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A 2-D heterogeneous con®ection reaction model for a gas ] solid lamp-in-tube annu-
( )lar photocatalytic reactor is presented. The catalyst TiO is supported on a2

reticulated-foam monolithic structure placed in the annular space between the UV lamp
and the reactor wall. Mass balances for indi®idual species are coupled through the
reaction-rate expression that appears in the boundary condition at the fluid] solid inter-
face in heterogeneous catalytic reactor models. The heterogeneous reaction rate is mod-

( )eled using semiempirical Langmuir-Hinshelwood-Hougen-Watson LHHW kinetics
with adsorption constants for ®arious species. The local ®olumetric rate of energy ab-

( )sorption LVREA term in the rate expression was computed using a 3-D polychromatic
radiation-field model. The o®erall system of nonlinear partial differential equations was
sol®ed using a combination of the Crank-Nicolson method and the globally con®ergent
Newton-Raphson method. The apparent, a®erage quantum yield in the LHHW kinetic

( )rate form is the single adjustable parameter in the model. Isopropanol IPA was cho-
sen as the test contaminant to conduct experimental performance measurements for
model ®alidation. Model-predicted radial and axial profiles for bulk and surface concen-
tration re®eal that the extent to which mass transport influences the operation of a
photocatalytic reactor is determined largely by the local magnitude of the LVREA.
Similitude in the scale-up of an annular lamp-in-tube heterogeneous photocatalytic re-
actor is achie®ed only when the dimensionless radial radiation profile, as well as corre-
sponding magnitudes of a geometric number, the Peclet number, the Stanton number,
and the photocatalytic analog of the Damkohler number, are identical.¨

Introduction
Ž .Photocatalytic oxidation PCO employs the energy in ul-

Ž .traviolet UV radiation to destroy airborne volatile organic
Žcontaminants Dibble, 1989; Dibble and Raupp, 1990, 1992;

Peral and Ollis, 1992; Raupp, 1995; Obee and Brown, 1995;
.Sauer and Ollis, 1996 . PCO has been considered for a wide

spectrum of applications ranging from maintaining indoor-air
Ž . Ž .quality IAQ Obee and Brown, 1995 to treating the off-

Ž .gases from an air-stripping or soil-vapor-extraction SVE unit
Ž .Read et al., 1996 .

Although bench-scale, controlled laboratory studies have
shown promising results, commercial realization of photocat-
alytic oxidation has been limited. To be cost competitive with
existing thermal destruction systems, photocatalytic reactors

Correspondence concerning this article should be addressed to G. B. Raupp.

will need to operate with high photon-utilization efficiencies.
Many prototypical photoreactor configurations have failed to
simultaneously address two key interrelated issues that gov-
ern photon utilization: the efficient distribution of UV en-
ergy throughout the reactor volume, and the efficient distri-
bution of catalyst per unit reactor volume.

A key factor that distinguishes photocatalytic reactors from
conventional thermocatalytic reactors is the controlling na-
ture of the UV radiation field. Gradients in UV intensity are
inherent in every photocatalytic reactor, and although certain
reactor configurations may ameliorate these gradients, the
gradients in volume-loaded reactors cannot be eliminated.
Therefore one of the biggest challenges in designing a com-
mercial photocatalytic oxidation reactor is to find a suitable
configuration that would minimize gradients in UV intensity,
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Figure 1. Structure of the reactor simulation showing
the key submodels.

and at the same time provide sufficiently large surface area
per unit reactor volume, while maintaining low pressure drop
operation.

In this article we present the development and validation
of a two-dimensional heterogeneous convection-reaction
model for an annular reticulated monolithic gas]solid pho-
toreactor. Figure 1 illustrates the interrelationships between
the various elements of the reactor model. The radiation field

Žsubmodel has been recently developed Changrani and
.Raupp, 1999 , and the data used for parameter extraction

and model validation was collected in a series of carefully
Ž .designed experiments Changrani and Raupp, 1998 .

Experimental
The experimental data used for model validation was col-

lected using a bench-scale PCO system described in detail
Ž .elsewhere Raupp et al., 1997 . Figure 2 shows the annular

geometry of the bench-scale reactor used in the current in-
Žvestigation. A 20-W low-pressure mercury lamp GE F20T12-

.BLB irradiates the reactor from within. The catalyst support
is a reticulated-foam monolithic structure, custom fabricated
in an annular shape by Hi-Tech Corporation. We have used

Figure 2. Annular geometry of the bench-scale reactor,
showing the reticulate lying along the central
portion of the UV lamp.

three alumina reticulates of varying pore-size distribution,
Ž .classified by the manufacturer as 10 ppi poresrinch , 20 ppi,

and 30 ppi. Quantitative parameters describing the pore-size
distribution of individual reticulates have been provided in a

Ž .recent publication Changrani and Raupp, 1998 .
The alumina reticulates were dip-coated in a slurry of TiO2

Ž . ŽDeGussa P25 in deionized distilled water 20 g of TiO per2
.liter of water , and then heated in an atmospheric pressure

oven at 1108C for 3 h to completely evaporate the water. The
catalyst loading on each reticulate was calculated by measur-
ing the change in weight before and after the coating proce-
dure. Light-intensity measurements were made for the un-
coated as well as the coated reticulates using an integrating

Ž .photometer Minolta . The light intensity was measured at
two points designated as r and r in Figure 2.i o

In addition to the pore-size distribution and the catalyst
loading, the following three independent process parameters

Ž .were varied on a one-factor-at-a-time OFA basis: inlet iso-
Ž .propyl alcohol IPA concentration, incident UV intensity,

and volumetric flow rate. Details regarding the experimental
Ždesign matrix have been provided elsewhere Changrani and

.Raupp, 1998 .

