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One of the remaining challenges in application of heterogeneous photocatalysis for
treatment of air streams containing dilute VOCs is to design a cost-effective photocat-
alytic reactor that simultaneously allows efficient contact of the contaminated air and
solid catalyst while uniformly irradiating the solid catalyst with light. A pseudohomoge-
neous model was developed to study effects of system parameters on process perfor-
mance for a gas— solid lamp-in-tube annular-photocatalytic-oxidation (PCO) reactor in
which the annular space is filled with photocatalyst-coated packing. In this model the
flow field is assumed to be uniform and radial diffusion negligible. Homogeneous reac-
tions are neglected. Heterogeneous reaction rates follow Langmuir—
Hinshelwood — Houghen—Watson kinetics with rate parameters extracted from indepen-
dent experiments. A 1-D “two-flux” incidence submodel is used to account for the ra-
dial UV light distribution throughout the reactor annular space. This submodel requires
knowledge of the UV lamp radiant emittance, the optical characteristics of the catalytic
thin-film coating, and the UV irradiance at the outer wall of the reactor and contains
only a single adjustable parameter — the mean free path between photon— catalyst inter-
actions. The model was validated with experimental performance measurements for
destruction of acetone and isopropyl alcohol in a bench-scale photoreactor. The vali-
dated model can be used to predict the optimum catalyst film thickness for given reactor

dimensions, packing shape and size, and VOC abatement problem.

Introduction

Although there exists enormous potential for commercial
application of gas—solid photocatalytic oxidation (PCO) to a
wide variety of pollution remediation and control problems, a
number of key unresolved technical issues must be addressed
before this potential is fully realized. Perhaps the most signif-
icant unresolved issue is that of optimum photocatalytic reac-
tor design. Although it is relatively straightforward to design
a laboratory-scale reactor that simuitaneously contacts a uni-
formly irradiated catalyst and air effectively (Formenti et al.,
1971; Dibble and Raupp, 1990; Peral and Ollis, 1992), the
issues of ultraviolet-light (UV) distribution and utilization
(energy cost) make reactor design a difficult problem at the
commercial level. The engineering science of heterogeneous
photo catalytic-reactor design lags that for thermal catalytic-
reactor design, largely because of the historical lack or scarcity
of commercial applications for photocatalytic reactors.
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In recent years, research groups at North Carolina State
University (NCSU) and the National Renewable Energy Lab-
oratory (NREL) have developed first-generation reactor
models for several proposed PCO reactor configurations
(Sauer, 1995; Wolfram, 1995). One prominent design, a
lamp-in-tube annular reactor, features reasonably uniform ir-
radiation of the titania photocatalyst coated on the inner wall
of the outer tube. This “flow-by” design greatly simplifies
modeling since a UV irradiation submodel is not required.
However, in a commercial application, the design is not com-
pact (low catalyst surface area to reactor volume ratio) and is
susceptible to gas—solid diffusional mass-transport limita-
tions. To enhance the active catalyst surface area to reactor
volume ratio and to minimize diffusional limitations, many
groups are now focusing on “flowthrough” designs, in which
catalyst is distributed throughout the reactor volume. Exam-
ple configurations include catalyst supported on a honey-
combed monolith with external UV lamps (Suzuki, 1993), and
catalyst supported on packing surrounding internal lamps.
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In all photoreactors employing distributed catalysts, model-
ing is complicated by the distortions induced in the radiation
field by the system heterogeneity. To our knowledge, a
three-dimensional, rigorous radiation model for the source in
combination with a first-principles scattering model has not
been attempted. Instead, approximate one-dimensional solu-
tions can be obtained with a two-flux model formulation
(Akeheta et al., 1976; Inokawa and Akeheta, 1980; Maruyama
and Nishimoto, 1992) or models employing light path-length
distribution functions and light-dispersed phase-collision dis-
tribution functions (Yokota et al., 1977). Alternatively, two-
and three-dimensional simulations can be obtained through
Monte Carlo methods (Spadoni et al., 1978; Pasquali et al.,
1996).

We have developed a base-case mathematical model to de-
scribe oxidation of a single contaminant in an air stream in a
continuous packed-bed, lamp-in-tube photocatalytic reactor.
A thin film of titania is coated on the exterior surface of the
UV-transparent packing. The model accounts for simultane-
ous convection-diffusion and photocatalytic reaction in the
presence of a radial gradient in UV irradiation predicted by
a two-flux mode]. The two-flux submodel represents a trade-
off between model complexity and accuracy of the prediction.
This article describes the base-case model development and
compares model predictions to experimental performance
data.

