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Abstract

Volumetric optical properties (spectral absorption, scattering and extinction coefficients) of differently expanded narrow-path fluidized
beds (FB) of a photocatalyst obtained by plasma-CVD deposition of titania onto quartz sand, relevant for photoreactor design purposes,
are determined by using an unidirectional and unidimensional (1DD) model for the solution of the radiative transfer equation (RTE).
Two simplified approaches are used: a Kubelka—Munk (KM) type of solution, by which the RTE is transformed into a pair of ordinary
differential equations, and a discrete ordinate method (DOM) by which the complete RTE is transformed into an algebraic system that
can be solved computationally. The second approach was validated by introducing the obtained optical parameters into a more elaborated
bi-directional and two-dimensional (2DD) DOM model. Despite its simplicity, the KM method was able to yield fair order-of-magnitude
estimates of the spectral optical properties of these FB.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction of radial gap) was the reacting space; the outer one was
an actinometric space, and the inner annulus was an IR fil-
A systematic research effort is being carried out by our ter. For the same catalyst loading inside the reacting space
group on the potentiality of fluidized beds (FB) of granu- the slurry was about five times more active. The relatively
lar supports coated with titanium dioxide, as an alternative poor photocatalytic performance and mechanical unstability
to titania slurry systems for UV photocatalytic oxidation of of this titania—quartz composite (the Ti(eeled off after
water pollutants, to minimize downstream separation costs. more than 12 h of reaction) lead us to plasma-CVD-coated
Our first approachRozzo et al., 1999, 200Wvas an assess-  glass beads as a novel alternatikaiches et al., 2002
ment of the relative performancestbe samesupported vs.  More resistant, well adherent thin titania films could be ob-
slurried photocatalyst: A fluidized bed of a model material tained by this method, although their photocatalytic perfor-
(Degussa P-25), immobilized onto quartz sand by dry/wet mance was similar or even lower than that of P25 immo-
physical deposition, was studied in a fully illuminated pho- bilized on quartz sand. Apparently, Na migration from the
toreactor (FIP). The photoreactor was a multitube device, glass beads, by thermally induced diffusion while calcining
with three concentric annuli: The central annulus (7.5mm the amorphous plasma-generated i@ induce crystal-
lization), had a deleterious effect upon the catalytic proper-
ties of the composite.
S Comesponding author, Tel.: +54342455175; Latfaly, by testing instead a pla_smfcl_-CVD_-coated quart_z
fax: +543424550044. ' sand in the annular FIP reactor, a significant improvement in
E-mail addressestderli@ceride.gov.atderlig@arcride.edu.ar the photocatalytic performance was obtained. Furthermore,
(M.A. Baltanas). the new material showed a remarkable mechanical resistance

0009-2509/% - see front matt& 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2004.12.030


http://www.elsevier.com/locate/ces
mailto:tderliq@ceride.gov.ar
mailto:tderliq@arcride.edu.ar

2786 R.L. Pozzo et al. / Chemical Engineering Science 60 (2005) 2785—-2794

to abrasion. Yet, up to this point, our focus was primarily 2. Experimental work

on the granular photocatalytic composites and their perfor-

mance. Accordingly, relatively high concentrations of awell 2.1. Experimental set-up

studied, model reactant (oxalic acid, 50 mM), to work under

a pseudo-zero-order reaction regime, were used. After be- A planar reactor, consisting basically of a hollow, rect-
ing confident with the good performance of the FiQuartz angular frame of aluminum that left a 7.0 mm optical gap,
composite, under FIP reactor conditions and pseudo-zero-and two optically clear 3.0 mm thick Temp&hborosilicate
order reaction regime, the next step was to remove thoseglass walls (36.0 cm height and 7.0 cm width) attached to it,
restrictions to rationalize (model) the system behavior. Two was utilized as the cell for optical measuremerkigy ( 1).
main goals were set: The cell was vertically divided into two compartments by
a grid of teflon: the upper one (21 cm high), where the FB
of the TiOg;—quartz sand catalyst composite were developed,
and the lower one filled with glass grains, for lessening jet
formation in the bed zone immediately above the grid.