Model Development
Radiation-field model predictions as well as experimental

measurements of light absorption in the reticulate consis-
tently indicate the presence of steep radial gradients in the

Ž .local volumetric rate of energy absorption LVREA
Ž .Changrani and Raupp, 1999 . Existence of these gradients
suggests that the portion of the reactor at small radial dis-
tances where the LVREA is highest may operate under the
influence of mass transport, whereas the regions of the reac-
tor with substantially lower LVREA operate under kinetic
control. We therefore chose a heterogeneous model structure
to explicitly account for the presence of a separate solid phase
and to distinguish between conditions in the bulk fluid and

Ž .on the solid surface Froment and Bischoff, 1979 .

Two-dimensional heterogeneous con©ection-reaction model

Model Assumptions.
1. Steady-state operation
2. Isothermal and isobaric operation
3. Angular symmetry, that is, no concentration gradients in

the angular direction
4. Plug flow: fully developed axial uniform velocities for all

z; negligible radial and angular flow
5. Axial dispersion is negligible
6. Uniform catalyst film thickness
7. Uniform effectiveness factor
8. Negligible thermal reactions

Ž .9. Negligible heat of reaction dilute reactants
Ž10. Negligible volume change associated with reaction di-

.lute reactants
11. Low and constant gas density.
Assumption 2 is justified by experimental measurements.

Actual pressure drops were on the order of 0.5 psi across the
entire range of experimental flow rates. Assumption 3 is jus-
tified by the outcome of the radiation field model, which
clearly revealed that LVREA gradients in the angular direc-
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Ž .tion are absent Changrani and Raupp, 1999 . Assumption 5
is justified when the coefficients of the axial dispersion term
in the species mass balance is much smaller than the coeffi-
cients of the remaining terms. Calculations for our nondi-
mensionalized system of model equations revealed that the
axial dispersion coefficient varied from 10y4 to 10y3, and the
radial dispersion coefficient varied from 0.1 to 1.0 over the
entire range of experimental flow rates. Additional calcula-

Ž .tions based upon the criteria developed by Mears 1971 re-
vealed that axial dispersion is negligible across the entire
range of flow rates and fractional conversions studied in this
investigation.

Using these assumptions, the following set of nondimen-
sionalized equations were derived:

2­ C ­ C ­ C1 1jB jB jB
y q qSt ? C yC s0Ž .jB jS2­l Ge ? Pe j ­j­jmrj

1Ž .

2
ˆy n hRÝ jn n

ns1
C yC s , 2Ž .Ž .jB jS 0k a Cg ® 1

with boundary conditions

C s1 for js1 at ls0jB

C s0 for j/1 at ls0jB

­ CjB 3s0 at j sj Ž .t­j

­ CjB
s0 at j sj ,o­j

Ž . Žwhere j s rr r y r is the dimensionless radial distance 2.3o i
. <Fj F3.3 ; j sj is the dimensionless inner radius; j srsri oi

< Ž .j is the dimensionless outer radius; ls zrL is the di-rsr Ro

Ž .mensionless axial distance; L is the reactor length cm ; CR jB
Ž 0.s C rC is the dimensionless bulk concentration of speciesjB 1

Ž 0. Ž .j; C s C rC is the dimensionless surface pore mouthjS jS 1
concentration of species j; C 0 is the inlet concentration of1

Ž y3. Ž Ž . .IPA mol ?cm ; Pe s u r y r reD is the radial massmr s o i erj j

Peclet number for species j; u is the superficial velocitys
Ž .cmrs ; e is the void fraction of the reticulate; D is theerj

Ž 2 .effective radial diffusivity of the species j cm rs ; Ges
Ž .L r r y r is a dimensionless geometrical ratio; St sR o i

Ž .k a L ru is the dimensionless Stanton number; k is theg ® R s g
Ž .gas-phase mass-transfer coefficient cmrs ; a is the externalV

Ž 2 3.surface area per unit reactor volume cm rcm ; n is thejn
stoichiometric coefficient of the jth species in the nth reac-

ˆtion; h is the effectiveness factor; R is the intrinsic rate ofn
Ž 3 .the nth photoreaction molrcm ? s . Equation 1 is the two-di-

mensional species mass accounting statement incorporating
radial diffusion in the bulk fluid phase and mass transport
through an interphase region. Equation 2 equates this local
interphase mass transport rate to the photocatalytic reaction
rate.

