered ray and that for which the
RTE is written.

From the values of Specific Intensities, the local volumetric
rate of photon absorption (LVRPA) results:

1
10y, Cme] = K {2n / I, C] du} 22)
-

3.1. The pseudo-stationary state simplification in the
reactor mass balance

This simplification, that should be more valid when the resi-
dence time in the reactor is very short and/or when the reaction
rate is slow, consists in considering that, during each residence
time in the flat plate photoreactor, the inlet concentration to the
continuous reactor coinciding with the exit concentration from
the tank, remains constant, i.e., during each residence time in
the reactor, the concentration in the tank remains constant. Eq.
(8) is changed to:

dCAR[(, 2), 1]

vz,s(y) oz
d 0CAR |(V,2),t
- [DA,mix + DA,turb(y)]M
ay dy
= av Ryet, AR, 2), 1] (23)

For each j cycle, from L to L+ TR:
Carl(y,z=0),1j] = Ca Tk ex(t)) (24)
and:
Ca,1x,in(tj + TR)
= (CaRex(y: 2= LR, 1 + WR)) 4,

—H
fyy:() R CaAR(D, 2= LR, 1j + wR)v;s(y) dy

— (25)
y};()HR vz s(y)dy

3.2. The perfect mixing system

A limiting operation of the system could be achieved if the
reactor operates with differential conversion, and/or the reac-
tor volume is very much smaller than the total reaction volume
(VR/V1 <« 1), and the tank and the reactor are well stirred. Then,
as shown in [69], considering once more the heterogeneous
reaction as a boundary condition:

dCa1k()  WR

dr 7T0V<RHet,A(y’ t)>AS,R 20
With:
Cat =0)=C% <0
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3.3. Numerical solution and model parameters

Solution of the parabolic differential equations (Eqs. (8)
and (23)) for the reactor was numerically obtained using a
Crank—Nicholson Finite Difference Method. An important prob-
lem to solve was produced by the extremely steep gradients in
the LVRPA profiles in regions closed to the windows of radia-
tion entrance. Not with the same degree of difficulty, a similar
approach was also needed in the axial direction. The problem
was solved with a change of variables [70] according to:

1 —tanh™" [(1 — 2)/Lry/T = 5]
tanh_l(l —4;)

tanh ™! [(1 — (2y/HRr))\/T—3,] (29)
tanh~!(1 — §,)

®(z) = Lr (28)

&(y) = Hr

The mass balance for the tank was solved with a Runge—Kutta
algorithm. It is interesting to note that stable solutions were
obtained when very short time intervals where chosen for the
numerical solution of the equations with transient components
(Egs. (8) and (9)).

For both Eq. (8) and Eq. (23) we need a value of the dif-
fusivity of very dilute concentrations of DCA in water. The
following result was obtained with different predictive models as
described in Table 3. A value of DA mix = 8.7 x 107 %cm?s!
was adopted for all calculations. For the case of turbulent flow,
the following correlation was used to calculate the eddy turbulent
diffusion coefficient [62]:

DA, turb

=12-1.3 (30)
Vturb

Where the eddy turbulent viscosity (V) Was estimated with an

empiric equation consistent with Eq. (5) for the turbulent core

of the photoreactor [58,61,62]:

Vturb 0.4y* y 2y :
= — |14+ =] |1+2(1—-— 31
% 3 + Hgr + Hgr S
1

The maximum obtained value of Da ww was 0.35 cm?s~! at
y=0.25Hg and y =0.75HR for a flow rate equal to 1000 cm? s~
On the walls DA b = 0.

The solution of the RTE using the Discrete Ordinate Method
[74], employing polychromatic light must resort to three
discretizations: a spatial, conventional discretization, a direc-
tional or angular discretization (to account for the angular

Table 3
Estimation of the pseudo-binary liquid diffusion coefficient at infinite dilution
of DCA

Equation DA mix (cm?s71) x 100 Reference
Wilke—Chang 8.78 [71]
Scheibel 8.68 [72]
Wayduk Laudie 8.74 [72]
Tyn—Calus 9.01 [71]
Hayduk—Minhas 8.75 [71]
Siddigi-Lucas 8.04 [73]

Table 4
Spectral distribution of the catalyst optical properties and the relative emission
of the lamp

Wavelength B K5 g. (—=1<g, <1) Energy

(nm) (em?g™h) (cm?>g™") distribution
(EW/ET)