Model Development
Overview

Figure 1 represents the physical reactor to be modeled. A
feed stream of humid air containing a dilute concentration of
volatile organic compounds (VOCs) flows between the solid
packing in the reactor annular space. The cylindrical lamp
emitting near UV light irradiates the surface of the titanium
dioxide catalyst causing photocatalytic oxidation of the VOC
to water and carbon dioxide. A gradient in UV intensity ex-
ists in the radial direction due to a simple geometric 1/r fac-
tor and due to the UV absorption and scattering by the pho-
toactive thin film. This gradient will create a corresponding
radial gradient in VOC reaction rate and in reactant and
product concentrations.

The packing creates a complex three-dimensional flow pat-
tern in the packed annular space that would be extremely
difficult to model deterministically. A conventional approach
in thermal catalytic reactor modeling for packed beds is to
make 4 pseudohomogeneous simplification, in which the

Complex flow
through packing

PCO
Reactor
Feed
——
UV absorbed
Catalyst coated
throughout volume on spherical packing
~ L ML
Figure 1. Physical model of the annular packed-bed re-
actor.
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presence of a separate solid phase is not explicitly taken into
account, and details of the flow hydrodynamics are not rigor-
ously described (Froment and Bischoff, 1990). We adopt this
approach in the current modeling effort.

Based on the assumptions given below, the general equa-
tions for photoreactors can be reduced to i species mass bal-
ances, where i is the number of species in the overall reac-
tion, and one UV radiation balance. The existence of the ra-
dial concentration gradient requires that two-dimensional
species mass balances be employed. The species mass ac-
counting statements and the radiation accounting statement
are linked through the volumetric photocatalytic reaction-rate
term in the species mass balances. However, because the re-
acting species do not absorb UV light, the radiation balance
can be solved first, independently of the species balances. The
resultant UV intensity profile from the two-flux UV irradia-
tion submodel can then be used to solve the simultaneous
pseudohomogeneous species mass-balance equations.

Pseudohomogeneous convection-reaction reactor model

The principal assumptions made in the development of the
main reactor model consistent with the pseudohomogeneous
framework are as follows:

e Steady-state operation

e Isothermal and isobaric conditions

e Axisymmetric

e Uniform effective catalyst density (uniform packing shape
and distribution)

e Plug flow: fully developed axial uniform velocities for all
z; negligible radial and angular velocities

e Axial dispersion present; negligible radial and angular
effective diffusion

e Negligible radiant energy absorption by gaseous species

e Negligible thermal reactions

o Negligible heat of reaction (dilute reactants)

e Low and constant gas density

The axial dispersion contribution accounts for deviation from
ideal plug flow. The light-intensity profile induces a radial
VOC concentration gradient, and in physical reality radial
diffusion will reduce the magnitude of the gradient. Neglect-
ing radial diffusion is therefore a conservative assumption.

In packed reactors the support packing may not be dis-
tributed evenly about the axis, leading to departure from the
axisymmetric assumption. In fact, it may be desirable to in-
tentionally vary the size or shape of the packing in the radial
direction in order to optimize the light distribution in the
reactor space. Packing distribution is beyond the scope of this
study, but ultimately could prove to be an important factor in
heterogeneous photoreactor design.

Packing shape is another important factor in packed-reac-
tor design. For most packed reactors the diffusion of the fluid
species is dominated by the shape and packing distribution
rather than the interaction of molecules. If ReSc is greater
than one, where Re is the Reynolds number and Sc is the
Schmidt number, then support shape dominates effective dif-
fusivities (Gunn, 1987). In order to utilize readily available
data (Gunn, 1987) for the estimation of effective diffusivities,
common simple packing shapes (i.e., solid spheres) were em-
ployed in model calculations.
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The resulting species mass accounting statements for
species i (i=1,2, ...), Eq. 1, are second order in z and de-
pend on r only in the reaction expression, since reaction rate
is a function of the local rate of UV photon absorption by the
solid catalyst:

d’c; dc
eD,—5 —Us

e dZZ iER =09 (1)

i
— U

dz

where
€= reactor volume void fraction
D, = effective axial diffusivity (area per unit time)
¢;= concentration of species ¢ (mol per unit volume)
z= axial coordinate
Us = superficial velocity (length per unit time)
v; = stoichiometric coefficient of species i
= overall reaction rate (mol per unit volume per unit time)

