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Abstract

This work is a continuation of a previous study concerning the problem of mass transfer limitations in slurry, photocatalytic reactors employ-
ing pure, titanium dioxide suspensions. With simulation experiments applied to an existing isothermal reactor, the mineralization reaction of
dichloroacetic acid was used as a test reaction because introducing some corrections in the model of a published work, and resorting to the
original experimental data, an intrinsic reaction kinetics was available. In the first part, only irreducible radiation field non-uniformities and the
existence, under some operating conditions, of strong, mass concentration gradients in the bulk were explored. It was found that the last might be
significant unless very good mixing conditions prevail. In this second part, the study is concentrated on external and internal catalytic particles (or
agglomerates) transport limitations. In this case, resorting to the definition of a specifically defined photocatalytic effectiveness factor, the coupled
effects of concentration gradients and light penetration impediments can be analyzed separately. The mathematical description of the catalytic
particle (or agglomerate) performance is made employing rigorous, radiation and mass transfer models derived from fundamental principles. The
main explored variables were (i) irradiation rates, particularly considering the influence of the wavelength distribution of the employed radiation,
(ii) size of the catalytic particles and their eventual agglomerations, (iii) virtual changes in the reaction rate, to include the possibility of faster
reactions, (iv) catalyst loadings and (v) porosity of the catalyst agglomeration. Only for very large particles, not usually employed with unsupported
titanium dioxide, interfacial external mass transfer limitations in the boundary layer surrounding the catalytic particle may be significant. Inside
the catalytic particle or the porous agglomerate, the most important restriction is the light penetration that can be observed even in particle sizes
(or agglomerates) below 1 pm.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photocatalytic reactions are a promising technology for pol-
lution remediation in water and air contaminated environments
and they can be applied for a variety of compounds due their very
low selectivity. One of the critical aspects that deserves a detailed
analysis is the possibility of mass transfer limitations due to the
characteristics imposed in the reaction space by the existence
of the solid catalyst. Although, this seems to be a widely rec-
ognized problem in fixed titanium dioxide operations (either on
dispersed, much larger size, solid supports or in packed bed,
wall catalyzed and membrane reactors) the problem of finding
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analogous limitations in suspended, pure titanium dioxide has
received considerably less attention. The general background of
the problem at stake has been described in details in a previous
contribution [1] and will not be repeated here. However, some
specific reports deserve to be mentioned in this introduction.
Exclusion is made of all the cases concerning immobilized tita-
nium catalyst in different supports and configurations because
they belong to a different class of problem.

Sclafani et al. [2] postulated external mass transfer limita-
tions to describe their results in a packed bed reactor filled with
spheres of pure titanium dioxide (ca. 0.12 cm in diameter). Chen
and Ray [3] studied internal and external mass transfer limita-
tions in catalytic particles of photocatalytic reactors considering
first-order reaction for different contaminants, and explained the
obtained results in terms of existence of only mild mass trans-
fer restrictions. Employing agglomerates of 5 pm, they found
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Nomenclature

av

avp

C

Ca
Cinc
Co,

d
DA,mix
DA,turb
D ef

ea

t
v
Vv
y
Z

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

solid-liquid interfacial area per unit particle vol-
ume (cm2 cm_3)

area (cmz)

light speed (cm s’l)

molar concentration of component A (mol cm™?)
mass concentration of catalyst (gcm ™)

molar concentration of oxygen (mol cm™3)
diameter (nm)

pseudo-binary diffusion coefficient (cm?s~)
eddy turbulent diffusion coefficient (cm? s~ ')
effective diffusion coefficient (cm?s~!)

local volumetric rate of photon absorption (Ein-

steins~! em™3)
local superficial rate of photon absorption (Ein-
steins~! cm™2)

gravity (cms~2)

parameter in the phase function for scattering
incident radiation (Einsteins~! cm™—2)

depth (cm)

specific radiation
steins~lem=Zsr 1)
external mass transfer coefficient (cms™1)
length (cm)

mass (g)

number of particles

phase function

radiation pressure (Pa)

radiative flux (Einsteins™ cm_z)

volumetric flow rate (cm3 s~ 1)

radial coordinate (cm)

radius (cm)

heterogeneous reaction rate (mols~! cm™2)
reaction rate per unit particle volume

intensity (Ein-

1

1

(mols~! cm_3)

Reynolds number

specific catalyst surface area (cm? g~ 1)
time (s)

velocity (cm s~

volume (cm?)

cartesian coordinate (cm)

cartesian coordinate (cm)

Greek letters

aj
ar
B

€p

T >R o3

kinetic parameter (cm*mol~1s™1)
kinetic parameter (cm®* s~ ! Einstein™ 1)
volumetric extinction coefficient (cm™!)
porosity

effectiveness factor

spherical coordinate (rad)

volumetric absorption coefficient (cm™h
wavelength (nm)

viscosity (gem ™! s71)

w cosf

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

0 density (gcm™3)

o volumetric scattering coefficient (cm™1)