As indicated in the Introduction section, to assess the
scattering and absorption coefficients of the catalytic com-
posite in the FBs, the assemblage included two integrating
reflecting spheres, one on each side of the cell, to collect the
exiting backward (reflected) and forward (transmitted)
radiation, from the illuminated reactor. A monochromatic,
collimated light beam travels across the first sphekg, (
irradiating a circular area of the front wall window of cell

Therewith, a research program was designed aiming to (beam diameterDp = 8.8 mm), right at the center of the
the combined modeling of the radiation field and the reac- FB. Said reflecting sphere] is able to collect the reflected
tion kinetics in these narrow-channel FB systems. A double radiation from the FB, while the second onE){ placed
purpose, parallel planar reactor was built, so that it could be right after the second reactor wall, receives the radiation
used either for the kinetic studies or as a part of an optical- transmitted (extinguished) through the célld. 1).
spectrophotometrical assembly. To assess the scattering and Each spherel§; = 12.0cm) was crafted by joining two
absorption coefficients of the FB of the catalytic F#Quartz hollow hemispheres machined from cubic pieces of alu-
composite, the optical assemblage included two integrating minum. The interior of both spheres was coated with a water-
reflecting spheres, to measure the exiting radiation (for- based Munsefl (1.5 mm thick) reflecting paint. Sphere
ward and backward) from the FIP reactor. Experimental as was furnished with three radiation ports: padirectly faced
well as methodological details for determining said opti- the front reactor glass window, po® was located on the
cal parameters are discussed and evaluated in the preserdpposite side of the sphere, just at the exit the collimator,
work. Kinetic modeling is the subject of another paper in and portC at the top of the sphere, connecting to the pho-
progress. tomultiplier detector of the spectrometer. Sph&rbad also

In order to obtain relevant spectral (i.e., monochromatic) three ports, but only two were open under the measurement
scattering and absorption coefficients from the spectropho-arrangement: pod” in line with portA of spherer, facing
tometrical measurements two approaches are compared: Inthe back reactor window, and paft in a similar position
the first approach, the radiative transfer equation (RTE), a as portC in spherer, also linking to the spectrophotometer
mathematical expression of integro-differential nature, is detector if needed. All ports were of 18 mm diameter. Both
transformed into a pair of ordinary differential equations that spheres were provided with a suppressor scr&mo( fil-
can have an analytical solution upon the introduction of sim- ter direct reflecting light on the detector. A pair of leveled,
plifying assumptions with regards to the angular distribution parallel steel rail tracks supported the spheres, allowing to
of radiation intensity. In the second approach, the discrete or-change their relative distance at will, so that they could be
dinate method (DOM) is used to solve the complete RTE, by placed either just in contact with the cell, in situation of
transforming the integro-differential equation into a complex measurement, or separate enough to allow the positioning
algebraical system, which can be solved by computational of the cell.
calculations. In both approaches a model of plane-parallel A stable fluidized bed, at any given expansion, requires
layers perpendicular to a given axial direction was adopted maintaining a steady flow. This condition was achieved by
for the radiation field, assuming that radiation properties are means of a constant hydrostatic pressure generation de-
independent of the azimuthal angfeand only a function vice consisting of two ‘open-atmosphere’ recirculating loops
the polar angle). The hereby-obtained optical parameters (Fig. 1): The main loop (I) included the cell reactor (1), an
were then verified by introducing them into a more elab- upperreservoir (2) supported by a jack mechanism for height
orated two-dimensional (2D) model for the reactor/optical control, to set a constant flow rate of the recirculating lig-
cell. uid (pure water), with a centered evacuating tube constantly

e to be able to completely describe (evaluate) the radi-
ation field inside the reactor, by determining the rele-
vant optical parameters (scattering and absorption co-
efficients) of the two-phase system constituted by the
narrow-channel fluidized bed of photocatalytic particles,
and

e to extend the reaction kinetic studies for the model reac-
tant in a wide range of concentrations, specially outside
the pseudo-zero-order reaction limit.
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Fig. 1. Experimental set-up: (I) main water-recirculating circuit, (Il) auxiliary circuit, (1) plane photoreactor/optical cell, (2) res@yvoesdrvoir,
(4) flow-meter, (5) peristaltic pumpR( reflectance-collecting spherel’ transmittance-collecting sphere.