275 35,630 8531 0.823 0.0104

305 35,630 8531 0.823 0.0431

310 35,877 8797 0.823 0.0526

324 36,473 8922 0.816 0.033

359 39,750 4750 0.57 0.085

370 40,500 2200 0.47 0.139

385 41,433 379 0.41 0.104

Data taken from Zalazar et al. and Satuf et al. [55,66]. Adopted cat-
alyst: Aldrich (>99.9% Anatase, Cat. 23203-3, lot 10908DZ). Irradiation
from each side of the reactor has the following values: Iw, 5 100% = 2.93 x
1077 Einsteincm =2 s~ ! sr!, Gw,xx.100% = 1.84 x 10~ Einsteincm™2 s,

variations of the radiation propagation resulting from mul-
tiple scattering), and a spectral discretization (in order to
describe the effects of the employed polychromatic radiation).
For more details, the reader can find ampler information in
[65].

The selected catalyst for this study was Aldrich (>99.9%
Anatase). The values of the dimensionless asymmetry factor
g, and other optical properties of the adopted catalyst are given
in Table 4. The adopted value of the total incident radiation
(275 <X <390nm) from each side of the reactor and without
filters, measured with potassium ferrioxalate actinometry was
[53,55]: Gw=1.84 x 10~ Einsteincm 2 s~ !,

3.4. Comparison of the transient reactor operation and the
pseudo-steady state reactor model approximation

Before getting into the analysis of the effects of the different
variables and mass transfer resistances it is convenient to know
to what extent the pseudo-steady state model for the proposed
reaction in a photocatalytic slurry reactor with recycle, can be
used in substitution of the more exact description that consid-
ers the transient operation of the same reactor. This amounts to
know how significant are the differences in the predictions result-
ing from the solution provided by Egs. (1)—(15) and (18)-(22)
when Egs. (8), (13) and (14) are substituted by Egs. (23)—(25).
In both cases, for comparison purposes, the outcome from the
model considering perfect mixing everywhere (Eqs. (26) and
(27)), without any sort of mass transfer limitations will also be
reported.

The first important result to be remarked is that the tank fluid
volume exercises a decisive damping effect on the differences
between the three models under comparison. Concentrations
measured in the tank, when the volume is large, show rather
slight variations among the models. Fig. 3(a) shows results for
a tank filled with 3000 cm? of reaction mixture operating under
rather low catalyst concentrations (0.5 g L~!). When the recircu-
lation rate is low (10 cm? s~1) there are almost not differences,
even with the Perfect Mixing Model (PMM). At higher catalyst
concentrations (2 gL~ 1 (Fig. 3(b)) the departure from the PMM
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is noticeable but the differences between the pseudo-stationary
state model (PSSM) and the transient model (TM) are almost
undistinguishable. In order to show the undisguised differences
in the reactor behavior the fluid volume in the tank was reduced to
500 cm?. Two extreme cases are shown in Fig. 3(c and d). In the
first case, with low catalyst concentration and low recirculation
rate (well-defined laminar flow with Re=221) the differences
between the transient model and the pseudo-stationary state
model are more marked but not extremely separated from the
PMM. The second case represents a low recirculation rate but
much higher catalyst concentration (2gL~") and employing a
reaction rate that has been virtually increased 30 times (assuming
that with a different catalyst the recombination rate of electrons
and holes could be reduced significantly). Independently of the
very different reaction times (the sort of conditions that one
wishes to have in order to apply them in practical reactors) it
is shown that the differences between the transient model and
the pseudo-stationary state model are not so great but separation
from the perfect mixing model (PMM) is remarkable. Varying
other operating conditions such as other combinations of catalyst
concentrations, flow rates, reaction rates and irradiation rates,
results not shown here portrait similar effects: the PSSM always
diverge partly from the TM and every time that the change may
lead to mass transfer control, as expected, the trivial departure
form the PMM condition takes place. The computer processing
time between the TM and the PSSM are not very different and

from now on all the results will be shown comparing only the
TM with the PMM.