T* tortuosity

w o/B=albedo

Subscripts

A component A

att attenuation

c catalyst

diff diffusion

eff effective

ex exit condition

ext external

F relative to fluid

in inlet condition

mix relative to the mixture

P relative to the particle or agglomerate

R reactor

susp relative to suspension

S relative to solid or superficial variable

T total

Tk tank

w relative to the wall of the reactor

Z relative to z-axis

0 global

A relative to wavelength

Superscripts

Hgr surface at y=Hg

S relative to surface

0 initial value; also surface at y=0

Special symbols

() average value over a defined space

under bar a vector value

over bar average value over wavelengths

an effectiveness factor of 0.9 and concluded that mass trans-
fer limitation could be neglected. Dionysiou et al. [4] found
important mass transfer limitations in a rotating disc photore-
actor employing spherical particles having slightly more than
0.6 cm in diameter of titanium dioxide fixed on a solid support,
and the role of mass transfer was analyzed in terms of one of
the dimensionless Damkdohler numbers. Mehrotra et al. [5] pro-
posed the distinction of different working regimes in the rates
of photocatalytic reactions with titanium dioxide suspensions,
this work being so far one of the most complete contributions
to the field. They defined an effectiveness factor for a first-order
reaction, but afterwards calculated a critical radius for transport
limitations (ca. 9 pm) employing an effectiveness factor empir-
ically obtained taking, as a reference, the maximum observed
rates for the studied reaction (benzoic acid degradation). In other
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reactor configurations, particularly films and membrane reactors
(with a geometry very different than the one used in this work)
other quantifications of experimental observations of internal
mass transfer limitations have been published (Dijkstra et al.
[6], Chen et al. [7], among others). In this respect, working with
membrane reactors, the outstanding work of Edwards et al. [8] is
worth to be mentioned. Note that some of the above mentioned
references were not dealing with slurry reactors, a circumstance
that emphasizes the lack of attention that this subject has received
in the scientific community. Two important and special propos-
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Fig. 1. External mass transfer effects as a function of changes in the mass transfer
coefficient with the particle diameter at three different catalytic particle concen-
trations. 100% irradiation level, Ryer,a X 1, Vi =3000 em?. (a) Cine =0.1 g L
(b) Cnc=1 gLilQ (©) Cme=3 gL71~

als related to our work must also be mentioned. They are (i) the
postulation for photochemical reactions (at that time, for homo-
geneous systems) of a effectiveness factor for light penetration
[9] and (ii) the application of the classical effectiveness factor
concept in photocatalytic reactions performed in membranes,
proposed by Edwards et al. [8].

In our previous contribution, we constricted our analysis to
the consequences on the reaction regime produced by both radi-
ation and concentration gradients in the bulk of the reaction
space. The examination of those limitations directly related to
the fluid—solid interface and the interior of the solid particle
(or the well-known formation of agglomerates) was left for this
second work. In the interior of the particle (or agglomerate)
two different phenomena must be considered: the concentra-
tion gradients and the light penetration. In this contribution, the
detailed analysis of these additional phenomena will be made
resorting to the fundamentals of chemical reaction enginee-
ring.

2. External solid-liquid mass transfer

In this section we will look at the problem of the possibil-
ity of external mass transfer control in the film surrounding the
solid-liquid interface of the catalytic particle. Even if not abso-
lutely necessary, to keep the continuity with the first part of
this work, we will consider in our analysis the same reactor
arrangement described in Fig. 1 of Ballari et al. [1]. Then, to
study external transport limitations, we will consider that the
flow rate is sufficiently high in the photochemical flow reactor
leading to a high turbulency in the reactor (Re >25,000) such
as concentration gradients in the bulk of the reacting medium
may be considered negligible. However, the second assump-
tion does not impose the nonexistence of a resistance in the
boundary layer surrounding the catalytic particle (or agglom-
erate) that will be conveyed with the movement of the fluid.
Note that this flow condition approaching the perfect mixing
behavior (PM) is achieved with a flow rate that results in a
very intense turbulent flow operation. The equivalent condi-
tion in a batch reactor implies the use of a very strong mixing
operation.

The most important equations for the modeling of the system
will be recapitulated here. The interested reader can found the
details in [1].

2.1. Basic equations

2.1.1. Mass balance
For the reactor

0CAR(D, 2, 1) ICAR(Y, 2, 1)
—— t U, () —————
ot 0z

0

- {[DA,mix + DA,turb(.V)]

0CAR(Y, 2, 1)
ay

dy

= avRHe, AR(Y, 2, 1) (D
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For the tank:
dCA,Tk,ex(t) _ Q

= —[Catkin(®) — C t 2
dr VTk[ A,Tk,m( ) A,Tk,ex( )] ( )
The initial and boundary conditions for the system are
CAR(V 2,1 =0) = C{r 3)
aC =0,z,1
AR(Y 1 _ 0 @
dy
aC = HR, z,t
ARY = HR.2.0) _ )
dy

To these equations one must add the logical connections
between the reactor and the tank.