Calculation of the effecti©eness factor
Because the thickness of the deposited catalyst film at any

point in the reticulated-foam structure is small compared to
its principal radius of curvature, we can validly treat the film
as having a slab geometry for purposes of estimating effec-
tiveness factors. The effectiveness factors for photocatalytic
reactions in porous titania films have been computed for the

Ž . Ž .thin-film slab geometry Edwards et al., 1996 for reactions
of order 0, 1, 2 and for reactions following Langmuir-

Ž .Hinshelwood-Hougen-Watson LHHW kinetics. The general
Ž . Ž .Thiele modulus L and the optical film thickness D are

Ž .given by Edwards et al. 1996 as

2 L2 r02L ' 4Ž .
DC rjs

D'mL, 5Ž .

where L is the average length of a pore, r is the reaction0
rate per unit area evaluated at the surface of the catalyst, D
is the reactant diffusion coefficient, C is the concentrationjS
of the reactant at the pore mouth, r is the average pore ra-
dius, and m is the UV light-extinction coefficient. For pur-
poses of computing effectiveness factor values we have em-
ployed the value of film thickness for L, the diffusion coeffi-
cient D was set equal to a nominal value of 0.1 cm2rs, the

y1 Žextinction coefficient m was set equal to 0.3 mm Formenti
.et al., 1971 , and the average pore radius r was set equal to

10 nm. We employed globally averaged values for r and C ;0 jS
this simplification provides a reasonable estimate of the ratio
r rC . Typical values for the Thiele modulus were on the0 jS
order of 0.15, and the mean value for optical film thickness
Ž .for all three reticulates and different catalyst loading was
0.9. Based on these values and assuming that the rate ex-
pression is similar in mathematical form to a LHHW rate
expression for a single site mechanism, the effectiveness fac-

Ž .tor obtained from the graph provided by Edwards et al. 1996
is approximately 0.7. In this operating regime, the effective-

Ž .ness factor is only moderately sensitive f1r6 to Thiele
modulus, and use of a single effectiveness factor induces only
modest errors in the calculations.

Model for the reaction rate
In the photodegradation of IPA we observe acetone and

Žcarbon dioxide as the principal gas-phase products Ameen
.et al., 1997 . Based on this observation, we propose the fol-

lowing sequential reaction scheme:

IPA ™Acetone™CO .2

In this scheme we assume that none of the IPA degrades
directly to carbon dioxide.

Accurate reactor-model predictions require reaction rate
expressions valid over the entire range of local conditions,
including reactantrproduct and water-vapor concentrations
and the LVREA. Unfortunately, rate expressions that suc-
cessfully model observed reaction rate shifts as a function of
local UV intensity and concentrations have yet to appear in
the literature. Instead, empirical or semiempirical expres-
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sions that employ a single power-law dependence on UV in-
tensity are typically reported. Because of this limitation, we
adopt the following semiempirical LHHW kinetic rate form
for a single site mechanism:

K Cj jS
R̂ s F ?LVREA 6Ž .j j 2� 0� 1q K C q K CÝW W i iS

is1

Žwhere js1, 2 is the species number IPA: js1; acetone:
ˆ.js2 ; R is the intrinsic volumetric rate of photoreaction ofj

Ž 3 .species j molrcm ? s ; F is the apparent quantum yield ofj
Žspecies j mol of species j destroyedrmol of photon ab-

.sorbed ; LVREA is local volumetric rate of energy absorp-
Ž 3 .tion mol of photon absorbedrcm ? s ; K is the equilibriumj

Ž 3 .adsorption parameter for species j cm rmol ; C is the con-jS
Ž 3.centration of species j at the pore mouth molrcm ; K isW

Ž 3 .the equilibrium adsorption parameter for water cm rmol ;
Ž 3.C is the concentration of water molrcm . The first termW

in the parentheses lumps the complex photocatalytic initia-
tion steps together. The LVREA is determined using the ra-
diation-field submodel, and F is the single adjustable pa-j
rameter in this model. The term K C in the denominatorW W
accounts for the typically observed inhibition of the photocat-

Žalytic oxidation rate by the presence of water vapor Dibble,
1989; Dibble and Raupp, 1990; Peral and Ollis, 1992; Junio

.and Raupp, 1993 . In the current investigation we held the
relative humidity constant at f25% RH, corresponding to a
water-vapor concentration of 13,000 ppm . Because the con-V
centration of IPA as well as acetone was less than 75 ppmV
in all our experiments, we can assume that the relative change
in water-vapor concentration was insignificant during the
course of the reaction. Therefore, the K C term wasW W
treated as a constant in the present simulations.

Ž . Ž .Adsorption constants for IPA K , acetone K , and wa-1 2
Ž .ter K were extracted from in-house experimental dataW

Ž .Ameen et al., 1997 . Table 1 summarizes the values of this
adjusted parameter F ; these fitted-parameter quantum yieldsj
depend upon the reaction conditions.

