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Abstract

Heterogeneous photocatalysts, in the form of particles immobilized in permeable membranes or in layers covering supports, are under
development for production of ultrapure water for use in semiconductor fabrication and other applications. Concentration and light
intensity gradients present within a photocatalyst layer will cause local reaction rates to vary within the layer, complicating determination
of intrinsic kinetics. Analytical solutions are obtained here for arbitrary networks of two or more species that undergo first-order reactions in
photocatalyst layers. First-order or pseudo-first-order behavior should be obtained at the very low contaminant concentrations encountered
in water ultrapurification. Experimental data can be analyzed using the solutions to obtain estimates of intrinsic rate coefficients for two
flow configurations: (1) water and reactants flow through a photocatalyst layer, (2) water flows past one face of a photocatalyst layer into
which reactants diffuse, with the other face sealed. A set of experimental data in the literature is analyzed and an estimate of the intrinsic
reaction rate coefficient is obtained. The analytical solutions show that, when reactants flow through a photocatalyst layer, the same outlet
composition is obtained for the same total incident light intensity, regardless of how the incident intensity is distributed between the two
faces of the layer. When reactants diffuse into a photocatalyst layer, greater conversion can be obtained for light incident on the face over
which water flows than for light incident on the sealed face. Greater conversion is obtained for reactant flow through a photocatalyst layer
than for reactant diffusion into the layer.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction [7-10]. Use of immobilized photocatalyst layers is impera-
tive in the removal of trace contaminants by heterogeneous
Heterogeneous photocatalysts are solid semiconductorsphotocatalysis to produce ultrapure water for the semicon-
that absorb light to produce energetic electron—hole pairs ductor fabrication industry11].
that participate in catalyzing reactions at the solid surface. ~The rates of reactions carried out in a photocatalyst layer
lons or radicals produced may initiate other reactions in the will vary with position within the layer because of light
surrounding vapor or liquifiL]. A variety of materials have  intensity gradients caused by light absorption and because

been studied, including Ti®) CdS, MoQ, NaTaQ and sen- of concentration gradients caused by conversion or diffusion
sitized organic polymers. Reactions catalyzed include waterresistance. Unless these gradients are taken into account,
dissociation to H and @, NO and CQ reduction, and oxi- rate coefficient values determined will be averages that have

dation of organic$1—4]. A major application is destruction limited use. The purpose of this work is to provide models

of organic pollutants in air and water by Tidased cata- that take these gradients into account and that can be used

lysts [4-6]. In most studies of water purification, aqueous for design and for determination of intrinsic rate coefficient

suspensions of the solid catalyst particles are used and hyvalues.

drogen peroxide and ozone may be added as oxygen sources The photocatalytic oxidation of organic molecules can oc-

[7]. Photocatalysts immobilized as a layer over a solid sur- cur through a sequential pathway involving the production

face or within a porous or permeable support layer have of one or more intermediate specii2—-14} At relatively

the advantage of automatic separation of catalyst and waterhigh concentrations, rates on heterogeneous photocatalysts

may have a Langmuir—Hinshelwood dependence on concen-

* Tel.: +1-858-534-6540; fax:+1-858-534-4543. tration with an apparent adsorption constant in the denomi-

E-mail address: herz@reactorlab.net (R.K. Herz). nator of the rate expressipi4,15] Langmuir—Hinshelwood
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Nomenclature

A geometric area of face of photocatalytic
layer (nf)

c concentration (mol md)

Deft effective diffusivity (m?s—1)

f arguments of Bessel functions
(dimensionless)

lo incident light intensity (Ix)

lo/1 modified (hyperbolic) Bessel functions

k reaction rate coefficient (X s1)

k' =klg reaction rate coefficient ()

K rate coefficient matrix (dimensionless)

Ko,1 modified (hyperbolic) Bessel functions

I distance into photocatalytic layer (m)

L thickness of photocatalytic layer (m)

m number of measurements

n number of species

Q flow rate through photocatalytic reaction
cell (m*s™1)

r reaction rate per unit volume catalyst
(molsIm=3)

\Y volume of fluid in system ()

X dimensionless position in layet [/ L

X eigenvector matrix (dimensionless)

y real-species mole fraction

Y matrix of experimental mole-fraction
measurements

z eigenspecies concentration
(dimensionless)

Greek letters

o dimensionless light absorption
coefficient= o' L

o light absorption coefficient for specific
photocatalyst (m?)