2.1.2. The reaction kinetics

According to Appendix A of Part I [1] a modified kinet-
ics, needed to correct two unjustified assumptions in the
work presented by Zalazar et al. [10], after recalculating the
kinetic parameters from the original experimental informa-
tion [11], leads to the following expression corresponding
to the mechanistic scheme described in Table 2 of Part
I[1]:

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

2=390
x 1=y 142 * / (1), Cmelda
) mc
@3 8yCneCAR(Y. 2.0C0, [, 75
(6)

For this equation the following parameters were recalculated:

o =235+042cm*mol™!s™! and
oy = 1.25+£0.41 cm®* s™! Einstein™! @)

2.1.3. The radiation balance

For the case of a one-dimensional slab geometry with
azimuthal symmetry, resulting from the existing diffuse emis-
sion as a consequence of the employed ground glass device (Fig.
1, in [1]), the RTE becomes [12]:

dh(y, 1)
puncitalodd

i + (K5, + o) L.(y, 1)
y

o) W=l ’ ’ ’
=3 L.y, w)p(u, w) du (®)
w=-1

The diffuse and isotropic inlet boundary conditions are:
Ly=0,p)=1 for pu>0 )
L(y=Hr.p)=I® for <0 (10)

The employed phase function is:

l—g
PHG (o) = - 7 (1
(I + g5 —28.10)
The adopted value of the total incident radiation

(275 nm < A <390 nm) from each side of the reactor and with-
out filters, measured with potassium ferrioxalate actinometry

[13] was: Gw = 1.84 x 107 ° Einsteincm~2s~!. The values of
the dimensionless asymmetry factor g, and other optical prop-
erties of the adopted catalyst are given in Table 3 of Part 1
[1].

Solution of Egs. (8)—(11) was numerically obtained with the
discrete ordinate method [14]. From the values of specific inten-
sities the local volumetric rate of photon absorption (LVRPA)
results:

1
ei[(Y)y Cinel = K, {277/_ ' Ly, w), Cmc]dﬂ} (12)

2.2. Modeling the external mass transfer control

Combining the reaction rate with the mass transfer rate in
the external film surrounding the catalytic particle, and using a
volumetric mass transfer rate we obtain [15]:
ay Ruei,a = ksay(Cy — Ca) (13)

Extracting Cj\ from Eq. (13), substituting into Eq. (6) and
after some grouping according to Appendix A:

ay Ryet, A

_ (n/ksa)+nCy) — [(Un/ksav)+nCa)+4mCa(1—(n/ksav)'
2(1=(n/ksav)

14

The value of k5 can be obtained from the empirical correlation
of Calderbank and Moo-Young [16] for small particles:

ksdp

=2.0+0.31
DA,mix

5)

1/3
d3(pp — pr)g
/’LDA,mix

Results for different particle diameters and the values of the
employed properties are shown in Table 1. The often reported
catalyst agglomeration has been taken into account.

Fig. 1(a)—(c) shows the results for three different cata-
lyst concentrations: 0.1 x 1073 gem™3, 1 x 1073 gem™ and
3x 1073 gecm™3. The solid line assumes that ks — oco. It can
be seen that only for very large catalyst particle agglomeration
sizes (170 wm in the plot), almost never reported for pure tita-
nium dioxide in suspensions, some sort of external mass transfer
control can be observed. For all other particle agglomeration
sizes the concentration profile coincides with the case of negli-
gible external solid-liquid transfer. For a particle agglomeration

Table 1
Mass transfer coefficient for different catalyst particle size

Particle size, dj, (wm) Mass transfer coefficient,

ks (cms™h)
0.2 0.879
1 0.183
5 0.043
10 0.026
170 0.001
Damix=87x100cm?s™!, pp=3.84gcm™3, pr=lgem™3, ©=1.0019

—1g-1

x 1072 gcm ,and g=980cms 2.
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sizes of 1-10 wm often used [3,17] we will have a look at the
effect produced by the assumption that the employed catalyst
is 10 and 30 times more active. This can be done assuming
with a virtual change that, employing a different catalyst (all
other properties remaining invariable), the recombination rate
of electrons and holes experiments a large reduction, affecting
the value of the rate constants 1 and «p. Fig. 2(a)—(c) shows the
results for the three cases, the last two with the rate artificially
increased by modifying the value of «; and «5. It can be seen
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Fig. 2. Influence of the reaction rate value on the external mass transfer
control, imposing a virtual change on the electron-hole recombination rate.

mc:lgL’l, 100% irradiation level, Vi =3000cm?. (a) Ryeta x 15 (b)
Ruet,a x 10; (¢) Ryet,a x 30.

that only for a reaction rate 30 times larger, there is a very slight
difference with respect to the case of ks — oo. One can infer,
from this point of view that in realistic slurry photocatalytic
reactors employing the most common varieties of pure titanium
dioxide, external mass transfer limitations can be safely negl-
ected.

There is a second variable described before in Eq. (6) that can
change the kinetics and give rise to mass transfer control. It is the
existence of strong irradiation rates. In these cases the reaction
rate on the particle surface may be so high that the concentration
of the reacting species may be strongly depleted. Fig. 3(a)—(c)
shows the results. Increasing the irradiation rate 100% (above the
nominal pivoting value employed in this work), slight changes
can be observed only when, at the same time, the reaction rate is
modified by a factor of 10 or 30. Similar results are obtained
when the initial DCA concentration is reduced one order of
magnitude [Fig. 4(a)—(c)] even though the driving force is dra-
matically reduced. Only for very large particle agglomerations
a deviation can be recognized.