Mass-transfer correlation
In our experimental VOC conversion tests, the Reynolds

number ranged from 0.65 to 9.75, and the characteristic length
Ž .mean pore diameter of the reticulated ceramic ranged from
0.75 mm for the 30-ppi reticulate to 1.5 mm for the 10-ppi

Ž .reticulate Hi-Tech Ceramics, Inc. . Bulk mass transfer in this
window of process conditions can be approximately repre-

Ž .sented by Wakao and Tanisho, 1974

Shf0.07Re 7Ž .p

where Sh is the Sherwood number and Re is the Reynoldsp
number based on the mean pore diameter. The diffusivity
data required to compute the mass-transfer coefficient from
the Sherwood number was obtained for each component us-
ing the Chapman-Enskog multicomponent diffusivity equa-

Ž .tion Reid et al., 1977 .

Table 1. Quantum Yields of IPA and Acetone

Reaction Conditions F FIPA ACETONE

High inlet IPA concentration 1.69 4.63
Low incident UV intensity

High inlet IPA concentration 1.48 2.99
High incident UV intensity

Low inlet IPA concentration 1.32 2.38
High incident UV intensity

Dimensional analysis
For clarity, assume that a single photocatalytic reaction oc-

curs, and that the reaction rate expression reduces to a
pseudo-first-order form. For this simplified case, we can
rewrite Eqs. 1 and 2 as

2­ C ­ C ­ C1 1jB jB jB
s q y N ? C yCŽ .St jB jS2­l N ? N j ­j­jGe Pe

8Ž .

hF LVREA0
C yC s ?L j ?CŽ .Ž .jB jS jS½ 5k ag ®

s N ?L j ?C , 9Ž . Ž .Da jS

Ž .where N is the geometric number same as Ge in Eq. 1 ;Ge
Ž .N is the Peclet number same as Pe in Eq. 1 ; N is thePe mr Stj

Ž .Stanton number same as St in Eq. 1 ; N is the photocat-Da
alytic reaction analog of the Damkohler number; LVREA is¨ 0

Ž .the LVREA evaluated at the inner reactor wall; L j is the
Ždimensionless LVREA radial profile LVREA normalized by

.LVREA evaluated at the inner reactor wall .
Equation 9 shows that the magnitude of the interfacial

concentration gradient depends on the magnitudes of the
Damkohler number and the local value of the dimensionless¨
LVREA radial profile. The Damkohler number physically¨
represents a ratio of characteristic rate of photocatalytic re-
action of a characteristic rate of mass transfer to the active
surface. The interfacial gradient will be most severe for in-
trinsically fast reactions, catalyst supports and flow condi-
tions that yield inherently slow mass-transfer rates, and high
local UV intensities. At a given axial length down the reac-
tor, interfacial gradients will be less severe with increasing

Ž .annular radius distance from the UV lamp .
The dimensionless Stanton number N represents a ratioSt

of the characteristic rate of reactant mass transfer to the ac-
tive surface to the characteristic rate of reactant flow by con-
vection. For annular photoreactors operating in a regime in-
fluenced by mass transport, modification of the catalyst sup-
port orrand flow conditions to yield inherently high mass-
transfer rates will cause the conversion to increase.

Based on the terms in Eqs. 8 and 9, we conclude that the
Ž .resulting concentration field and hence reactant conversion

will take the general form:

CsC N , N , N , N , L j . 10� 4Ž . Ž .Ge Pe St Da

April 2000 Vol. 46, No. 4 AIChE Journal832



For scale-up of an annular photoreactor similar to the one
used in the bench-scale study, the corresponding dimension-
less groups in Eq. 10 as well as the dimensionless radial radi-
ation profile must have identical values to maintain simili-
tude. These dimensionless groups along with similarity they
ensure are expressed in Table 2.

Critical inspection of these groups suggests that accurate
scale-up for this reactor configuration in a way other than
simply employing multiple identical tubes would be problem-
atic. To ensure geometric similarity for a substantially in-

Ž .creased reactor length and hence volume , the annulus width
Ž .r y r must be increased. Because commercial UV lampso i
are available only in standard diameters, beyond a certain
size the outer radius will need to be increased while main-
taining the inner radius constant. For fixed catalyst support
and catalyst characteristics, this increase will result in a sig-
nificantly different LVREA profile, and a different total vol-
ume-averaged rate of energy absorption.

To maintain similarity in the LVREA profile for scaled-up
reactor dimensions, a different catalyst support structure
would be needed. However, built into the Stanton number is
the term a L , which physically represents active catalytic® R
surface area per reactor cross-sectional area; this ratio could
change significantly from one support to another. Moreover,
the dimensionless group N increases when the annulusPe
width increases. To maintain N constant, the superficial ve-Pe
locity would need to be decreased orrand the voidage e in-
creased. It therefore seems highly unlikely that a different
physical structure could simultaneously yield similitude in the
LVREA profile, the Stanton number, the Peclet number, and
the Damkohler number. From the foregoing discussion it is¨
clear that variations in any geometricrspatial parameter si-
multaneously affect the catalyst distribution and the UV dis-
tribution within the active reactor volume, thus making it dif-
ficult to predict the effect of these changes on the photoreac-
tor performance without a validated reactor model.