4. Results
4.1. Radiation profiles in the bulk

Due to the speed of radiation propagation, the corresponding
field of spatial profiles are instantaneously established and are
independent of the operating conditions, with the only excep-
tion of trivial constituents such as the employed lamps, reactor
windows transmittances, filters characteristics — if applicable —
and reactor geometrical configuration. In the case of solid pho-
tocatalysis, the significant variables for a fixed catalyst brand
are the concentration of radiation absorbing species and catalyst
particle sizes. For a given device, if the pollutant does not absorb
radiation in the operating wavelength range (as it is the case of
DCA) the only elements that affect the radiation field are the type
and concentration of the catalyst. If the catalyst is mechanically
stable and its chemical activity is constant, the radiation balance
is independent of time and of the mass balance and the radiation
profile for a given type of semiconductor can be calculated, once
and for all, as an exclusive function of the catalyst concentra-
tion. This assumption has some limitations because the catalyst
optical properties are very often affected by the operating
pH.
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The radiation profiles of the LVRPA (e%;,) as a function of
the reactor thickness (y) for different catalyst concentrations
confirm, for a different geometry, the general behavior pub-
lished by Martin et al. [40] and shows that absorption near the
reactor windows increases drastically when the catalyst concen-
tration becomes large (=2 gL_l) but, at the same time, after
no more than 30% of the reactor thickness (Hr =1cm) the
existing absorption is almost negligible because the radiation
intensity has been practically fully attenuated. Regarding this
last particularity, the opaqueness of the reactor, even for catalyst
concentrations as small as 0.5 g L™!, is almost reached with just
0.5 cm of the path length [51].

4.2. Macroscopic concentration profiles

The radiation field reported above, produces irreducible con-
centration profiles unless fully turbulent flow conditions are used
(see further ahead). Most of them can be conveyed into the unsta-
ble intermediate species when their life times are shorter than
the characteristic hydrodynamic mixing time. If these signifi-
cant concentration gradients are transferred to the stable species
concentrations, the performance of the reactor will be severely
affected; i.e., when these very steep radiation absorption rate
gradients exist, the assumption of having a reactor free from sta-
ble species concentration gradients will be valid only for very
special mixing conditions. We will look at DCA gradients, but
similar reasoning can be made for dissolved oxygen; the dif-
fusion coefficients will be slightly larger but the driving force
cannot be too large due to its small solubility values. Even more,
without replenishing the oxygen concentration in the tank, lack
of sufficient oxygen will be a very important difficulty for the
reactor operation.

The first useful results can be observed in the concentra-
tions profiles of DCA as a function of the “y”-direction at the
reactor exit (z=LR) for two operating conditions under laminar
flow (Q=10and 100 cm? s~1). These results agree and comple-
ment those published elsewhere [40] remarking in this work the
importance of the operating flow rates. These data were obtained
employing the 100% irradiation rate and two catalyst concentra-
tions (Cpne =0.5 and 2 g L™1). The equivalent results for y = 0 and
y=HR/2 are shown in plots of DCA concentration as a function
of “z”.

Figs. 4 and 5 display these results. In the first set it can
be clearly seen that starting from an initial concentration of
1 x 107 molcm™3, the DCA concentration falls very dramati-
cally close to the reactor wall of radiation entrance and remain
almost unaltered in the center line of the reactor. Even more,
for a catalyst concentration of 2gL~! and the lower flow rate,
the DCA concentration is practically zero up to a distance
of approximately 0.05cm from the wall ratifying the suspi-
cion of the existence of strong mass transfer limitations. The
axial profiles are equally demonstrative of the large differ-
ences in the reactor behavior in regions close to the reactor
wall and at the center line. For both catalyst concentrations at
y=HRr/2 the DCA concentration is almost unaltered along the
whole reactor length. On the contrary, the plot shows signif-
icant changes at y=0. Furthermore, with 2gL~! of catalyst

(a) 1.0
o 084
o
>
< 06
£ i \
Q ] \
g 1] 1
S 04 :
E | \
A ¢ b
O g2 ----Q=10cm’s”
——Q=100cm’s”
OD T T T T
0.0 0.2 0.4 06 0.8 1.0
y [em]
(b) 1.0- i _
(o]
o
~ 08
e
£
S 06
o
o
[e]
E
x 0.4
<
o
02 ----Q=10cm’s”
——Q=100cm’s” \
I 1
0.0 +-— T T T T T T T —
0.0 02 0.4 06 08 1.0
y [cm]

Fig. 4. Concentration profiles of reactant A inside the reactor as a function
of y. z=LR, 100% irradiation level, Rpeia % 1, Vrx =3000 cm?, 1=60s. (a)
me=0.5gL"1. (b) Cpe=2gL~1.

concentration and the lower flow rate, the DCA concentra-
tion at y=0 is almost O after 3.5 cm of the photoreactor
length. The effects of the employed flow rate are again clearly
remarked.