We may conclude that under conditions of very intense
macroscopic mixing, external mass transfer limitations in the
boundary layer surrounding the catalyst agglomerate can only
be present for particle sizes above 150 wm. It is interesting
to note that, the work reported by Sclafani et al. [2] was per-
formed in a packed bed reactor, and consequently their results
are not useful to confirm our conclusion. Although they were
employing particles having a relatively large diameter, it must
be clear that the reactor configuration reported in Ref. [2] does
not belong to the type of problems studied in this work. Titanium
dioxide immobilized in different supports and used in packed
beds, catalytic walls or membranes reactors, require an anal-
ysis performed in different terms because Egs. (1)—(12) and
(14) are only valid for slurry reactors. Consequently, the con-
clusion drawn before does not apply to these different families
of photocatalytic reactors. An additional comment is neces-
sary. When titanium dioxide is supported on particles of larger
size (silica, activated charcoal, etc.) in order to improve pollu-
tant absorption rates or to avoid downstream catalyst separation
costs ([18], for example), this type of mass transfer limitation
may be present and will have to be taken into account. How-
ever, it is fair to recognize that supported titanium dioxide in
particles of larger size are just beginning to be used in slurry
reactors, the reference cited above being one of these excep-
tions.

3. Internal particle mass transfer limitations

This is a problem that has two different components that
should be decoupled: (i) the diffusion of reactants and products
in and out of the interior of the particle and (ii) the light penetra-
tion inside the catalyst volume. The first consideration that must
be taken into account is that working with pure titanium diox-
ide most of the available catalyst are non-porous (e.g., Degussa
P 25, Hombikat 100, Aldrich, etc.) and the so called porosity
is mainly the result of catalyst agglomeration that is a strong
function of the working pH [19]. Agglomeration sizes have
been observed with light scattering and electron microscopy
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techniques [17,19], with sized ranging from ca. 1 pm to values
sometimes as large as 10 pm or more. The degree of agglom-
eration directly defines the porosity of the employed cata-
lyst.

3.1. The effectiveness factor

The concept of catalyst effectiveness in homogeneous photo-
chemical reactions was put forward for the first time by Camera
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Roda and Santarelli [9]. The problem in heterogeneous reactors
is certainly more complex but the extension of the original idea
is a very suitable tool for analyzing the photocatalytic particle
internal limitations.

Let us define the overall effectiveness:

_ (Rvp.alCa(n), 5]y,
"~ RvpAlCS(Rp), é4(Rp)]

10 (16)
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Eq. (16) can be written as:
(RvpALCA(). €4(M])y,

T (RupalCi(Re). (P)y,
naiir (diffusive mass transfer effectiveness factor)
(RvpAlCA(Rp), €5(n)])y, an
Ry, A[C (Rp), e§(Rp)]
Ha (photon transport effectivenes factor)
Such as:
N0 = Ndiff X Natt (18)

The first factor represents the reaction rate in the particle tak-
ing place with the rate of electron-hole generation calculated
as a function of the radiation distribution inside the particle,
divided by the same reaction rate calculated with the pollutant
concentration at the external surface of the particle, but maintain-
ing the radial distribution of the local superficial rate of photon
absorption inside the particle. The numerator of the second fac-
tor includes all the limitations produced by the light penetration
restrictions, considering that there are no limitations to the pen-
etration of reactants (or exit of reaction products) inside the
catalytic particle. The interpretation of the denominator of the
second factor is trivial.

The analysis of the problem requires the following steps: (1)
to obtain a kinetic expression per unit particle volume instead of
a pseudo-homogeneous expression for the elementary suspen-
sion volume; (2) to uncouple the mass transfer problem from
the radiation transport problem that are combined in the kinetic
equation; (3) to solve the mass transfer equation for the parti-
cle (agglomerate) assuming that there are no photons transport
limitations; (4) to solve the photon transport inside the particle
without chemical reaction; (5) to combine both results at the
interior of the particle, in a superficial reaction including both

Table 2

Employed parameters for internal mass and photon transfer limitations

Denomination and/or Values Units
definition

DCA concentration in 1x107%to1x 10710 mol cm ™3
the bulk (Cp)*

Catalyst concentration (0.5 and 3) x 1073 gem™3
(ClﬂC)

Agglomerate porosity 0.3-0.5
(ep)

Agglomerate size (d},) 1-40 m

Wavelength 305 and 370 nm

Incident radiation® (0.8 and 2.6) x 1077 Einsteincm 2 s~}

Absorption 1.5 x 10° (305 nm) cm™!
coefficient® 0.4 x 105 (370 nm)

Albedo [(wp =op/Bp); 0and 0.73

(Bp=kp+op)]

? Calculated at z=0 and at the initial conditions (r=0), even though the value
of 1 x 1079 molcm™3 has been thought as a concentration corresponding to
the end of a run.

b Calculated at y=0+6 or y=Hg — & with § — 0.

¢ Data calculated from information taken from [20] at the wavelengths under
study.

limitations. The following variables will be explored: (i) wave-
length, due to its effects on the optical properties of the catalyst,
(ii) superficial concentration of DCA, (iii) catalyst porosity and
(iv) agglomeration diameter.

To show in a clear manner the particular effect produce by
the wavelength of the employed radiation, we will work with
two hypothetically reactors operating with monochromatic light
at 305 nm (the region under exploration having high emission
by the lamp and high radiation absorption by the catalyst) and
370 nm (a region of high emission by the mercury lamp but low
absorption by titanium dioxide). Other parameters are described
in Table 2.