Numerical solution of the model equations
Ž .The species mass balances Eq. 1 can be classified as non-

linear partial differential equations coupled by the reaction
rate expression incorporated in the boundary condition at the

Figure 3. Axial-averaged radial profiles of LVREA in the
10, 20 and 30 ppi reticulate with a nominal
catalyst loading.

Figure 4. Effect of catalyst loading on the axial-aver-
aged radial profiles of LVREA in the 20 ppi
reticulate.

Ž .fluid]solid interface Eq. 2 . These model equations were nu-
merically solved as follows:

Ž .1. At zs0 reactor inlet assume the surface concentra-
Žtions to be a certain fraction of the bulk concentration this

assumption is made only to initialize the program and obvi-
.ously does not affect the final solution . Solve the species

Ž .mass balances Eq. 1 for all three components indepen-
dently}obtain bulk concentrations at every radial point at
zs0. Solve the species mass balances independently using

Ž .the Crank-Nicolson method Carnahan et al., 1969 .
2. Using the computed bulk concentrations, solve the

equation for the boundary condition at the fluid]solid inter-
Ž .face Eq. 2 for IPA and acetone simultaneously. The LHHW

kinetic rate form causes the boundary condition at the
fluid]solid interface to be a nonlinear algebraic equation. Si-
multaneous solution of nonlinear algebraic equations for the
two components was accomplished using a globally conver-

Ž .gent Newton’s method Press et al., 1996 . Because carbon
Ž .dioxide does not appear in the rate expression see Eq. 6 , it

Figure 5. Axial-averaged radial profiles of the local vol-
umetric rate of energy absorption in the 20 ppi

( )reticulate with a high catalyst loading 0.53 g ,
and the 30 ppi reticulate with a nominal cata-

( )lyst loading 0.26 g .
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was necessary to solve only two nonlinear algebraic equations
simultaneously, and the surface concentration of carbon diox-
ide is obtained by assuming that all the acetone reacts to
form carbon dioxide. The solution of the boundary condition
at the fluid]solid interface provides new values for surface
concentrations at every radial point.

3. Using the new values of surface concentrations, solve
the species mass-balance equations independently to obtain
new bulk concentrations.

4. Use the new bulk concentrations to compute new sur-
face concentrations as explained in step 2.

5. Iterate between steps 3 and 4 until the species mass bal-
ances and the boundary conditions at the fluid]solid inter-
face are satisfied for the same values of bulk and surface
concentration}convergence is confirmed at every radial
point for a given z.

Ž .6. Move ahead in the axial z direction. At all subsequent
Ž .axial points aside from zs0 , the first set of iterations is

begun using the surface concentrations from the previous ax-
ial point.

7. Decrease the step size in the axial direction and radial
direction until the final solution is unchanged. Because the
Crank-Nicolson method employed is unconditionally stable,
step sizes in the axial and radial direction could be changed
independent of each other.

Results and Discussion
The behavior of a photocatalytic reactor can be largely ex-

plained in terms of the LVREA within the reactor. Figure 3
shows the radial LVREA profiles in the reticulated-foam
photocatalytic reactor as a function of the catalyst support
structure, Figure 4 shows the radial LVREA profiles in the
reticulated-foam photocatalytic reactor as a function of the
catalyst loading, and Figure 5 shows the radial LVREA pro-
files for the 20 ppi reticulate with a catalyst loading of 0.53 g
and the 30 ppi reticulate with a catalyst loading of 0.26 g. We
call the LVREAs in Figures 3 to 5 ‘‘useful’’ LVREA, imply-
ing that the LVREA is calculated using the photons ab-
sorbed by the active catalyst layer and not the photons ab-
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sorbed by the inert catalyst support. Figures 3 to 5 are ob-
tained for conditions of high incident UV intensity, using a
3-dimensional polychromatic radiation-field model for the

Žreticulated-foam photocatalytic oxidation reactor Changrani
.and Raupp, 1999 , which has been used as a submodel in the

development of the current convection]diffusion]reaction
model.

The experimental VOC conversion data along with model-
predicted conversions are summarized graphically in Figures
6a]6c to 11a]11c. In all figures, IPA and acetone concentra-
tion are plotted vs. mean gas residence time. Figures 6a]6c
compare the performance of the three reticulates with simi-
lar catalyst loading under experimental conditions of high-in-
let IPA concentration and high-incident UV intensity. Fig-
ures 7a]7c compare the performance of the three reticulates
with similar catalyst loading under experimental conditions
of high-inlet IPA concentration and low-incident UV inten-

sity. Figures 8a]8c compare the performance of the three
reticulates with similar catalyst loading under experimental
conditions of low-inlet IPA concentration and high-incident
UV intensity. Figures 9a]9c show the effect of increasing cat-
alyst loading on the 20 ppi reticulate under experimental
conditions of high-inlet IPA concentration and high-incident
UV intensity. Figures 10a]10c show the effect of increasing
catalyst loading on the 20 ppi reticulate under experimental
conditions of high-inlet IPA concentration and low-incident
UV intensity. Figures 11a]11c show the effect of increasing
catalyst loading on the 20 ppi reticulate under experimental
conditions of low-inlet IPA concentration and high-incident
UV intensity. The qualitative nature of the curves in Figures
6a]6c to 11a]11c are similar to those obtained in a reaction
following a series mechanism. The experimental uncertainty
was in the range of "2 to "4 ppm for the entire data setV
of 60 experimental runs.
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The quantitative metrics used to compare the performance
Ž .of the different reticulates are 1 residence time required to

Ž .achieve 95% IPA degradation, and 2 maximum and final
acetone concentrations.