The superficial velocity is the hypothetical fluid plug-flow ve-
locity that would be realized if the annular space was not
packed, and is therefore given by

Q
US_ 7Tr§(1—;<2)’ (2)

where
Q = volumetric flow rate (volume per time)
ro= reactor outer-wall radius (length)
« = ratio of UV lamp radius to reactor outer-wall radius (length per
length)

It is assumed that the bulk species concentrations at the en-
trance to the reactor are known and that there is no concen-
tration gradient at the reactor exit, yielding the following
boundary conditions at the reactor inlet and outlet, respec-
tively:

Cile—0y=c¢;, 3
dc; 0 @
dz (z:L)_ ’

where
¢;, = inlet concentration (moles per unit volume)
L =reactor length (length)

UV radiation submodel

The UV radiation balance is an extension of the two-flux
model of Maruyama and Nishimoto (1992). In the Maruyama
and Nishimoto model, a one-dimensional irradiance balance
was performed on a thin section of a parallel-plate reactor
containing a low to moderate concentration of solid particles
dispersed in a continuous transparent medium. The model
accounted for light transmission past the particles, and re-
flection and absorption of light by the particles. Transmission
through the particles was not considered.

The UV radiation submodel described in this article uti-
lizes cylindrical coordinates and includes not only the effects
of UV bypassing past the coated support particles and reflec-
tion by the catalyst film, but also partial absorption by and
transmission through the absorbing catalyst layers. We make
the following simplifying assumptions:
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Figure 2. Two-flux model for the annular-reactor config-
uration.

e UV irradiance varies only in the radial direction (the
model is 1-D).

e The total UV irradiance at a given point is the sum of
the forward and backward irradiances (two-flux model).

e The continuous phase (air) is completely UV-
transparent.

e The catalyst support is completely UV-transparent.

e The catalyst is coated uniformly on the packing.

e Catalyst support is distributed uniformly in the annular
space.

e Catalyst support shape is uniform (e.g., identical diame-
ter spheres).

o Film optical properties (reflectance R, absorbance A) are
independent of wavelength.

e Reactor walls are made of nonabsorbing, nonreflecting
material.

Figure 2 presents a physical picture of the two-flux model
“shell” balance on a differential radial length A chosen to be
equal in magnitude to the photon mean free path. The result-
ing accounting statements for the forward UV flux /, and the
backward UV flux [, are:

If’A=(1—C)-If+C-T‘1f-1~C-R-Ib’A (5)
IL=(0-C)Il,+CTI, ,+C-RI, (6)
where
I A=f9rw;ird irradiance at r + A (photons per unit area per unit
time

;= forward irradiance at r
I, ,=backward irradiance at r + A
I, = backward irradiance at r
C = projected catalyst surface area per unit cross-sectional area
T= transmittance (fraction light transmitted)
R=reflectance (fraction light reflected)

The first terms on the righthand side of the irradiance bal-
ance Egs. 5 and 6 represent the light that bypasses the sup-
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port particles, and hence the catalyst film. The second terms
represent the light that sransmits through the supported cata-
lyst film without being absorbed or reflected. The third terms
represent the light that is reflected by the catalyst coating on
the support particles.

For cylindrical symmetry, the UV flux varies with radial
distance due to the increasing area for light dispersion with
increasing distance from the light source. In terms of the
variables defined previously:

1d
Ipa=1Ip+ A= — (). %)

I I Ald(l) 16
=1+ A——(rl,).
ba e rdr i

These relationships are substituted into Egs. 5 and 6, and the
resulting equations are solved for the forward and backward
UV photon-flux radial gradients to yield the governing two-
flux model equations:

/S ) PO (CRY 1,
A\ TTeao |t
Y S BT
+X'{1—c<1-r)} b
d, 1 CR ,
?"X'{pc(l—ﬂ} !
tfca-o )1y
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Knowledge of the forward flux, /;, at the lamp surface and
the forward flux, Iy, at the reactor outer-wall surface pro-
vide the boundary conditions necessary to solve the resulting
radiation balance equations. Mathematically,

If[r=Kro=IL (11)
1f|r=r0=IW, (12)

where
I, = irradiance at the lamp surface
I, = irradiance at the reactor outer wall

One can use knowledge of the optical characteristics of the
reactor outer wall to define an alternative boundary condi-
tion. For example, if the wall is nonreflecting, then the back-
ward flux at the wall is zero and the following boundary con-
dition applies:

Ib|r=r0=0- (13)