4.3. Effect of the catalyst concentration and irradiation
rates

This effect is better analyzed if, in a first instance, it is exam-
ined under the ideal condition of a perfectly mixed reactor.
Under these conditions no bulk concentration profiles should
exist. Fig. 6(a) shows that the final concentration presents a
monotonous increase in the reactor performance when the cat-
alyst concentration is increased even much beyond the point
where, from the radiation point of view, an important volume
of the reactor is almost not irradiated. This is evidence that a
catalytic effect (more surface area, or more active sites) also
affect the rate, surpassing the instinctive interpretation that the
limitation is due to the length of the light penetration. It is
clear that the well mixed reactor displays the best performance.
Employing the TM, at very high flow rates under turbulent flow
(0=1000cm?>s~!; Re=22,140), results not shown here indi-
cate that the performance is almost undistinguishable equal.
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Two effects contribute to this result: (i) a different velocity pro-
file is present and (ii) the eddy diffusion coefficient is about
five orders of magnitude larger than the molecular one and
the concentration profiles are almost flat with the exception
of regions close to the reactor walls (see Fig. 7). However,
in Fig. 6(b) made with Q=10cm?s™!, it is shown that when
the catalyst loading is increased and mixing in the y-direction
is not so strong, the previously observed trend in Fig. 6(a) is
interrupted. Employing the TM, the performance of the reac-
tor at catalyst concentrations from 0.5 to 3gL~! is even less
efficient (recall that 0.5 gL ™! turns the reactor almost opaque
from y=0.3 to 0.7cm). Thus, the conclusion is that larger
catalyst concentrations offer to the reaction more active sites
till the point where the substantial absence of light and the
absence of strong mixing in the y-direction permit that dif-
fusive limitations overcome the previously quoted beneficial
effect.

A very evident observation is obtained comparing initial
changes in concentration in the tank, employing the two mod-
els, as a function of the catalyst concentration for different flow
rates (including the case of 1000 cm? s~! in the frank turbulent
flow, with the velocity profile derived for this regime and the
corresponding eddy diffusion coefficient in the mass balance).
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Fig. 6. Effect of catalyst concentration. 100% irradiation level, Ryera X 1,
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In Fig. 8(a and b) the results are shown for 100% of irradiation
rates and for an irradiation rate reduced with neutral filters to
10% of the original one. In Fig. 8(a) the PMM does not shows
any special particularity but with the TM for all flow rates below
1000 cm? s~ ! and all catalyst concentrations, the initial rates go
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Fig. 7. Concentration profiles for reactant A under very high recirculating flow
rates but high catalyst concentration and high irradiation rates. z=Lg, 200%
irradiation level, Cype =3 g L™, Rgera X 1, Vi =3000cm?, £=60s.
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to a maximum (Q =100 cm? s™!, maximum at Cpe = 1.5 g L

for 0=10cm?s™! at Cppe =1 gL~!, and for O=5cm?s~! at
Cne =0.5 gL_l) and then decrease.

The effect of the catalyst concentration combined with vari-
ations in the irradiation rates is also important. For example,
Fig. 9(a) shows results for the best conditions to avoid mass
transfer resistances. The concentration in the tank is almost
undistinguishable from perfect mixing and three different flow
rates, when the catalyst concentration is 0.5 g L~! and the irradi-
ation rate is 10% of the original. Under the same conditions, but
for a catalyst concentration of 3 gL ™!, Fig. 9(b) indicates sig-
nificant deviations resulting from the strong differences in light
penetration into the reactor and the existence of very important
concentration gradients that, only with a fully developed tur-
bulent flow (with Re=22,140 and the corresponding velocity
profiles and mass transfer equations) and the presence of more
active sites, can compensate the limitations introduced by the
radiation field.

In this respect, the most critical operation from the kinetic
control point of view corresponds to the case of a virtual 200%
increase in the original irradiation rate and a catalyst loading of
3gL~!. The differences are very noticeable with the exception
at very high flow rates. It must be noted that for very high flow

rates, the reactor most surely works under differential operat-
ing conditions thus approaching even more the PMM. This is
supported by Fig. 10 for the same operating conditions and a
reaction rate virtually increased 30 times with the assumption
that, maintaining all other variables constant, with a different
catalyst, the recombination of electrons and holes can be greatly
reduced. Here, it is seen that even for Re =22,140, a slight sep-
aration from the PMM starts to be visible. It is then clear that
for very high irradiation rates and large catalyst concentrations
only strong mixing conditions in the characteristic direction of
radiation propagation (recall Fig. 7) can avoid mass transfer
limitations.