Y fraction of total light intensity incident
on inlet face in case 1

3 fractional conversion across reaction cell

n; effectiveness factor in diffusion cases 2
and 3 (dimensionless)

A eigenvalue in convection case 1
(dimensionless)

A2 eigenvalue in diffusion cases 2 and 3
(dimensionless)

A eigenvalue matrix in convection case 1
(diagonal, dimensionless)

T superficial residence time of fluid flowing
through layer= AL/ Q (s)

[¢2] non-diagonal matrix of? (dimensionless)

23] eigenvalue matrix in diffusion cases 2 and
(diagonal, dimensionless)

¢? dimensionless rate coefficient in diffusion
cases 2 and 3

w; ratio of z(x) to inlet value ofz (case 1);
ratio of inlet value ofz to z inside reactor
over external face of photocatalyst (case 2)
Q diagonal matrix ofw; (dimensionless)

kinetics approach first-order kinetics at low concentrations
[16], such as levels present in water ultrapurification. For
example, the apparent adsorption constants reported by Ri-
vas et al.[13] for a series ofn-alkanoic acids, show that
reaction rates for these acids approach first-order behavior
at concentrations below 10 ppm.

Fig. 1is a schematic of a system that could be used for
ultrapurification of water. In the top half d¢fig. 1, water is
pumped from a well-mixed reservoir through a porous pho-
tocatalytic membrane and then is returned to the reservoir.
The bottom half of the figure shows alternative configura-
tions discussed below. The pointdHig. 2are concentrations
of species in the reservoir during a computer-simulated ex-
periment. Input rate coefficient values are listedable 1
The physical dimensions and time scale of the computer
simulation are characteristic of laboratory studies reported
in the literature. Reactant A is sequentially converted to
intermediate B, which is then converted to final product
C, which may represent carbon dioxide and water. Con-
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Fig. 1. Top: schematic diagram of system for ultrapurification of water
with water flowing through a photocatalytic membrane and light incident
on the inlet face of the membrane (caseyl= 1). A cross-section of

the disk-shaped reaction cell is shown on the right, with the cylindrical
axis of the cell oriented vertically. The reaction cell consists of, from
top to bottom, a transparent window, the inlet water space, photocatalytic
membrane (shaded), the outlet water space, and the bottom enclosure of
the cell. Bottom: water flow and photocatalyst configurations for cases 2
and 3 in which water flows over the external face of the photocatalyst
layer and reactants diffuse into the layer. In case 3, the bottom enclosure
of the cell is a transparent window.
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Fig. 2. Three-species example. Points: mole fraction data pgindbtained in a computer-simulated experiment in the systemigfl, case 1. Points
were computed by numerical integration Bfjs. (3)—(5)using the inputk in Table 1 A =50 x 103m?, L =50x 10°m, 0 = 1 x 10 8m3/s,
V =1x10°3m?, o = 1, y = 1, with random error added to thg andyg (normal distribution with standard deviatien 5% of reading), angc obtained
such thatZy; = 1. Lines: predictions computed using the estimdteth Table 1 which were obtained by analyzing the mole fraction data points.

centrations of any added oxygen or ozone would be held ear or nonlinear. An alternate solution strategy is used
constant. here to solve linear networks. The strategy is to apply
Fig. 3 shows the light intensity and mole fraction varia- a transformation to the system such that species in the
tions across the photocatalyst layer at the start of the run,transformed system are uncoupled and react indepen-
computed using the solutions obtained below. Because ofdently. With such a simplified system, analytical solutions
the variation in reactant concentration and light intensity in may be obtained for the transformed species. Then the
the photocatalyst layer, the local rate varies with position. reverse-transformation can be applied to get the concen-
An analysis which ignores these gradients in the catalyst
will underestimate rate coefficient values. Chen efHr]
performed experiments which demonstrate the influence of
external and internal transport resistances over photocatalysto.s
layers. 0sl 7
The method of analysis described here allows determina-
tion of intrinsic rate coefficients for an arbitrary network of 07
two or more species which undergo reactions with first-order |
or pseudo-first-order kinetics. Each pair of species in the