To more readily comprehend the effect of the magnitude on
the various physical parameters of the system on the result-
ing UV flux profile, we define the dimensionless variables
O =]/, and £ =r/ry, to create the following dimensionless
version of Egs. 9 through 12:
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Ople=n =1 (16)
®fl§=l=IW/IL' (17)
Inspection of these equations reveals that the dimensionless

(or normalized) UV flux profile is determined by the magni-
tudes of the following four dimensionless groups:

,
N,== (18)
N, —c(1—r)+ﬂ-— (19)
- 1-c-T)
CR
N=iTcacn @0)
c(1-T)
PTi-ca-1) @b

The magnitudes of each of these respective groups depend
on the physical dimensions of the annular reactor and pack-
ing size and/or the physical and optical nature of the sup-
ported catalyst film. Because the mean free path A is directly
related to the size and shape of the packing, the first dimen-
sionless group, N, is a measure of the packing density. The
greater the density, the greater the value of N,, and conse-
quently all coefficients in the differential equations Eqgs. 14
and 15, leading to greater interaction between the UV light
and the solid catalyst and a more severe UV flux gradient in
the radial direction. The other three groups relate to the ex-
tent of UV light—catalyst interaction. The magnitudes de-
pend on the optical constants of the catalyst film.

The factor 1~ C (1- T) appearing in the denominators of
the dimensionless groups defined in Eqgs. 18 through 21 is the
fraction of incident light that either bypasses the catalyst or is
transmitted through the catalyst, which for purposes of brevity
we will refer to as the fraction transmitted. The forward-
interaction number, Nf, is then the sum of the fraction of
incident forward light reflected or absorbed plus the ratio of
the fraction of light double reflected over the fraction trans-
mitted. The backward-interaction number, N, is the ratio of
the fraction of incident light in the backward direction that is
either reflected or absorbed to the fraction transmitted. The
reflection number, N,, is the ratio of the incident light re-
flected to the fraction transmitted. The greater the magni-
tude of these three groups, the greater the UV light—catalyst
interaction, and hence the greater the UV flux gradient. The
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greater the reflection number, the greater the contribution of
the backward flux to the overall flux profile, and the greater
the backward-reflection loss.

Constitutive relationships

Constitutive relations are needed to complete the model.
A reaction-rate expression valid over the entire range of local
conditions (reactant and product concentrations, UV flux) is
crucial to accurate reactor-model predictions. In this work we
adopt the following semiempirical Langmuir—Hinshelwood—
Hougen—Watson (LHHW) kinetic rate form for the rate of
reaction per gram of catalyst suggested by researchers at
NREL (Turchi, 1995).

KvocCvoc
*+ KyocCvoc + K Cw

where
LVREA = local volumetric rate of energy absorption (mole photons
per unit time per unit volume)
® o= mole VOC converted per mole photons absorbed
Ko = equilibrium adsorption constant for the VOC (volume per
mol)
Cyoc = VOC concentration (mol VOC per unit volume)
Ky = equilibrium adsorption constant for water vapor (volume
per mol)
C,, = water vapor concentration (mol water vapor per unit vol-
ume)

The first term in parentheses lumps the complex photo-
catalytic initiation steps together. The LVREA is determined
from a local UV intensity balance using the solution of the
two-flux submodel. The second term in brackets represents
the fraction of the catalyst surface sites that are covered by
adsorbed VOC. The K,;C;; term in the denominator ac-
counts for the typically observed inhibition of the photocat-
alytic oxidation rate by the presence of significant water va-
por (RH above 50%) (Dibble and Raupp, 1990; Peral and
Ollis, 1992; Junio and Raupp, 1993).

Quantitative rate parameters for photocatalytic destruction
of acetone at room temperature were extracted from the in-
trinsic kinetic data of Junio and Raupp (1993). Parameters
for isopropyl alcohol (IPA) were similarly extracted from in-
house data to be published (Ameen et al., 1997). The kinetics
submodel employed provides a good fit to the data over a
range of VOC concentrations from 10 to 200 ppm,, a rea-
sonable fit for RH from 10% to 90%, and a good fit for UV
intensities below one UV sun.