discharging on a second, lower reservoir (3) and a flow me- and 28.0g of the Ti@-coated quartz sand were employed
ter (4). The auxiliary loop (II), involved both reservoirs, and for each different expansion type, respectively. For compar-
a peristaltic pump (5) to ensure a high recirculating flow of ison purposes, FB of the highly reflecting bare quartz sand
water. with identical expansion degrees were also tested. All mea-
The generation of the incident collimated light beam and surements were done by triplicate, averaged and normalized.
the detection of forward and backward (sphere-integrated) The normalization was made against 100% reflectance val-
outgoing UV radiation from the cell were carried out with an ues measured (at each wavelength) using spRemghich
Optronic OL series 750 spectrophotometer, equipped with were taken by placing a thick layer of powdered Ba®®@-
a double monochromator and interfaced with a data station.hind a 3.0 mm piece of Temp&xglass against po# of the
The radiation wavelength was varied in the 320—400 nm sphere. This 100% spectral reflectancRg () were consid-
range. The lower wavelength limit is determined by the sig- ered as representative of the incident radiation flux for each
nificant absorbance of Tempébglass ford < 320 nm. wavelength of the defined range. The corresponding nor-
malized spectral values for 100% transmittantgd), were
defined as the fotomultiplier current measured from the port
2.2. Materials and methods C’ of sphereT when the cell was full of ultrapure water.
Prior to the experimental measurements a calibration was
The catalyst composite was prepared by low-temperaturemade, for the complete wavelength span, by interchanging
CVD-plasma coating of Aldrich white quartz sand [Cat. no. the spheres (i.e., placing sphéreat the exit of the colima-
27,473-9;p, =2.4gcnT 3, D, =250um(4-50 — 70 mesh] tor), to correct thel'1gp data for geometrical and reflectance
with a thin, compact film of Ti@ (by using Tit-butoxide as differences between the spheres.
precursor) in a vacuum-operated circulating fluidized bed re- Two kind of measurements were made, in terms of de-
actor. More details about the preparation methods are giventector currents: the monochromated radiation back-reflected
in Karches et al. (2002)The TiG, loading was determined  from the fluidized bed into the cell, captured by the detector

by dissolving the films in a 10 wt% solution @NH4),SOy as diffuse reflectance from spheRe and the light transmit-
in concentrated EB50O, and subsequent quantification by el- ted through the cell and collected by the detector, also as
ementary analysis. diffuse reflectance, from the top opening of sphéreAll

Three degrees of expansion of the FB, expanding alwaysthe measurements were referredt@o, by determining the
up to the same geometrical level in the cell (B&g 1), were percent reflectance and transmittance (hencef®s& and
employed: 7.0, 6.0 and 5.0 times the unexpanded bed volumeT’; %) as the per cent ratios between the photometric currents
(from now on these expansion degrees will be designated asmeasured at each wavelength in spheteand 7', and the
Ex 7, Ex 6 and Ex 5, respectively). Aliquots of 20.0, 23.0 Riqo current, respectively.
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Due to the high sensitivity of the detector (dark current in ~N~—" ——]
the order of 1010 ,&) all measurements were carried out in
‘darkroom conditions’. Notwithstanding, an additional cor- -
rection was made, by subtracting to each measured current
the “black currents” registered by the detector in sphre
when the cell was filled with pure water only, and sphEre —
was replaced by a black light trap (a black cone).

3. Modeling and data processing IE}:>

A theoretical frame for the evaluation of the optical pa-

I.€
\ 4

X

rameters of an irradiated nonemitting, participative medium g W= -1 w=1
is given by the general equation for radiation transfer (RTE)
at steady stateQzisik, 1973
— u = 0
dl;(s, Q)
i UG R /AN PICE Q)
1 x=0 x=d
=00 [ p@ > on6.0d0, @
4 4n Fig. 2. Schematic diagram of the angular relationships among incident

. e . . L. and scattered beams and the propagation direction of radiation, at any
wherel, (s, ©2) is the spectral specific intensity of radiation  pqint in the fluidized bed.

having a wavelengtii (betweenl and 1 + dZ) and a direc-
tion of propagation characterized by the unit vecfrat
locations in spaceg is the spectral volumetric absorption
coefficient, o, is the spectral volumetric scattering coeffi-
cient andp is the phase function (photon scattering distri- Wherey/=cos6'(0 is the angle between any dispersed beam
bution function), which describes the probability that a ray and the penetration directios), 1o = cos o (0o is the angle
from any direction®’ will be scattered into the particul&? between an incident beam and any other dispersed beam),
direction for which the RTE is written. d is the total thickness of the medium (viz., the fluidized

To find a solution to the integro-differential equation (1) bed) and8, =, + g is the volumetric spectral extinction
is not, in general an easy task since it implies, at each spa-coefficient (sedig. 2).
tial point, integrating over the solid angf®, for all possi- As it is well known, geometrical optics can be used for
ble directions coming from the entire spherical space. For the modeling of light scattering in a system of dispersed
polychromatic radiation, an integration over the wavelength particles in a fluid medium whenever the so-called size
range of interest must also be performed. parametenqgc = nn; D, /A is greater than 5@zisik, 1973.