T
I

T
1

. 1
network may be connected by reactions. 05r 1
Numerical integration of coupled differential equations | i

can be used to solve reaction networks, whether lin- rate(x)

03r rate(0) ]

02+
Table 1 1
Reaction rate coefficients! (s™1) = klg 01k i
Inputs toFig. 2 points, Estimates from analysis, 0 . | ) ) . ) B ) )
components oK components 0K exp| 0 01 02 03 04 05 06 07 08 09 1
Kpg = 1.0 Kpg = 1.1 X
ke = 1.0 ke = 1.0 _ - . . L .
Ko = 0.00 Ko, = 0.05 Fig. 3. Variation of mole fraction of species Ap, light intensity, I,

and relative reaction rate within the photocatalytic layeiF@f. 1 at the

keg = 0.00 keg = 0.06 ; ; - i

k- = 0.00 K —001 start of the computer-simulated experiment showrfiig. 2 This figure

k',“c — 0.00 kﬁc — 004 demonstrates the importance of taking light and concentration gradients
cA =" ca ="

into account when analyzing data to obtain intrinsic rate coefficients.
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trations of the real species. This strategy was introduced coefficient matrix, which is formed by the rate coefficients
into chemical kinetics by Wei and Prat§t8], who also each multiplied by the total incident light intensity and by
discussed conditions under which surface-catalyzed re-the superficial residence time of water in the layerf-or a
actions can be modeled with pseudo-first-order kinetics. system with three species:

Wei [19] discussed application of the approach to reac-
tion in heterogeneous, non-photocatalytic catalysts with
diffusion resistance. Clemeifi20] applied the strategy to
models of groundwater contaminant plumes. The method
can also be used to estimate values of unknown rate co-
efficients from experimental measurements, as shown by

—kca
—kcs
(kca + kcB)

—kga
(kea + kBC)
—ksc

(kaB + kac)
K = Ipt —kpB

—kac

(4)

Wei and Pratef18]. Gavalag[21] and Herz and Hegedus
[22] showed how to do this with efficient experimental pro-
cedures.

= ©)

Three cases are considered. In each, the photocatalyst is #hereAis the geometric area of the layer fates the thick-
permeable plane slab with light and concentration gradientsness of the layer, anQ is the volumetric flow rate of water
in the direction normal to the face of the slab, e.g., a disk through the layer. Dispersion of species in the direction of

with a sealed circumference, or a film coating a surface.

2. Case 1—water flows through layer

For a layer that is illuminated on the face through which
water enters, the rate of formation of spedi@s reaction;
at dimensionless positioxis:

(1)

where 0< x < 1, k;; is the rate coefficienty is the dimen-
sionless light absorption coefficient, asdis the concen-
tration of species. This rate, which is per unit volume of

rij = kijlo€ *¢;

flow was found to be significant in air purification applica-
tions[23]. Although dispersion can be accommodated by the
method[20], it was assumed negligible because diffusion
coefficients in water are much smaller than in air, whereas
other values which characterize the ratio of convective to
diffusive transport are similar in air and water applications.
Below, lowercase bold letters are column vectors and upper-
case bold letters are matrices.
The eigenvector matriX and diagonal eigenvalue matrix

A of K are given by:
KX = XA (6)

The inverse ofX transforms the real-species into the

catalyst layer, can also be expressed per unit mass of cataso-called characteristic speci¢hg] or eigenspecie$2?]
lyst by dividing by catalyst layer density. The solution be- Wwhose individual concentrations azg which are elements
low remains valid when an additional intensity exponent, as Of vectorz:

used by Ollig23], modifies the illumination intensithy and
the exponential term. Rivas et §.3] concluded there was
negligible effect of variation in illumination wavelength in
their photocatalytic membranes. In cases 1-3 belgvis

the illumination intensity at the photocatalyst layer surface,

after correction for light absorption by reactor windows and
water outside the layer.