3.2. Kinetic equation per unit particle volume

From Eq. (6) we have:

Rvp.A = avp Ryeta
avy
= 25 Coea1 CaCo,

ay

u A=390

2
x{1oyl42—— 2 1), CeldA
a%SngCCACOZ /x=275 g "

19)

SIS = Sump = Sgps(1 — ep) (20)

With the proper transformations and some algebra, Eq. (19) is
equivalent to:

Rvp A = avp Ryeta

= Sgppa1 CaCo,

o =30
xd1— 1+27/ &, [(¥), CmeldA
a?CaCo, Ji=275 S e

ey

3.3. The particle mass balance

The mass balance is:

—V - (DaetfV{CA)) = —av, Ryet,A (22)

Let as assume a spherical geometry and consider that there is
symmetry in the 6 and ¢ directions (Fig. 5). Assuming further
that the effective diffusivity is uniform:

_ Dperr d 2 dCa(r)
r2 dr dr

] = —avp Ryet, A(r) (23)

With the boundary conditions:

dC .
r=o_>d—A=0 and r=Rp— Cp=C} (24)
r
And the classical definition:
DA mixé€
D e = —mP (25)
T
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Fig. 5. Schematic representation of an agglomerate.

The averaged rate per particles is:

4 [Re
(Rvply, = = /0 Ry, A(r)r* dr (26)

Solving these equations, it is not yet possible to calculate the
numerator of the first factor in Eq. (17) because we do not know
de distribution of e§ as a function of the radius. Even if there
are no external mass transfer restrictions, the denominator has
still the same problem. This critical aspect will be analyzed in
the next section. In both cases, a decision must be made con-
cerning the point inside the reactor volume where Ci(y, z, 1)
and the radiation boundary condition (to calculate e§ as a func-
tion of the y-position) is selected. The choice was to use points
very close to y=0 or y=Hg, z=0 (reactor inlet) and 7= 0 (initial
conditions). The explanation of these adoptions (with the excep-
tion of the one concerning #=0) are clearly deduced from the
results depicted in Fig. 6(a) and (b) obtained from the solution
of Egs. (8)—(12). More information is given in Table 2. Clearly,
we have adopted the most critical condition inside the reactor
space.

3.4. The photon absorption distribution inside the particle

The radiation field inside the particle must be modeled in
order to know the radiation profiles as a function of the distance
from the particle (agglomerate) surface to its center. A variation
of the two flux model, called the Eddington approximation will
be used [21,22]. The detailed derivation to reach a differential
equation for the incident radiation is given in Appendix B. The
result in spherical coordinates is:

1 d [ ,dGp 5
—— (P=2) =301 - G 27
s (r dr) (1 — wp)B3Gp @7

(a) 3.0

=)

P

e —Cm=05gL’

E ----Cm=1gL"

_g S [ Cmc=3g|_" .
@ : :
.E '. :
g0 4 .
g : :
Tk

) k ‘—’/

0.0 ik —=5 T T —— =
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(b) 3.0
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Fig. 6. LVRPA distribution in the reactor space as a function of the reactor
thickness. (a) For A =305 nm; (b) For A =370 nm. Data are used to decide the
point inside the reactor where internal mass and photon transport limitations
will be analyzed.

With the following boundary conditions:

r = Rp — Gp = Gp(Rp)
dGp (28)
= _0

dr
Let us call 3(1 — a)p),B%, = yz. The solution of Eq. (27) after
application of the B. Cs. is:

r=0-—

Grtr) = Gt (22 ) 0 29
and:
A== G;(;:y [tanhl<yr> ) ylr] o
The net radiation flux at the surface of the particle, results:

y 1 1
grp(Rp) = _GP(RP)% [tanh(pr) - )/RP] (€19}

As shown in Appendix C, Eq. (31) has a noticeable similitude
with the mass transfer effectiveness factor in spherical catalytic
pellets.

The problem at this point is that we do not have an expres-
sion for the value of Gp(Rp). In order to look for a solution to
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this limitation we must relate the radiation arriving to the par-
ticle from the suspension (the external field) to that effectively
absorbed in the particle volume. This can be done performing
a radiation flux balance on the surface of the agglomerate. As
shown in Appendix D:

pp RpBp , 1

Gp(Rp) = — 32
PR = ey (1 anh(yRe) — (yRe] O

Using the solution provided by Eq. (29):

. Rp sinh(yr)
A(r) = kpGp(r) = KPGP<RP>7‘°% (33)

Substituting Eq. (32):

) = ﬂea & sinh(yr)
P2 Come P sinh(yRp)
1
x (34)
(3/yRp)[(1/ tanh(yRp)) — (1/yRp)]
Defining the LSRPA inside the particle:
a a
eg(r) = eP(r) = L(V) (35)
ave Sgpp
Combining Egs. (34) and (35) we finally obtain:
i) = o e S
SgCmc 7 sinh(yRp)
1
(36)

" (3/yRe)[(1/ tanh(yRp)) — (1/yRp)]

Eq. (36) relates the value of the LVRPA that can be obtained
from the solution of the RTE in the suspension (indicated for clar-
ity with the subscript “susp”) to the existing LSRPA when all the

external surface of the particle is available, i.e., for r= Rp. From
previous results in Part I [1] we know the value of eg, ; (y) asa
function of position and, consequently, it allows us to calculate
es.