The model-predicted curves shown in Figures 6a]6c to
11a ] 11c were obtained using a single adjustable
parameter]the apparent quantum yield of the organic con-
taminants. The quantum yields of IPA as well as acetone
strongly depend on reaction conditions, but are independent
of the characteristics of the reticulated catalyst support. Table
2 summarizes the apparent quantum yields of IPA and ace-
tone for different reaction conditions. The trend followed by
the quantum yield of each organic contaminant can be ex-
plained by noting that the intrinsic rate of a photoreaction is
a function of the local values of concentration and intensity.

ŽIt has been reported that the rate of photoreaction or quan-
.tum yield has a nonlinear dependence on light intensity for

Ž .many degradation reactions Hoffmann et al., 1995 . The

nonlinear dependence of the photoreaction rate on intensity
is attributed to increased carrier recombination at higher light

Ž .intensities Hoffmann et al., 1995 .
At experimental conditions of high-inlet VOC concentra-

tion and low UV intensity, the local values of concentration
at an arbitrary point in the reactor are large enough to effi-
ciently utilize the generated electron]hole pairs and in turn
prevent recombination. We therefore observe higher values
for the quantum yields of IPA as well as acetone under these
conditions. At experimental conditions of high-inlet VOC
concentration and high UV intensity, the local values of con-
centration at an arbitrary point in the reactor are not large
enough to efficiently utilize the increased number of elec-
tron-hole pairs generated at conditions of high intensity. It is
therefore plausible that significant electron]hole recombina-
tion occurs, leading to lower values for the quantum yields of
IPA as well as acetone. Finally, for experimental conditions
of low-inlet VOC concentration and high UV intensity, the
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local values of concentration at an arbitrary point in the reac-
tor are too small to efficiently utilize the large number of
electron]hole pairs generated at conditions of high intensity.
Therefore a large fraction of the electron]hole pairs undergo
recombination, leading to even lower values for the quantum
yields of the two organic contaminants.

Before proceeding further with the discussion of these re-
sults, it should be noted that in spite of the fact that experi-
mental measurements were made under nominal steady-state
conditions where the concentrations of IPA, acetone, and
CO were constant, we did not obtain complete carbon mass2
balance. In selected runs we employed an on-line CO sensor
and found varying low levels of carbon monoxide formation,
usually on the order of 1]2 ppm ; we conclude that CO for-V
mation is not the cause of mass-balance nonclosure. In a re-
cently conducted set of independent experimental tests, we
have verified that potential low molecular-weight partial-
oxidation intermediate byproducts such as formaldehyde, ac-

Ž .etaldehyde, and formic acid Ameen, 1998 can be detected
by our GC FID. However, during the photodegradation of
IPA, acetone was the only intermediate detected by the GC-
FID. We conclude that acetone is the only gas-phase inter-
mediate being formed, and that potential C-containing par-
tial-oxidation intermediates accumulate to build up an inven-
tory on the active surface, in spite of the apparent steady
levels of gas-phase reactants, intermediates, and products. In
a recent in situ infrared spectroscopy study, we tentatively
identified acetaldehyde, formaldehyde, and formic acid as

Žprincipal surface intermediates during IPA PCO Ameen,
.1998 . In order to confirm that the apparent steady levels of

gas-phase reactants, intermediates, and products we ob-
served during a 4-h experimental run is the actual steady state,
and to check for catalyst deactivation, we ran selected experi-
ments over a period of five days. We did not observe any
changes in the levels of the gas-phase reactants, intermedi-
ates, or products after the first few hours of operation. We
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therefore concluded that there is no catalyst deactivation, and
that the lack of mass-balance closure is due to an accumula-
tion of nonpoisoning C-containing partial-oxidation interme-

Ž .diates on the surface. Sauer and Ollis 1996 have reported
mass-balance difficulties in alcohol photocatalytic oxidation
over a coated ceramic monolith in a batch-recirculating sys-
tem at low conversion times. Eventually all carbon was recov-
ered as carbon dioxide. The authors attributed this tempo-
rary carbon deficit to reversible adsorption of intermediates
on ‘‘dark’’ surfaces that were not effectively irradiated.

We have modeled the complete photocatalytic oxidation of
IPA as a sequential reaction. Since acetone is the only reac-
tion intermediate for which experimental data were available,
the model did not incorporate any additional intermediates
that may be formed. Model-predicted carbon dioxide concen-
trations are much higher than experimentally observed car-

Žbon dioxide concentrations, because theoretically that is, in
.the model we obtain complete mass-balance closure with all

the acetone reacting to form CO . Figures 6a]6c to 11a]11c2
Ž .therefore contain information on the reactant IPA , and only

Ž .the single intermediate acetone that was experimentally ob-
served.