The catalyst absorbance 4 and reflectance R were esti-
mated assuming uniform catalyst coating thickness and no
dependence on incidence angle. Optical constant data for
dense titania obtained from the literature (Tang et al,
1994a,b) are not consistent with the optical characteristics of
the porous thin films employed in this study. Specifically, the
absorption coefficient literature value of 28,900 cm~! for
anatase thin films is significantly higher than that exhibited
by the porous films (Varghese, 1996). We therefore measured
transmittance values for the porous films, and used a re-
flectance value derived from the literature to estimate ab-
sorption. To estimate reflectance, the values we employed for
the real part of the complex refractive index and the extinc-
tion coefficient were 2.5 and 0.0828, respectively (Williams,
1982). The resulting calculated reflectance value of about 18%
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is slightly lower than measured values reported in the litera-
ture, which fall in the range of 20-25% (Tang et al., 1994a,b;
Williams, 1982).

Numerical solution of the model equations

The species mass balances can be classified as simultane-
ous nonlinear ordinary differential equations second order in
z and coupled by the reaction rate expression. A central fi-
nite difference method using a second-order approximating
polynomial was coupled with a globally convergent form of
the Newton-Raphson method to solve these equations. The
radiation balance equations are also nonlinear ordinary dif-
ferential equations, but are first-order in r, and are coupled
by the forward- and backward-radiation fluxes. A fourth-order
Runge-Kutta variable-step-size method was employed to solve
these equations.

Experimental Studies

Acetone and IPA conversion data were collected using a
bench-scale PCO system, shown in Figure 3. Feed composi-
tion and total flow rate can be independently selected by ap-
propriately setting individual flow rates of reactants (organic
in N,, UHP N,, and air or 1% O, in N,) from pressurized
gas cylinders using mass flow controllers (Tylan). Water va-
por is added to the feed flow by passing a separate nitrogen
flow through a saturator; the degree of saturation is deter-
mined by the contact time and the temperature in the satura-
tor. After mixing, the gases are fed to the photoreactor. All
reactant lines are heated to a temperature above the source
cylinders’ and saturator’s temperatures to ensure that no con-
densation takes place within the gas-transport system. The
annular photoreactor incorporates a 1.5-in. OD (38-mm-OD)
20-W UV Black Lamp in a 2.25-in. ID (57-mm-ID) glass tube.
The annular space is packed with titania-coated quartz beads
of 1-mm nominal diameter; bed length is 90 cm. The titania
films were prepared with either a washcoat method employ-
ing Degussa P25 in a slurry of IPA, or using a modified sol-gel
technique employing titanium isopropoxide (Varghese, 1996).
In general, thinner, more uniform and better adhering coat-
ings could be achieved with the sol-gel technique. Ultraviolet
light fluxes at the lamp and at the reactor outer wall in the
range of 300~400-nm wavelength were measured with a Mi-
nolta integrating photometer.

The system incorporates three in-line sensors (Sens1, Sens2
and Sens3) and three discrete sampling locations (Sam1, Sam2
and Sam3). Sam1 and Sam2 are automatic multiple-port GC
sampling valves (Valco) that send a well-defined volume of
gas to one of two columns in the GC for VOC and carbon
dioxide analysis, respectively. The third sampling location
(Sam3) allows gas samples to be withdrawn for off-line analy-
sis. Sensl is an in-line relative humidity sensor (Vaisala).
Sens2 and Sens3 are in-line electrochemical sensors for HCI
and CO measurement, respectively. The feed gases may be
analyzed with the sensors and sampling location on the outlet
line by bypassing the reactor. Flow-, temperature-, and pres-
sure-measuring devices are also included as indicated in the
figure. All measurements are recorded using automatic data
acquisition driven by an HP 486 processor-based PC.

The Varian model 3700 gas chromatograph is fitted with
both a 6-ft column of 10% SP-2100 on 80/100 Supelcoport
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Figure 3. Bench-scale PCO system employed for reactor performance evaluation.

and a 6-ft column of 0.1% SP-1000 on 80/100 Carbopack C
equipped with a flame ionization detector (FID). The FID
can be used to quantify VOC concentrations from approxi-
mately 1 to 10,000 ppm,. Carbon dioxide analysis is per-
formed with an isothermal mole sieve column and an exter-
nal methanizer/FID unit (Valco).

Results and Discussion

Figure 4 illustrates the nature of the predictions of the
two-flux UV irradiation submodel for 1-mm-diameter spheri-
cal catalyst beads coated with a 0.1-um average thickness sol-
gel titania layer. Shown are the dimensionless forward, back-
ward, and total UV flux profiles for the reactor dimensions
described earlier. The photon mean free path A was adjusted
to a value of 0.62 mm (62% of the particle diameter) so that
the predicted UV flux at the wall (£ = 1.0) matched the aver-
age of the measured flux values. This mean free-path value
was found to provide a good fit to the wall UV flux values
measured for a 2.5-um wash-coat titania film as well. For the
present case where the film is relatively thin, the absorbance
is low and significant light transmits all the way through the
bed. The gradient is moderate, with the UV flux dropping to
about half the source value at half the radial distance through
the bed. Recall that a substantial portion of the predicted
UV intensity drop is due to a simple geometric 1/r factor
from the annular configuration.