At this point, we can recover, for consistency, the subscript
A to recall that we are using monochromatic light. Note that if
we were working with polychromatic radiation:

A=A,
35 = > ey (37)

A=A

3.5. The diffusive effectiveness factor

With Eq. (36) now we have all the elements to calculate the
diffusive effectiveness factor. The obtained values for ngig are
reported in Tables 3 and 4. Under most of the chosen operat-
ing conditions, the value of ngir does not shows very significant
changes unless the pollutant concentration becomes very low
and the catalyst radiation absorption coefficient is also very low.
This can be seen, for example, in the case when Cf\( yx=0, z=
0, t=0)=1 ppm and A =370nm. This clearly means that
when the catalyst absorption coefficient is small and the reac-
tant concentration is equally small (indicating a lower reaction
rate), the driving force in the mass transport process is much
more intensively reduced and diffusion limitations become, to
some extent, more important. At 305 nm, changes are not very
significant but as expected, when the porosity decreases and
the particle size increases, some small reductions in the diffu-
sive efficiency are observed. Not very important sensitivity can
be perceived with the change in the catalyst loading. With the
same trend, at 370 nm, results are barely more evident with the
exception quoted above for low C*; concentrations. These results
are clearly shown in Fig. 7(a)—(c). Results in Fig. 7(a), shown

Table 3
Effectiveness factors at 305 nm (kp = 1.5 x 10> cm™! and wp =0)
Ca (x10% molecm™3) Crne (x103 gcm*3) £p e (x107 Einsteincm 3 s~ 1) Rp (pm) diff Natt no
100 0.5 0.3 4 1 0.9996 0.2741 0.2740
100 0.5 0.3 4 5 0.9990 0.0629 0.0628
100 0.5 0.3 4 10 0.9986 0.0322 0.0321
100 0.5 0.3 4 20 0.9981 0.0166 0.0166
100 3 0.3 25 1 0.9996 0.2742 0.2741
100 3 0.3 25 5 0.9990 0.0629 0.0628
100 3 0.3 25 10 0.9986 0.0322 0.0321
100 3 0.3 25 20 0.9981 0.0166 0.0166
100 3 0.4 25 1 0.9997 03111 0.3110
100 3 0.4 25 5 0.9992 0.0729 0.0728
100 3 0.4 25 10 0.9988 0.0374 0.0373
100 3 0.4 25 20 0.9984 0.0192 0.0192
1 0.5 0.3 4 1 0.9962 0.2762 0.2751
1 0.5 0.3 4 0.9899 0.0633 0.0626
1 0.5 0.3 4 10 0.9858 0.0324 0.0319
1 0.5 0.3 4 20 0.9811 0.0167 0.0164
1 3 0.3 25 1 0.9961 0.2762 0.2751
1 3 0.3 25 0.9897 0.0633 0.0626
1 3 0.3 25 10 0.9855 0.0324 0.0319
1 3 0.3 25 20 0.9807 0.0167 0.0164
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Table 4
Effectiveness factors at 370 nm (kp =4 x 10* cm ™!, wp =0.73)
Ca (x108 molem™3) Chme (x10% gem™3) ep e (x107 Einsteincm 3 s 1) Rp (um) Ndife Natt 10
100 0.5 0.3 4 1 0.9992 0.4566 0.4562
100 0.5 0.3 4 5 0.9974 0.1184 0.1181
100 0.5 0.3 4 10 0.9962 0.0613 0.0611
100 0.5 0.3 4 20 0.9946 0.0314 0.0312
100 3 0.3 25 1 0.9992 0.4566 0.4562
100 3 0.3 25 5 0.9974 0.1184 0.1181
100 3 0.3 25 10 0.9961 0.0613 0.0611
100 3 0.3 25 20 0.9945 0.0314 0.0312
100 3 0.4 25 1 0.9994 0.5055 0.5052
100 3 0.4 25 5 0.9979 0.1366 0.1363
100 3 0.4 25 10 0.9969 0.0711 0.0709
100 3 0.4 25 20 0.9955 0.0364 0.0363
1 0.5 0.3 4 1 0.9918 0.4588 0.4550
1 0.5 0.3 4 5 0.9738 0.1193 0.1162
1 0.5 0.3 4 10 0.9620 0.0617 0.0594
1 0.5 0.3 4 20 0.9468 0.0316 0.0299
1 3 0.3 25 1 0.9917 0.4588 0.4550
1 3 0.3 25 5 0.9733 0.1193 0.1161
1 3 0.3 25 10 0.9612 0.0617 0.0593
1 3 0.3 25 20 0.9457 0.0316 0.0298

for A =370 nm, have the pollutant concentration as a parameter
whereas Fig. 7(b) employed as a parameter the two adopted
wavelengths for this study. In both cases the plot represents
the diffusive effectiveness factor as a function of the particle
(agglomerate) radius, including as an anticipation, results for
the photon transport effectiveness factor. Also, in Fig. 7(c) it
can be observed the influence on the results when the particle
radius (agglomerate) changes from 1 pm to 20 wm, produc-
ing an important change in the diffusive effectiveness factor.
It is also noted in this representation, that the concentration
of the pollutant (CY) affects the diffusive effectiveness fac-
tor more significantly when the particle (agglomerate) radius
is increased which is in accordance with the classical defini-
tion of the effectiveness factor. It should be noted that when the
radiation absorption decreases, the reaction rate also decreases,
but the averaged value of the reaction rate becomes larger and
consequently the efficiency decreases. In effect, if the radia-
tion absorption coefficient decreases one should expect a higher
effectiveness factor (close to 1) because the reaction Kinetics
is low and the system should operate under the kinetic control
regime. The results in Fig. 7(b) indicate the opposite behavior
because the effectiveness factor is lower for a wavelength where
radiation absorption by the catalyst is low. This is the result
of the following effect: the average reaction rate is higher for
the case of low radiation absorption because radiation reaches
almost all the available catalytic surface, i.e., it can even reach
the centre of the particle. Conversely for the case in which radi-
ation absorption is very high (at lower wavelengths) there is a
very high reaction rate on the catalytic external surface but a
much reduced value in the rest of the available area inside the
particle, because almost no radiation arrives there to activate the
catalysts. This effect produces a smaller average reaction rate
per particle, favouring the kinetic control.