The case of high irradiation rates as introduced in the above
discussion, also deserves some considerations. It has been
reported [42,75,76] that increasing irradiation rates to the point
where the reaction rate could take on very high values results in
a zero order dependence with respect to the LVRPA. The pro-
posed explanation is a total depletion of DCA on the surface
of the catalyst or in its very close surroundings. Employing a
rather low catalyst concentration (0.5 gL~!) and choosing the
flow rate as a parameter, it is possible to compare the changes
in the concentration of the tank at two very different irradiation
rates: 10 and 200% of the originally adopted irradiation level
(Figs. 9(a) and 11). In the first case the data are about the same
for all flow rates and the PMM, in spite of the fact that the initial
rates show some differences at the beginning of the run. In the
second case the discrepancies are more apparent, indicating that
in regions where the incident radiation is very high there is an
important consumption of DCA leading to a mass transfer lim-
itation in the reaction rate, particularly at the lowest flow rates.
Thus, one can conclude that very high irradiation rates can also
produce an operation under diffusive control. It is fair to note
that strong irradiation rates with lamps above 40-50 W of nom-
inal input power are seldom used in photocatalytic studies and
applications.

A sort of summary of these simulations can be commented
recalling Fig. 7. It shows reactor concentrations at z=_Lg after
60s of operation, when the catalyst concentration is 3 gL~
the irradiation level is 200%, the flow rate is 250, 500 and
1000 cm? s~! where turbulent velocity profile and eddy diffu-
sivity have been assumed: concentration gradients very close
to the windows of irradiation are still significant. This figure
shows that the effect of high irradiation rates and high catalyst
concentrations may even distort the turbulent flow concentra-
tion profiles in regions close to the reactor wall and, rigorously
speaking, concentration gradients in the reactor cannot be fully
avoided. Under the same conditions as discussed above, for the
concentration measured in the tank, only the turbulent flow in the
reactor resulting for a flow rate of 1000 cm?®s~! (Re =22,140)
permits to approach very closely the behavior of the perfectly
mixed photocatalytic reactor. The consideration that, in addi-
tion, this may be a disguised result produced by the dilution in
the tank volume, mainly because the reactor in practice could
be operating under differential concentration conditions, can-
not be avoided. The existence of concentration gradients in
the reactor, under high catalyst loadings and strong illumi-
nation, even under differential operation and strong turbulent
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flow conditions up to the point explored in this work, cannot
permit to say that mass transport limitations have been 100%

avoided.

The observations made in the last paragraph concerning the
possibility of disguising some of the results calculated for the
concentrations measured in the tank due to a possible differential
operation in the reactor, led us to a last set of virtual experiments.
A new virtual change in the reactor configuration has been made,

3600

20

61

extending its length to Lr =80 cm. Consider the pivoting con-
ditions discussed above in Fig. 9(a) (catalyst concentration of
0.5gL~! and irradiation level of 10% of the original). It was
said that that under these conditions we have always an almost

kinetically controlled regime. The situation changed in Fig. 11

due to the effect produced by the drastically change in the irradi-
ation level. Now, under the same operating conditions but with

a reactor that has an illuminated length of 80 cm it is possible
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to see that in the previously commented results, concentrations
measured in the tank were, to some extent, disguised by the
almost differential operation of the reactor (Fig. 12(a)). Intense
recirculation rates are needed to approach the PMM behavior.
Moving the catalyst concentration up to 3 g L~!, employing the
200% irradiation level, increasing in a virtual manner the reac-

tion rate 30 times and using the reactor illuminated length of
80 cm an important change is observed (Fig. 12(b)). Clearly, the
operation of the reactor may be in a regime of strong concen-
tration gradients and only the case of recirculation rates as high
as 1000 cm? s~!, permits to approach the PMM. Thus, a careful
selection of the operating conditions must be performed to make
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sure that in laboratory reactors the observed results correspond
to a kinetically controlled regime.

In Figs. 9-12 an amplification of the first few seconds of the
reaction time clearly shows the particular behavior of the flow
reactor during the first mean residence time which is magnified
at the lower recirculation rates.