The problem can be simplified if the system allows to be Since in our case the average particle diameter of the quartz
modeled as plane-parallel layers perpendicular to a given ax-sand 0, =250um) is about three order of magnitude larger
ial direction, being the radiation properties only dependent than the wavelength values (320 rtri. < 400 nm), the ge-
on the polar anglé, but not on the azimuthal anglie Thus, ometric optics condition is widely fulfilled. Furthermore,
the FB can be modeled as a rectangular space confined besince isotropic scattering can be assumBdagdi, 1998,
tween the two parallel transparent optical windows if the in- the phase function can be made equal to grg) = 1), so
cident radiation arrives perpendicularly from the collimated indicating that the contribution of the in-scattering does not
beam, upon the front plane of the cell. Therewith, a rectan- depend on direction or, in other words, that any radiation
gular geometry can be assumed and a simplified model canbeam has the same probability to be scattered inuthie
be utilized, with a single directional variable (the polar an- rection no matter from which directiog it is coming from
gle 0 or, instead u = cos 0)), because of the beam character- (Ozisik, 1973.
istics compatible with an azimuthal simmetry. Accordingly,
the RTE can be reformulated as in Eq. (2) with boundary

conditions given by Egs. (3) and (4): 3.1. Afirst-solution approach

oL, (x, o, [t L A very simple solution method for the RTE for a one-
Pt Bily(x, ) = 7/0 plug) 1) (x, ) dw',  (2) dimensional, plane parallel system, assuming isotropic
scattering was proposed by Shustdtoflest, 1993 and
L(x=0,p0) = IE’ ©>0, (3) 'Schwarzsch'ildllgortijm, 1959. In thi.s' approaph the'total
incident radiationG ; at a given positiorx is divided into
Ii(x=d,n)=0, u>0, (4) two, forward and backward hemispher@j{( and G7),
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according to the following integrals: A critical assumption in the original derivation of the ap-
proximate solution of K—M is the requirement of diffuse ir-
=1 radiation on the sampl&6rtiim, 1969. However, its con-
GI = Zn/ Ij(x, wWydy  for 0<u<1, (5a) clusions can be extended to cases of collimated irradiation,
=0 provided that multiple, isotropic angular distribution of scat-
tering is quickly established inside the participating medium,

B p=0 L as happens in our case.
Gi:zn/:i Ii(x,,u)d‘u for —1<u<0, (5b)

3.2. Estimation of the optical parameters by using the
wherelj(x, w and; (x, w) stand for the radiation inten- ~ DOM in an unidirectional and unidimensional model (1DD)
sities at any given positior in the u direction, for each
of the corresponding forward @u<1) and backward As said before, radiation transport through a participa-
(—1< u < 0) hemispheres, respectively. tive medium (which may imply absorption, scattering and

By utilizing these definitions, Eq. (2) can be cast into chemical reaction) is, in general, highly complex. Conse-
a pair of coupled expressions, after averaging the intensi- quently, its mathematical description has analytical solution
ties Ij(x, w and’; (x, w over all possible: directions on only for very simplified situations. Nevertheless, among the
each hemisphere, hereby obtaining the following ordinary many numerical approximations that have been tried it is
coupled equations for th@+ andG; functions, where the  generally recognized that the DOM, developed in the frame
quotientw, =a,/p, (known as the spectral albedo) is used of the generalized transport theouderstadt and Martin,

(Modest, 1993; Kortiim, 1969 1979 is one of the most powerful tools for the solution
of a wide variety of +‘practical’ radiation transport prob-

1 dGt o lems. It allows solving the RTE by transforming the integro-

- L 4 GT = J(GJ{ +G)), (6a) differential equation system into an algebraic combination