Effect of catalyst support structure
Figures 6a]6c, 7a]7c, and 8a]8c show that the 30 ppi

reticulate outperforms the 20 ppi reticulate, and although the
20 ppi reticulate outperforms the 10 ppi reticulate, the per-
formance difference between these two reticulates is not as
large. These performance differences can be explained largely
in terms of the LVREA profiles represented in Figure 3. Fig-
ure 3 reveals that the 30 ppi reticulate captures significantly
more of the incident UV energy than either the 20 or the 10
ppi reticulates with similar catalyst loading, with the differ-
ence between the light captured by the 20 ppi and the 10 ppi
reticulates not being as large. The available specific surface
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area per unit reactor volume is a second factor that con-
tributes to the observed performances. The specific surface

Ž . 2 3area per unit volume a is 43.7 cm rcm for the 30 ppiV

Table 2. Dimensionless Groups

Dimensionless Group Similarity Ensured

r y ro i
N s GeometricG e LR

Ž .r y r uo i s
N s KinematicP e Der

k a Lg V R
N s ' k a t Gas]solid contact opportunitySt g Vus Ž .t is the mean residence time

hF LVREA0
N s Characteristic reaction rate relativeD a k ag V to characteristic mass-transfer

rate
Ž .L j Radiation field

reticulate, 34.0 cm2rcm3 for the 20 ppi reticulate, and 22.9
2 3 Žcm rcm for the 10 ppi reticulate Hi-Tech Corporation, pri-

.vate communication, 1998 . Therefore the 30 ppi reticulate,
which both provides the highest surface area for gas]solid
contact and captures the highest fraction of incident UV ra-
diation, is the most efficient catalyst support structure.

Effect of catalyst loading
Figures 9a]9c, 10a]10c, and 11a]11c show the effect of

increasing catalyst loading on the performance of the 20 ppi
reticulate for different reaction conditions. Under all experi-
mental conditions, the performance of the 20 ppi reticulate is
significantly enhanced as the catalyst loading is first in-

Ž .creased by almost 60% 0.21 to 0.34 g . However, increasing
Ž .the catalyst loading by another 60% 0.34 to 0.53 g was seen

to have only a marginal effect on the reticulate’s perfor-
mance. This observed trend is nearly entirely explained by
the radial LVREA profiles as a function of catalyst loading
represented in Figure 4. Specifically, as the catalyst loading is
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first increased by 60% from the nominal value, the increase
in the useful LVREA is slightly greater than 10%, but as the
catalyst loading is subsequently increased by another 60%,

Žthe increase in the useful LVREA is marginal approximately
.1% .

It is interesting to note that the performance of the 20 ppi
reticulate with a catalyst loading of 0.53 g is similar to the
performance of the 30 ppi reticulate with a catalyst loading
of 0.26 g. This similarity in behavior can be explained entirely
in terms of the LVREA profiles represented in Figure 5. Fig-
ure 5 reveals that the useful LVREA in the portion of the

Ž .reticulate near the lamp small radial distance is approxi-
mately 33% higher for the 30 ppi reticulate relative to that
for the 20 ppi reticulate. The rate of decay of the LVREA in
the radial direction is higher for the 30 ppi reticulate, how-
ever, leading to lower LVREA values than the 20 ppi reticu-
late for dimensionless distances greater than 2.4. The area

under the curves in Figure 5 provide a visual insight into the
fraction of energy absorbed by each of the reticulates under
consideration. The average LVREA for the 30 ppi reticulate
was computed to be 3.3=10y9 einsteinrcm3-s, and the aver-
age LVREA for the 20 ppi reticulate with a catalyst loading
of 0.53 g was computed to be 3.4=10y9 einsteinrcm3-s. An-
other interesting fact revealed by Figure 5 is that, in spite of
the fact that the 30 ppi reticulate operates under largely dark

Ž .conditions j )2.8 , the performance of the 30 ppi reticulate
is similar to the performance of the 20 ppi reticulate with a
catalyst loading 0.53 g. This observation highlights a key ad-
vantage of using reticulated monoliths as catalyst support
structures in photocatalytic reactors. Specifically, the random
web structure of the reticulate enhances gas mixing and de-
creases the probability of contaminant molecules simply
‘‘bypassing’’ entirely through ‘‘dark’’ regions of the photoreac-
tor.
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Influence of mass transport
Ž .Figures 12a]12c shows the radial profiles at ls0.1 for

bulk and surface concentrations of IPA and acetone with the
30, 20, and 10 ppi reticulates as the catalyst support, and
experimental conditions of high inlet IPA concentratrion and
high incident UV intensity. The differences in the bulk- and
surface-concentration profiles that exist in the three reticu-
lates are largely explained by the LVREA profiles that exist

Ž .in these reticulates see Figure 3 . Figure 3 reveals that al-
though the 30 ppi reticulate captures the highest fraction of
the incident energy, it does so at the expense of severe radial
gradients in the useful LVREA, and consequently significant
radial gradients in the intrinsic rate of photoreaction. The
intrinsic rate of photoreaction is the highest in the portions

Ž .of the reactor near the lamp small radial distance , con-
tributing to the observed difference between the bulk and
surface concentration of IPA and acetone in Figure 12a. In
contrast, the 10 ppi reticulate captures the smallest fraction
of the incident energy, induces the smallest radial gradient in
the useful LVREA, and consequently a small radial gradient
in the intrinsic rate of photoreaction, which explains the small
difference between bulk and surface concentrations of IPA
and acetone seen in Figure 12c. The radial profiles for the 20
ppi reticulate represented in Figure 12b are midway between
the 10 and the 30 ppi reticulates.