Figure 5 plots the two-flux submodel-predicted dimension-
less UV flux profiles for different titania film thicknesses on
1-mm-diameter spheres. The behavior predicted by the two-
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flux model mirrors the behavior of the optical properties (A,
R, and T) of titania thin films, which vary markedly as film
thickness is increased from 0.10 um to about 5.0 um. Above
this latter thickness the constants change quite gradually with
increasing film thickness as asymptotic absorbance values are
realized. The two-flux model likewise shows asymptotic be-
havior in this range of film thickness. For the subject packing
configuration, the maximum total light absorption fraction is

1.2

1.0

0.8 4

0.6 -

0.4 _

0.2 ]

Irradiance (dimensionless)

0.0
0.75

Radius : (dimensionless)

Figure 4. Two-flux model predictions: dimensionless
forward, backward, and total UV flux vs. di-
mensionless annular reactor radial distance
for 1-mm-diameter packing coated with a
0.1- um sol-gel-derived titania film.
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Figure 5. Total UV flux profiles vs. dimensionless annu-
lar-reactor radial distance for 1-mm-diameter
packing and various titania film thicknesses.

about 0.95, with the maximum occurring at the highest film
thickness. For this case, most of the light not absorbed is lost
through reflection by catalyst film near the lamp.

The pseudohomogeneous reactor model with the two-flux
UV irradiance submodel was used to simulate PCO reactor
performance for destruction of 100-ppm, acetone in humid
air. Figure 6 compares model-predicted acetone conversion
to experimental data for a range of reactor residence times.
In this example, the catalyst film thickness was 2.5 um. Resi-
dence times were estimated from knowledge of the total vol-
umetric flow rate, reactor-bed volume, and void fraction. To
obtain a good quantitative agreement between model and ex-
periment, the kinetic parameter ®yoc was adjusted by ap-
proximately 50% from the independently determined value
(Junio and Raupp, 1993) so that the conversion at a single
data point (0.9 s residence time) matched exactly. This ad-
justed value was then used in subsequent simulations for the
other residence times. With this approach, reasonable agree-
ment between model predictions and experimentally deter-
mined acetone conversion is realized. The magnitude of the
parameter adjustment necessary to obtain a good quantita-
tive fit to the data is a consequence of the manner in which
the independent kinetics were determined. Specifically, ki-

1.00
0.90 L
0.80 |
070 4

cﬂ I Cao

0.60 + 5 Experiment

[ e ;
0.50 J L=Modt

0.40 A IL 1 : L
0 1 2 3
Residence Time (s)
Figure 6. Normalized acetone concentration vs. resi-
dence time in an annular packed-bed photo-
catalytic reactor.
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netic data were collected using a powder-bed reactor (Dibble
and Raupp, 1990), in which it was assumed that all light inci-
dent on the titania powder was absorbed in the top 15 pm of
the bed. The fact that UV reflection was neglected, coupled
with the uncertainty in the effective absorption factor for the
bed, readily explains the implied uncertainty level in the
magnitude of the kinetic parameter.

Even for residence times as high as 2 s, acetone conversion
is less than 50%. This limitation reflects both the moderate
intrinsic rate of photocatalytic acetone destruction, as well as
a suboptimal reactor configuration. This latter issue is ex-
plored in greater detail below.

To coliect the data summarized in Figure 6, the total con-
taminated air flow rate was systematically varied with the cat-
alyst bed-length fixed. For these data, the flow characteristics
as quantified by the Reynolds number are not constant from
data point to data point. Of immediate concern is the poten-
tial for gas—solid diffusional mass-transport limitations, as the
superficial velocity drops to low values to achieve high resi-
dence times. To test the hypothesis that the data were col-
lected in the kinetic control operating regime, the global ace-
tone conversion rate was plotted vs. the square root of the
superficial velocity over the diameter of the spherical pack-
ing, (u/d p)lﬂ, as shown in Figure 7. For kinetically controlled
data, the global rate is independent of this quantity (Froment
and Bischoff, 1990), since the external mass-transfer coeffi-
cient is proportional to (u/dp)w. The plot reveals that data
collected for residence times below around 1.5 s is indeed in
the kinetic control regime, although data collected at higher
residence times is susceptible to mass-transport limitations.
This finding highlights a key concern in practical packed-bed
photocatalytic reactor design, since many target VOCs con-
vert at significantly higher intrinsic rates than acetone.