2 [ dx - 2 of discrete ordinate equations, by taking account of the func-
tional and directional dependency of the propagation phe-

1dG; oo o e, _

2 B, dr +G; = (G +G)). (6b) Each integro-differential equation is valid for a certain

propagation direction¢§). Hence, the DOM reduces all pos-
_ sible directions to a bunch of them, as a representative sam-
Several solutions have been proposed for these equapje of the whole solid angle. In other words, the solid angle
tions. The most generally accepted in the field of diffuse Jefined as the area of a sphere of unit radiug {@ divided
reflectance is the hyperbolic solution of Kubelka-Munk nto a number of elements of solid angles. Each element is
(K-M) (Kortiim, 1969, which is adopted in this work for  characterized by one central direction and by one element
data processing. Two relevant relationships emerge from of area of the unit sphere (weight factor). For each of these

this solution: chosen directions(;) a discrete ordinate equation is ob-
tained. The weight factors and the director cosines can be

(Roo.; — 1% K, calculated according to Duderstadt et al. criteDaderstadt

Tm = Sj (7) and Martin, 1979 The integro-differential RTEs, so trans-

formed into an algebraic system of discrete ordinate equa-
tions (one for each considered direction), are then coupled

and by the in-scattering function (the source function) and solved
by the Gauss quadrature method.
S;d= 1 (sinhl b) +In Ry In addition_, the solution of the RTE by any numerical
b J) ' method requires not only to establish or define the bound-
. 1 1 ary conditions but also to know the phase function and the
beingd = 2 <R°<>’/1 - Roo ;> ’ (8) optical parameters (viz., the spectral scattering and absorp-
. tion coefficients). Conversely, these parameters can be the
output of the calculations, as in the present case.
where §; = 20;, K; = 2x;, T) = G}f(x:o)/cf(x:d) Summarizing, according to the DOM guidelines, the
(T;=medium ‘transmittance’) a”ﬁoo,AZG}:x:o)/GZ(x:o) problem can be thought as a bunch of collimated uniform

(Rw.,, = reflectance of the layer at=0 when the medium  radiation beams absorbed and scattered by the fluidized bed
is so optically thick that the reflectance is indifferent to inside the cell, after crossing the front cell wall. In a sim-
d, condition that was always fulfiled when the fluidized plified unidimensional model it can be assumed that only
bed was made with the catalyst composite, at all testeda (virtual) cylindric volume is illuminated by the uniform
expansions). beams within the cell, while the rest of the bed space is
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radiationless. This assumption allows one to consider any
beam to evaluate both the spectral transmittarigg &nd
reflectance R;), defined in this case, respectively, as

+ —_
q ,(x=d) q. ,(x=0)
= ’1)“ and R;=-""—r, 9)
qn’i(x =0 qn’i(x =0
being
gt = f L. 92 ndQ, (10)
, o
4,00 = / L. ©Q  ndQ. (11)
, .

the radiation fluxes in the direction perpendicular to the
cell wall surfaces.

Since for each wavelength, both the diffuse reflectance
and transmittance of the fluidized beR;(and T;) are ex-

perimental, and independently measured, the spectral opti-

cal coefficientsfi; (extinction) andr; (absorption) can be

determined by incorporating the DOM equation set as a sub-
routine to a computational program for nonlinear parameters
estimation. The program searches for the pair of parame-

ering Science 60 (2005) 2785-2794

maintained the two directional spherical coordinatgsy).
The RTE for a 2D, rectangular and participative medium can
then be written as

lLi(x,y, Q) 0L(x,y, Q)
u +1n
Ox Oy
=—(k;+0)(x,y, Q)

4 p(Q — DI(x,y, Q) de,
T

g
L2

47 (12)

whereu andn are the director cosines of tléedirection with
respect to the andy cartesian axesu(= cos¢ sin 0, n =
sin ¢ sin 0), while the RTE boundary conditions are given
by

Irradiated wall:

llluminated area:

ters that minimize the quadratic differences between the eX-Non-illuminated area:

perimental diffuse transmittance and reflectance values, and

those defined and calculated by the model.

Hence, the optical parametey andx; of the FB were
estimated by applying the DOM to solve Eg. (2), based on
a 1DD model. Compared vis-a-vis with the K—M approx-
imation, which considers only two plane-uniform incident
(forward) and reflected (backward) hemispherical incident
radiations, the DOM performs the integration by weighting
the radiation intensities for each direction. This advantage is
particularly useful when a finite, ‘disc-size’ collimated beam
is the experimental boundary condition for the incident ra-
diation, as in our set-up.