These results are very useful to call the attention of many
kinetic reports in the literature that are said to have been obtained
under perfectly mixing conditions. With an usually irreducible
non-uniformity in the radiation field and the use of rather large
catalyst concentrations (that have very high radiation absorption
properties) the achievement of very strong mixing conditions is
mandatory if simple mass balance equations are used to interpret
the experimental results.

5. Conclusions

The possibility of mass transport limitations in the bulk of
photocatalytic suspensions of pure titanium dioxide have been
analyzed in a detailed study based on fundamental principles
and a realistic kinetics derived from a complete reaction mech-
anisms. The most important conclusion is that concentration
profiles in the bulk will be always present unless very good
mixing conditions in the characteristic direction of radiation
propagation are used.

If concentration gradients are present, they can produce mass
transport limitations in the bulk. Moreover, they will make the
assumption of perfect mixing conditions in the usually employed
mass balances an incorrect hypothesis.

The combination of high irradiation rates with high catalyst
loading should be used with great care, particularly if the reac-
tion kinetics is not known, because mass transfer limitations may
be present.

In flow reactors, when fully developed turbulent flow oper-
ation is achieved, these mass transfer limitations are almost
negligible.

When the photocatalytic reaction is not fast (which is
common in water environments), employing TiO, mass con-
centrations below 1gL~!, incoming irradiation rates below
1.0 x 1077 Einsteincm—2s~! and very good mixing condi-
tions, it will be safe to assume that mass transport limitations
in the bulk of slurry photocatalytic reactors are not impor-
tant.
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Appendix A

From the kinetic scheme presented in Table 2 [53], the reac-
tion rate of the initiation step, assuming a local superficial rate of
photon absorption (LSRPA) with an average primary quantum
yield, is:

Ret,0 = RHerg = /¢A€§,x dr = @, / €§, di (A.1)
A A

Where the definition of a LSRPA averaged primary quantum
yield as:

é)» — fk d))‘eg,)» da
i €g 5 di

The heterogeneous reaction rate of DCA degradation is:

(A2)

Ryetpca- = —RHet2 = _k2CDCA;:ls Cy+

== _k2 K] Csites CDCA_ Ch+ (A3)
With:
CDCA;(is = K1 CsitesCpca- (A4

Considering that the rate of formation of unstable intermedi-
ates is equal to the rate of disappearance:

RHet,th = RHet,O - RHet,Z - RHet,S
= RHet,g - szICsitesCDCA— Ch+ — kgCe- Ch+
=0 (A.5)

Solving for Cy+:

RHet,g
Cre = . -
kZKl Csues CDCA* k8 Ce*

(A.6)

In the same way one can obtain the concentrations of Ce-, Cyyr
2
and Cpe-.

2
The hole and electron concentrations, after some algebra,
result:

RHet, g

C.- =
¢ ksCyr + 2koK4Cijes Co,

(A7)

1
Cp+ =
h (szlkSCsitesCDCA )
X {—sz 1ko K4Ci1esCpea-Co,
2
+(k2 K 1ko K4ClieiCpea-Co,)

172
+2ky K 1kgko K4.C2os Ritet.e Cpea-Co, ] } (A.8)

After substitution of the superficial rate of electron—hole gen-
eration and including the values of Cp+ and Ce-:
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Ryet,pea-

1
- <k8> ]€2K1k9I(4cvszitt:sC‘DC147CO2

2
- {(kz K1koK4CiesCpea-Co,)

12
+2k2K1k8k9K4CszitesCDCA’C02¢)~/eg,k dk}
A

(A9)
Defining:
2
) = k2K1k9K4Csites and
kg
koK ko K4C2 &
o = 2K 9k4 site P (A.10)
8

The degradation rate per unit particle surface area results:

Rye,pca- = @1Cpca-Co,

— /(e CDCA— COZ )2 + 2052CDCA‘ COz /eesl,k da
A
(A.11)

Introducing the local volumetric rate of photon absorption
the reaction rate per unit suspension volume is:

av Ry pca- = SgCme § @1Cpca-Co,

a2Cpep-Co, [, € d
SeCrne

—1/ (@1Cpca-Co, )2 +2

(A.12)

The kinetic parameters o1 and o, were recalculated from the
original data of Zalazar [54], obtaining the following values:

o] =2.35+0.42 em*mol ™' s™!  and

oy = 1.25+£0.41 cm* s! Einstein™". (A.13)
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