To provide a more rigorous test of the pseudohomoge-
neous PCO reactor model, the model was used to describe
IPA photocatalytic destruction behavior. In IPA conversion,
acetone is produced as an undesirable airborne byproduct.
Figure 8 compares model predictions to experimental
bench-scale data in which the reactor was packed with
1-mm-diameter glass beads and the mean titania film
thickness was 2.5 um. To obtain a good quantitative agree-
ment between model and experiment, the kinetic parameter

0.05
@ 0.04 .
E
Surface reaction
‘3’ 0.03 limited
©
¢ 0.02
®
'8 0.01 Mass transport
o limited
0 4 r ' . : . -
0 2 4 6 8 10 12

(u ldp)ﬂj

Figure 7. Global acetone conversion rate vs. the square
root of the particle diameter over the super-
ficial velocity showing gas-solid diffusional
mass-transport-limited and surface-reaction-
limited regimes.
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Figure 8. Normalized IPA and acetone concentration vs.
residence time in an annular packed-bed pho-
tocatalytic reactor.

0@y oc for IPA was adjusted by approximately 30% from the
independently determined value (Ameen et al., 1996), so that
the IPA conversion at a single data point (1.0-s residence
time) matched exactly. Using this approach, the model cap-
tures the key experimental features, including the maximum
in acetone concentration, reasonably well. The data are char-
acteristic of a consecutive reaction sequence where the rate
of destruction of the intermediate is approximately 3—4 times
slower than destruction of the parent compound. Because of
the disparity in reaction rates, significant acetone destruction
to the final carbon dioxide and water-vapor products occurs
only after nearly all the IPA is converted.

The validated model can be used with the experimentally
extracted parameters to virtually optimize the reactor design
through process simulation. Lamp diameters are fixed at dis-
crete values (e.g., 1.5 in. diameter) by the commercial manu-
facturers. The designer is free to choose the outer reactor-wall
diameter (within available standard sizes), as well as the
packing material, shape, and size and the photocatalyst mean
film thickness. Consider the situation in which reactor wall
diameter and packing shape have been chosen, as they have
been in this work; variables to be optimized to maximize VOC
conversion are then the packing size and photocatalyst film
thickness.

Figure 9 illustrates simulations of the acetone conversion
vs. titania film thickness for three different packing diame-
ters at a fixed residence time of 1 s. In each case a maximum
in conversion is observed, with the location of the maximum
strongly dependent on the size of the packing. For the
1-mm-diameter spheres employed in the experiments, the
model predicts that the optimum titania film thickness is ca.
0.9 pm. In contrast, the optimum film thickness for 0.5-mm-
diameter spheres occurs at 0.1 um, and the optimum for
2-mm spheres is at approximately 4 pm. The optimum for
the 2-mm spheres is quite broad, with film thicknesses from 2
pm to 10 uwm, exhibiting nearly equal conversions.

The behavior displayed in Figure 9 can be understood with
the aid of Figure 10, which plots the model-predicted LVREA
vs. film thickness for the three different packing diameters.
Figure 10a shows the profiles for 1-mm-diameter spheres. At
low film thickness, the LVREA is reasonably uniform. Con-
versely, at high film thickness where the film absorbance is
high, the LVREA gradient is severe. At the inner region of
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Figure 9. Acetone fractional conversion vs. film thick-
ness for packing diameters of 1, 0.5, and 2
mm; gas residence time fixed at 1 s.

the annular space the absorbed energy is unnecessarily high,
while at the outer region there is almost no light energy ab-
sorption. Examination of the details of the reactor model
predictions suggests that the performance limitation alluded
to earlier is directly related to the reactor configuration. For
thick catalyst films, the severe LVREA gradient leads to the
buildup of significant radial VOC concentration gradients
down the length of the reactor. At the lamp, where the
LVREA is high, VOC conversion is likewise high, achieving
100% well before the reactor outlet. Near the reactor wall,
however, the LVREA is low since most of the original light
emitted from the lamp is absorbed by catalyst in the annular
space. This low level of UV energy leads to low reaction rates
near the outer wall, and hence low VOC conversion. The
bulk concentration at the outlet is the radially averaged con-
centration, yielding an overall moderate conversion.