3.3. Verification of the estimated parameters by a
bi-directional and two-dimensional (2DD) solution method
for the RTE

The appropriateness of the estimates of the spectral opti-
cal parameters of the narrow-channel FB calculated by the
above-described DOM (1DD) method was verified by using
them in a more complex 2D model. This kind of modeling
admits that lateral dispersion of the beams may be signifi-
cant. In such a case, the irradiated volume would not be lim-
ited to just a directly illuminated cylinder, but it would also
spread out to a more extended ‘diffusely irradiated’ domain,
well outside said portion of the cell.

Essentially, in the 2Dx(, y) modeling the cell was con-
sidered as a thin rectangular parallelepiped containing the
fluidized bed and limited by two radiation transparent paral-
lel planes. As in the model for one dimensiod, @ circular
collimated radiation beam impinges upon one of the limit-
ing planes and the propagation of radiation inside the bed

Ln<y<ya,x=0,2=Q na) =17, (13a)
[;(0<y<y1,x=0Q2=0,)=0, (13b)
Non-illuminated area:

[;(Dp/2>2y>y2,x=0,2=0Q;,) =0, (13c)
Rest of the walls

I;L(yzo,x,g_?:gin)zo, (13d)
I(y=Dp/2,x,2=2,) =0, (13e)
Li(y,x=d,Q2=2,)=0. (13f)

In this case, all of the integro-differential equations (one
for each considered direction) were discretized by applying
central finite-differences to a space divided into cells. The
“in scattering” source term was calculated by a numerical
integration. Each one of the so obtained algebraical equa-
tions, was coupled by the quadrature term or source term
which in order to be calculated needs, in turn, the intensities
of radiation for all the rest of directions. Hence, an iteration
was applied to find the solution for the radiation balance in a
given direction—and for each of the spatial cells-, by taking
into account all the angular contributions. As said before,
the spectral optical coefficients { andx,) previously esti-
mated with the unidirectional uni-dimensional model, were
introduced here as fixed model parameters.

Once the radiation intensities for each given direction,
I;(x,y, Q), were known, they were integrated to obtain the
net radiative fluxes, or irradiances, either positive (forward,
from the irradiated wall to the opposite), or negative (back-
ward, from the opposite to the front irradiated wall):

Q,j;(x»)’)Z/ Iﬂ.(x9y7g)§_2£d‘gv (14a)
' /v Q+
4y e = [ Ly 2@ n (14b)
tE4d Q+
From the calculation of these net fluxes the

transmittance®;) and reflectanceR;) of the fluidized bed,
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Table 1

Comparison between the estimates of transmittance and reflectance of a seven-fold expanded (Ex 7) fluidized bed of titania CVD—coated quartz sand
photocatalyst, obtained with a 2DD DOM, and experimental v&lues

Wavelength (nm) Percent transmittance Percent reflectance Percent extinctance
+ (x=d,y ~ (x=0, .
T,% = 0= Aot 00 R:%= M x 100 E;%=(1—T;) x 100
(4, x=0.9)) A, (a4, (x=0.9)) a;,
Experimental 2DD model Experimental 2DD model Experimental 2DD model
320 1.60 1.08 3.66 3.67 98.4 98.9
350 3.69 3.04 6.77 6.91 96.3 97.0
380 131 11.7 16.0 15.4 86.9 88.3

aUsing the spectral optical parameters previously obtained with the DOM (1DD) method.