Figure 13 shows the axial profile for bulk and surface con-
centrations of IPA and acetone at different dimensionless ra-
dial distances in the reactor, with the 30 ppi reticulate as the
catalyst support and conditions of high-inlet IPA concentra-
tion and high-incident UV intensity. Figure 14 shows the ax-
ial profile for the difference between the bulk and surface
concentrations of IPA and acetone at different dimensionless
radial distances in the reactor, with the 30 ppi reticulate as
the catalyst support and conditions of high-inlet IPA concen-
tration and high-incident UV intensity.

Mass transport influences reactor performance at high in-
trinsic rates of reaction. In photocatalytic reactors high con-
centrations and high LVREAs promote high intrinsic rates.

Figure 13. Dimensionless axial profile for bulk concen-
trations of IPA and acetone at three different
points along the annulus width j s2.3, j s
2.6, and j s2.8, with 30 ppi reticulate as a
catalyst support at high-inlet IPA concentra-
tion and high-incident UV intensity.

Figure 14. Dimensionless axial profile for the differ-
ence between bulk and surface concentra-
tions of IPA and acetone at three different
points along the annulus width j s2.3, j s
2.6, and j s2.8, with 30 ppi reticulate as a
catalyst support at high-inlet IPA concentra-
tion and high-incident UV intensity.

Because in our experiments we employed only the central
portion of the lamp where emission intensity is fairly uni-
form, we are able to decouple the individual contributions of
concentration and LVREA to the mass-transport influences.
Figure 14 clearly reveals that in portions of the reactor where

Ž .the useful LVREA is very high j s2.3 , there is a signifi-
cant difference between the bulk- and surface-concentration
profiles along the reactor length. However, in portions of the

Ž .reactor where the useful LVREA is moderate j s2.6 , there
is a marginal difference between the bulk and surface con-
centrations along the reactor length, with the two concentra-
tions being almost identical midway through the annulus

Ž .width j s2.8 . Figures 12a]12c, 13 and 14 when interpreted
together bring out the fact that the influence of mass trans-
port on the operation of a photocatalytic reactor is largely
determined by the local values of the LVREA, while local
values of concentration have little or no effect. This high-
lights the fact that ideal operating conditions for a commer-
cial photocatalytic reactor would be a uniformly distributed
moderate LVREA, which provides sufficiently large rates of
photodegradation, while keeping mass-transport influences at
a minimum.

Conclusions
We have developed a two-dimensional heterogeneous con-

vection-reaction model to simulate the performance of an an-
nular titania-coated reticulated monolithic reactor. The reac-
tor model uses a semiempirical Langmuir-Hinshelwood-

Ž .Hougen-Watson LHHW kinetic expression, which in turn
employs an empirical apparent quantum yield that relates the
rate of photon absorption to the rate of contaminant destruc-
tion. Within the limits of experimental error, a reasonable
agreement was found between the model-predicted and ex-
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perimentally observed exit concentrations, using the quantum
yield of the contaminant as the only adjustable parameter.

Within the limitations of model assumptions, the local vol-
Ž .umetric rate of energy absorption LVREA profiles, the to-

tal LVREA, and the external surface area per unit reactor
Ž .volume a determine the performance of an annular reticu-V

lated monolithic photoreactor. These factors are simultane-
ously determined by the pore-size distribution characteristics
of the reticulated catalyst support, and the catalyst loading.
Therefore in the design of photocatalytic reactors employing
reticulated monoliths as the catalyst support and key parame-
ter to be optimized is the pore-size distribution of the reticu-
lates, with catalyst loading being large enough to ensure that
all of the incident UV energy is captured by the catalyst film.

Commercialization of photocatalytic oxidation will require
new concepts in reactor design. The ideal heterogeneous
photocatalytic reactor is one that induces marginal gradients
in UV intensity while providing sufficiently large LVREAs
throughout the reactor volume, provides large external sur-
face area per unit reactor volume, and promotes efficient
gas]solid contact, thereby minimizing mass-transport influ-
ences. In order to search for configurations that approach
the ‘‘ideal,’’ it is important to be able to virtually investigate
these configurations without having to perform extensive ex-
perimental investigations. Our validated reactor model can
now be used to investigate alternative reactor configurations
and optimize traditional reactor configurations. Virtual ex-
plorations such as these will ultimately lead to identification
of preferred reactor configurations and catalyst distribution,
and provide the necessary engineering scale-up data for full-
scale operation.
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