3.6. The attenuation effectiveness factor

Once more Eq. (36) must be used to calculate the numerator
of the second factor of Eq. (17). The denominator results from
substituting r for Rp in the same equation. Then, the attenuation
effectiveness factor can be calculated. Tables 3 and 4 show the
results of the values corresponding to 1, and 1. It is quite clear
that the limitations are almost always due to the light penetration
on account of the very strong radiation absorption properties of
titanium dioxide. A very important conclusion previously noted
during the discussion of the diffusive effectiveness factor is that
aprocess that starts at relatively large concentration of the pollu-
tant, during the course of the reaction, in some cases, can switch
from the kinetic control regime to the one of mass transfer limita-
tions when the concentration of the chemical compound reaches
very small values and this is noted in the value of the overall effi-
ciency (n9). This eventual change in the reaction performance
is particularly important in kinetic studies.

Regarding the results concerning 7, it must be taken into
account that the penetration of radiation in the agglomerate
depends on the wavelength that define the properties of the cat-
alyst and the porosity, and is independent of the agglomerate
radius. The observed, sometimes very drastic, changes in the
portrayed results [Fig. 7(a)—(c)] are due to the relative values of
the radiation penetration depth with respect to the particle radius,
which are directly translated into the average reaction rate per
particle volume calculated with Eq. (26). This observation has
a very simple explanation: the penetration depth depends on
the above mentioned variables, but once they have been taken
into account, a further increase in the size of the particle cannot
affect the light penetration any longer and the light activation
cannot progress any further. It should also be noted that the
attenuation efficiency is independent of the DCA concentra-
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Fig. 7. Effectiveness factors. (a) Effect of the particle (agglomerate) radius. Cp is the parameter; A =370nm, Cp,c =3 g L', kp=40,000cm™!, wp=0.73, ep=0.3,
€*=2.5 x 107° Einstein cm 3 s~!. (b) Effect of the particle (agglomerate) radius. The employed wavelength is the parameter Ca =1 x 108 molem™3, Cpe =3 gL !,
ep=0.3, ¢*=2.5 x 1070 Einsteincm > s~ 1. (c) Effect of Ca. Particle radius is the parameter. A =370nm, Cpc =3 gL’l, kp=40,000cm™!, wp=0.73, ep=0.3,

€*=2.5x 107° Einsteincm 3 s~ 1.

tion. In Fig. 7(a) the solid line also includes (superimposed)
the dotted line. This is nothing more than the effect produced by
the previously indicated transparency of DCA to the employed
radiation.

4. Conclusions

The possibility of external and internal mass transport limita-
tions in photocatalytic suspensions of pure titanium dioxide have

been analyzed in a detailed study based on fundamental princi-
ples and a realistic kinetics derived from a complete reaction
mechanisms. The most important conclusions concerning mass
transfer limitation in the catalytic particle or its agglomerates
are:

1. External, interfacial mass transport in the boundary layer sur-
rounding the catalytic particle, could be observed only for
rather large particle sizes, not usually employed in suspen-
sions of pure titanium dioxide.
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2. Internal mass transfer limitations in catalyst agglomerates
will almost always be present but, with a few exceptions (at
very low reactant concentrations), they are mostly produced
by light penetration restrictions (described by the attenuation
effectiveness factor). This effect results from the very strong
radiation absorption characteristics of titanium dioxide. Due
to this circumstance, even for particle sizes (agglomerates)
below 1 pm the reaction rate will not be under the kinetic
control regime.

3. Mass transfer limitations inside the catalytic particle,
described by the diffusive effectiveness factor are of lesser
significance.
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Appendix A

Combining Egs. (6) and (13):

Ryetaav

ay Ryera = SgCrca) ( fed
say

+CA) Co, x § 1—

2=390
/ & 1(3), Cmeldr
a

14+2— =
o1 SgCmc((Rueraav/ksav)+Ca)Co, [, _p75

(AL1)

With:

Af_
ay = == = §,Cme (AL.2)

Vsusp
To simplify notation, let us define:

A=390
m = 2O‘ZSngcCO2 / ei[()’)» CncldA,
A=275

n = 2a18gCmcCo, (AL3)

Considering Eq. (AIL.1) and solving for ayRyet A, Eq. (14) in
the main text of this work is obtained.