defined as 25 -
Bed expansion
T, = <qn+,/l(x =d, ) Aou 20 5 6 7
(6];:/1()6 —0, M an _ Bare sand O A O o ® :
_ S Sand+TiO, ® A W e 5 1
(g, ;(x=0,y)4 < e 1
and R) = :_’/L o R (15) 8 5t : 1
(g, 0 =0, )4, 5
: 2 10} g 2 3 8 2 8 8
were evaluated, being: & 3 3 o a B L3
*
<q,ﬁi(x =d, ) Aoy 5 9 2 ? e
1
:A / q:A(X:d,y)dA 0 1 1 1 1 1 1 1
O:IL-H AO“;) /2 320 340 360 380 400
B
_ + _ Wavelength (nm)
= (x=d, y)dy, 16a
DB/Z/o q, ;( y)dy (16a)
Fig. 3. Experimental values of the percent spectral reflectaRg&) as
(g7 ,(x=0,y)) 4 a function of wavelength, of bare and titania CVD-coated quartz sand,
A 1 n for three different expansions of the fluidized bed tested.
=—1 g¢,,x=0y)dA
Ain Ain s
1 Dp/2 q b 50 Bed :
= ~ . (x=0, , 16 ed expansion
DB/Z/O 4, ;( y)dy (16b) 5 e
40 Baresand O A O .
(g, ;(x=0.)q4, < , o
1 S Sand+TiO, @ A W _
— + _ © 30 - [m] A A
= q, ,(x=0,y)dA e o N
Ain J i s é 0o g o B e A 4
1 Dp/2 N g A o o
= (x = 0, d . 16C c L
DB/Z/O Iy =00 4l s oo g™’
. [ | A
These calculated’, and R; values are compared with the oL a4 : °
experimental data ifable 1 (More details about the treat- S e e L
ment of 2D models and solution methods are giveBriandi - L L

et al. (1996, 1999andRomero et al. (1997) 320 340 360 380 400
Wavelength (nm)

Fig. 4. Experimental values of the percent spectral transmisipghb) as
a function of wavelength, of bare and titania CVD—coated quartz sand,
for three different expansions of the fluidized bed tested.

4. Results and discussion

In Figs. 3and 4 the experimental measurements of the
percent spectral reflectanck 00) and transmittancer %)
registered in sphere® andT, respectively, as a function of As it can be appreciated iRig. 3, the R;% slightly de-
wavelength are presented for both the bare quartz sand andreased with bed expansion for both materials but it was
the photocatalyst composite at the three different expansionsdependent on wavelength for the titania-coated quartz sand
of the fluidized bed that were tested (Ex 7, Ex 6 and Ex 5). FB, following the typical wavelength absorption profile of
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absorption upon extinction, as indicated by the individual
coefficients shown ifrig. 5. This is a direct consequence of
the combination of (a) the isotropic scattering assumption
and (b) the averaging for the direction-dependent radiation
intensities into only one horizontal direction, that the K—-M
method makes. In other words since by hypothesis all the
out-scattered radiation has the same probability of being
returned by in-scattering, the resulting extinction is assigned
by the K-M method to a more absorbent (but less dispersive)
media.

In the calculatiornvia DOM (1DD model), on the other
hand, isotropic scattering is also assumed but the beam di-
rection is considered as a variable to integrate the intensi-
ties. Hence, the in-scattering contribution of the zones lo-
cated out of the “virtual illuminated cylinder” is ignored and,
S0, in-scattering is underestimated (i.e., in the DOM model
the fluidized is predicted to be less absorptive and more
dispersive).

An improvement in the estimation of the optical param-
eters of the FB can be surely obtained with the more re-
alistic DOM two-directional (2DD) model. Since this is a
TiO,. The FB of bare quartz sand behaved, on the other highly consuming method of computing resources, it was
hand, as an almost-gray reflectant media. While the bed ex-employed here only to validate the estimates of the opti-
pansion appears to be inconsequentiaRt@bo for the two cal parameters calculated by the 1DD modelTable 1the
materials, thel’;% increased in both cases as a function of calculated values df;% andR ;% (calculated by using the
wavelength Fig. 4) andfluidized bed expansion, indicating 2DD model with thes; andx; spectral parameters obtained
that not only the TiQ was an UV radiation absorbent but, with the 1DD model) together with the predicted extinc-
also, that the bare quartz sand (a natural product) was activetance,E;% = (1 — T;) x 100 are compared with the ex-
albeit at lower scale than the titania-coated sand, a behav-perimentally measured data, for three relevant wavelengths:

Model estimates
KM
DOM

Coefficients (cm™)

360
Wavelength (nm)

Fig. 5. Calculated values of the spectral scattering),(absorption ;)

and extinction ;) coefficients f, = o, + x;), obtained using the K-M
and the discrete ordinate one-dimensional DOM (1DD) models for an
Ex 7 fluidized bed of the photocatalytic composite (titania CVD-coated
guartz sand).

ior already reported in previous workBdzzo et al., 1999,
2000.