For 0.5-mm-diameter beads, shown in Figure 10b, the
LVREA gradients are even more severe for a given catalyst
thickness. From the viewpoint of the two-flux submodel, the
packing number N, is larger, yielding larger coefficients in
the two-flux differential equations, and hence larger UV in-
tensity gradients. Physically, the smaller diameter reduces the
photon mean free path, yielding greater possibility for UV
photon—catalyst interaction. Hence the optimum catalyst
thickness occurs at a significantly lower value than that for
the 1-mm-diameter packing. Films thicker than about 1 um
lead to poor utilization of the reactor volume, with a signifi-
cant fraction of the reactor near the outer wall operating un-
der dark conditions.

If a sufficiently large-size packing is chosen relative to the
annular dimensions, then the optimum catalyst thickness is
fairly high, corresponding to absorbance greater than 90%.
Figure 10c plots the LVREA for such a situation. Here the
packing diameter is 2 mm. Because of the limited opportu-
nity for photon—catalyst interaction, even the thickest films
yield an LVREA profile that utilizes the reactor volume rea-
sonably well. For no film thickness level does the LVREA
drop to negligibly small values, as they do in the previous
cases for smaller packing sizes.

The example described earlier for acetone destruction dealt
with conversion levels well below unity. In Figure 11, IPA
conversion is plotted vs. film thickness for three packing sizes
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Figure 10. Local volumetric rate of energy absorption
(LVREA) vs. dimensionless annular reactor
radial distance for various titania film thick-
nesses.

(a) 1-mm-diameter packing; (b) 1-mm-diameter packing;
and (c) 2-mm-diameter packing.

and otherwise fixed conditions that were chosen to yield high
conversions. The simulations reveal that conversion can be
improved from the 90% value realized for 1-mm-diameter
spheres and a 2.5-um film by reducing the film thickness. For
films less than about 1 um, greater than 99% conversion of
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Figure 11. IPA fractional conversion vs. film thickness
for packing diameters of 1, 0.5, and 2 mm.
Gas residence time fixed at 1 s.

IPA is predicted. For smaller diameter spheres, the film must
be reduced to lower thicknesses, whereas larger diameter
spheres allow thicker films to be employed. For example, 0.5-
mm-diameter spheres require films thinner than about 0.25
pm, and 2-mm-diameter spheres allows films up to 10 um to
be employed to achieve 99% IPA destruction.

As a final note, recall that the reaction-rate expression em-
ployed in this modeling effort assumed a first-order depen-
dence on LVREA. There exists some evidence that, at high
UV intensity and hence high LVREA levels, the dependence
is better represented by a shifting order, with a limiting half-
order dependence at the highest levels. This half-order value
is indicative of a photoexcitation—recombination pseudoequi-
librium in which relatively few electron-hole pairs participate
in PCO reactions, but instead tend to recombine. Such a
functionality would tend to further penalize the reactor con-
figurations with high LVREA gradients and shift the film
thickness maxima displayed in Figures 9 and 11. This factor
highlights the need for valid constitutive relationships in this,
as well as any other, quantitative modeling efforts.

Conclusions

A pseudohomogeneous model with a two-flux irradiance
submodel was developed to simulate photocatalytic oxidation
of dilute VOCs in air in an annular packed-bed reactor. In
dimensionless form the two-flux model shows that four di-
mensionless groups control the magnitude of the UV irradi-
ance profile and the integrated UV absorption in the packed
bed. These parameters are directly related to reactor and
packing dimensions, catalyst coating thickness, and optical
constants. A reasonable agreement was found between
model-predicted light flux at the outer reactor wall and ex-
perimental values without adjusting any submodel parame-
ters.

The pseudohomogeneous reactor model predictions for
acetone conversion agreed well with experimental measure-
ments using a laboratory-scale packed-bed reactor and
bench-scale flow and gas analysis system. The model details
suggest that the presence of significant radial gradients in UV
LVREA leads to significant reaction rate and concentration
gradients, which ultimately limit reactor performance.
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Based on these promising simulations, we are currently
pursuing further model testing and validation work. Once fully
validated, this descriptive model can then be used to fully
explore the design parameter space to determine the optimal
reactor mechanical design and catalyst distribution configura-
tion. Ultimately this work should identify preferred reactor
configurations and provide necessary engineering scale-up
data for full-scale operation. This information can be used by
process development and design engineers to design a full-
scale commercial unit and to fully evaluate the economic via-
bility of PCO for practical point-of-use VOC abatement.
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