Appendix B

The Eddington approximation offers an analytic solution
that is appropriated for this reaction engineering problem. The
following procedure may be followed: we write the radia-
tive transfer equation in a one-dimensional (r)—one-directional
(. =cos0) representation of the radiation field and calculate
the zero- and first-order moments of the direction of radiation
propagation: (27 |, ., du) and (27 I 1t dpe). The results are:

V- gp(r) = —(1 — wp)BpGp(r)

c[VPp(r)];, = —Bpqrp(r)

(AIL1)
(AIL2)

Here, g.p(r) is the net radiation flux, Gp(r) the incident
radiation, ¢ the speed of the light and Pp(r) is the radia-
tion pressure. All possible directions are then divided in two
parts: (1) forwardly directed rays (0 <u <1) and (2) back-
wardly directed rays (—1 <u <0) which permits to define
forward and backward intensities {[I*(r, u) and I~(r, u)l}.
The Eddington approximation assumes that the intensities are
not a function of w to calculate Gp(r), grp(r) and Ppy(r).
Then:

Gp(r) = 27{[I"(N] + [I_(N]} (AIL3)
grp(r) = {7 (] = [I" (M) (AIL4)
and

Pp(r) = i—:{[ﬁ(r)] + - ("1} (AIL5)
With this assumption:

Gp(r) = 3cPp(r) (AIL6)

Eq. (AIL.6) can be derived with respect to the radial coordinate
(r) and substituted into Eq. (AIL.2):

V|.Gp = —3Bpqrp (AIL7)

Eq. (AIL7) can be derived once more with respect to the radial
coordinate (r) and, using Eq. (AlIL.1), we can get our working
equation to solve the problem inside the particle:

V2| Gp = =34plY - qp), = 3(1 — 0P 3G (AIL8)

Appendix C

By definition:

ep(r) = kpGp(r) (AIIL1)

equivalent to a first order kinetics
In r=Ry:
ep(Rp) = kpGp(Rp)

Resorting to Eq. (AILS):

(AIIL2)

1
—v? Gp = «pGp
38p r SN~
—_————

attenuation

(AIIL3)

absorption

The first term is equivalent to molecular diffusion in the mass
transfer problem, and the second is analogous to a first-order
reaction (following the same type of similitude).

From the Eddington approximation (Eq. (AIl.7)) and taking
into account the existing external surface area per unit volume
of the particle:



254 M.d.I.M. Ballari et al. / Chemical Engineering Journal 136 (2008) 242-255

AaVp ext

38p

a
= P eff

N~
effective radiation absorption rate in the particle

(ATIL4)

—avp,extqr,p(Rp) VGplg,

As itis easily known, for a spherical particle av; ext = 3/Rp.

The interpretation of the value of ep . can be made clearer if
one considers the particle as a sink of radiation that is perturbed
from an external radiation field. This is the radiation field exist-
ing in the suspension at the position where the external surface
of the particle is located. According to its optical properties, the
said particle may absorb all or part of the incoming radiation
flux impinging on its surface.

Recalling Eq. (29) and solving Eq. (AIIL4) it is possible to
calculate the value of the effective radiation absorption rate in
the particle:

et = 71
Peff =
¢ BpRp

=anwo (1) [ (it i)
~ PR\ Bp ) | yRp \tanh(yRp)  yRp

Defining: yRp=3v* in analogy to the Thiele modulus for
mass transfer:

(V] Gplrp)

(AIIL5)

a _ 1 1 1
ep et = Gp(Rp)pBp(l — wp) L/* (mnh(3y*) _ 3)/*”

n*

(AIIL6)

Thus, we can write the relationship existing between the effec-
tive radiation absorption rate and Gp(Rp) as follows:

ep o = kpGp(Rp) x 1" (AIIL7)
——
(Rp)

Eq. (AIIl.7) makes clear that:

e%,eff
ep(Rp)
_ [LVRPA effectively absorbed inside the particle]
" [LVRPA absorbed at the surface of the particle]

(ATILS)

(") =

It can be seen that n* is an efficiency that tell us how oper-
ative may be the penetration of the incoming radiation inside
the particle to accomplish its objective, i.e., it is a relation-
ship between the total radiation absorbed inside the particle (the
LVRPA) with respect to that measured on its external surface
where absorption of radiation takes on its maximum value. This
value becomes attenuated when the light is penetrating inside
the particle according to the optical properties of the latter.

In Eq. (AIll.4) we have defined the value of ei‘)’ o from the
net radiation flux absorbed by the particle from the external
volume of the suspension. An alternative way of defining ep .4
can be obtained from the value of the LVRPA existing inside the
particle, averaged over its whole volume:

4 [Re
Chen = 3 / ep(r)r dr = (ep)y, (AIILY9)
P Jo

When Eq. (AIIL9) is integrated it gives the same result as Eq.
(AIIL6). In this way it can be clearly seen that if the LVRPA
inside the particle exhibits a steep radial gradient (a significant
attenuation) the particle will not make an efficient use of the
available radiation. The opposite occurs when the radiation pro-
files are smoother. Thus, the efficiency is an exclusive function of
the optical thickness, that in the case of the particle is represented
by the parameter y*.

Appendix D

In order to obtain the relationship between internal and exter-
nal radiation field, the following balance of fluxes on the particle
surface is applied:

€§ ext = qrp(RP) — 4;p(Rp) = —qrp(Rp) (AIV.1)
N N——

in out

Considering the macroscopic properties of the suspension we
have:

a

€susp

eg,ext = (AIV.2)
ay ext
where:
AP,ext,T Ap,extNP 3 mp 1 3Cme
aV,CXt = = = — _——
Vsusp Vsusp Rp Vsusp pop Rppp
(AIV.3)
Then:
Rp PP
o= () | Lthvg)| = et (AIV4)
mc

Using Eq. (31) and (AIV.4) we can obtain an expression for
the incident radiation on the external surface of the particle as a
function of the LVRPA and Eq. (32) in the main text is obtained.
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