The calculated values of the spectral scattering énd
absorption £,) coefficients, and their additive optical pa-
rameter, the extinction coefficiefi, obtained by using both

320, 350 and 380 nm.
A close agreement between calculated and experimental
values is observed ifable 1 particularly in regards t&; %.

Again, the ‘somewhat lower than experimental’ values ob-

tained forT,% by using the optical parameters calculated by

the coarser K—M approach and the more refined DOM (1DD the 1DD model, would be a consequence that in this model
model) for the fluidized bed of the photocatalytic composite the out-scattered radiation (out of the borders of the directly
at Ex 7, are depicted iRig. 5. (The estimated values for Ex illuminated zone) was ignored in the 1DD evaluation of
6 and Ex 5 beds followed similar patterns.) It is significant the coefficient. However, this ‘lateral dispersion’ was found
to note, firstly, that the pairs of calculated values for each to be relatively negligible, for the highedt (near-visible
coefficient, estimated by both methods, are within the same zone) of the computational runs. This can be appreciated in
order of magnitude and follow a similar profile as a func- Fig. 6 where the radiation field profiles inside the cell con-
tion of wavelength. However, the extinction coefficients)( taining an Ex 7 fluidized bed of the titania-coated sand are
obtained by the two methods differ. This can be explained presented as the ratios between either the net forward (pos-
(recalling that radiation ‘extinction’ compounds absorptive- itive) or backward (negative) radiation fluxes and the enter-
dispersive optical phenomena) by recognizing that part of ing radiation flux, for the above cited wavelengths (320, 350
the incoming radiation is necessarily lost by out-scattering, and 380 nm), by using the 1DD optical parameters as input
outside the hypothetical optical cylinder within which the for the 2DD model calculations.
radiation travels between both spheres. Said “lost” energy, All things considered these results suggest that a
which is not registered by sphefg is accounted for in dif- DOM(1DD) model is accurate enough for the modeling
ferent manners by both methods. of FB of the titania—quartz sand composite in order to
Certainly, since uniform conditions for any point located evaluate their optical parameters, with the obvious sav-
on each parallel plane perpendicular to the cell walls are ing in computational resources that this choice implies.
assumed in both the K—M and the DOM (1DD) methods, Still, a 2D model is a good option for the modeling of
this lost radiation is “formally ignored” by them. However, the radiation field inside a photochemical reactor once said
the K—M solution minimizes the impact of scattering and optical parameters are known. The coarser K—-M model
at the same time “overestimates” the impact of radiation yields fair order-of-magnitude estimates for the spectral
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Fig. 6. Radiation field profiles inside the cell containing an Ex 7 fluidized bed of the titania CVD-coated quartz sand, presented as the ratios between
the net forward (positive) or backward (negative) radiation fluxes and the entering radiation flux, for selected wavelengths, obtained by usiig the DO
(1DD) optical parameters as input of the 2DD model.

extinctance, but strongly minimizes the impact of scattering,
though.

Model estimates

Finally, by taking into account that for any given load- KM  DOM
ing of photocatalyst the bed expansion is inversely related 40 ¢ Ex5 O (]
to photocatalyst concentration in the two-phase media, we Exg é :

X

tested whethespecific(i.e., per mass or volume fraction of
the solid phase) optical parameters of the FB could be (or had
been) obtained. So, the resulting products of the absorption,

Avg

Spectral
Coefficient x Expansion (cm™)

20

scattering and extinction coefficients calculated by both the

KM and DOM methods multiplied by the corresponding bed 10

expansions (that s, spectral coefficienEx #) as a function

of wavelength, are presentedhig. 7. The three expansion- 0

averaged values for both methods are also represented in 320 340 360 380 400
the diagram as doted and continuous lines, respectively. It Wavelength (nm)

can clearly be appreciated that the individual values of the

products for each set are very close among them and to the':ig. 7. Products of the absorption, scattering and extinction coefficients
d | This encouraging finding is an indication calculated by both the KM and DOM methods multiplied by the corre-

averaged va L!es' g g g - sponding bed expansions (spectral coefficienEx #) as a function of

that the combined products (coefficientEx #) arespecific wavelength, for the FB of titania CVD—coated quartz sand. The expan-

volumetric values with direct application for engineering sion-averaged values for both methods are also shown, as dashed and
design. continuous lines, respectively.
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