When the illumination intensity is distributed between the
inlet and outlet faces, witlr equal to the fraction incident

on the inlet face, the rate is:
rij = kijlo(y € + (1 — y) e @) 2

This case is illustrated blyigs. 1-3 wherey = 1.

The system of dimensionless conservation equations de-

scribing flow and reaction in the photocatalyst layer is:

dy

+K@ye ™ +1-pe =y =o,
dx

y(0) = Yo
3)

wherey is the vector of real-species mole fractions,=
¢i/co, and wherecg can be chosen as either the total molar

Xfl

(7)

Since A is diagonal, the eigenspecies flow and react inde-
pendently of each other:

y==2

d
§+AW€”+ﬂ—w€m”W=Q 2(0) = 29
X

(8)

The solution for each aofi species is:

exp((hi/a)(y e — (1 — y) e @d-2)y)
expl(Ai/a)(y — (L —y)e %))
i=12,...,n

Zi = Zi0 = 2,00

©)

where the\; are the diagonal elements &f Asa approaches
zero, the solution approaches that for reaction in a plug-flow

reactor in the absence of illumination or at constant illumi-
nation. The solution for an eigenspecies also applies to a

single real-species reacting irreversibly to a single product
species, where = ¢ andi = klgr.

At x = 1, z and, thusy are invariant withy. That is, for

concentration of the solution or the total molar concentration constant total illumination intensity, the outlet composition

of only the reacting specieX is the dimensionless rate

is invariant with changes in the distribution of the intensity
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Fig. 4. Reactant concentration profiles across a photocatalyst layer through which water flows (case 1) for the parametet watads The direction
of water flow is from left to right with increasing dimensionless positionConcentration curves for three different valuesyofire shown, wheres

is the fraction of total illumination intensity impinging on the water inlet face of the layer and where the total illumination intensity is carstdint f
three cases. The outlet concentration is invariant witfThe lower curve is the local light intensity for the caseyof 0.5. For the other two cases,
the local intensity falls off exponentially, from a value of 1 to a value of almost 0, from left to right ferl and from right to left fory = 0.

between the inlet and outlet facdsg. 4 shows concentra-  first five points in the time series to make the first group,
tion profiles across a photocatalyst layer which illustrate this then dropping the first point and adding the sixth point in
invariance with light distribution. The dimensionless con- the series to form the second group, and so forth, producing
centrations shown are that of a single eigenspecies, or of am groups from { + 4) points. The choice of number of
single real-species that reacts irreversibly to a single productpoints per group in numerical differentiation is dependent
species. In the later case, valuesrpé, andlg can be used  on signal-to-noise level and other factors. Each group of
with the measured concentration change across the layer andive points was fit to a quadratic polynomial and the slope
Eq. (9) to determine the value of the single intrinsic rate dy;o/dt of the polynomial was evaluated at the mid-point

coefficientk. time in the group. Then pairs of composition vectors that
For a system with three species result from using this numerical differentiation procedure
w 0 0 andEq. (12)form then x m matricesY; andYg:
z=| 0 w; 0 |zg=Rz (10) [yir iz - Y |=X@X'[yor Yoz -+ Yom]
0 0 w3 (13)
The reverse-transformation gives the mole fractions of the y, _ XXy, (14)

real-species at locatianin the photocatalyst layer: ] N
When the number of pairs of composition vectors equals the

-1
y = X@X""yo (11) number of species, the x m = n x n matrix Yo can be

Thus, with known rate coefficients and other system param- inverted to obtain:

eters, outlet mole fractions can be obtained given inlet mole [YlYal]Xexm = Xexpl®expl, m =n (15)
fractions. Usually, however, the first objective will be to de-
termine rate coefficients values from experimental measure-
ments. The method of Herz and HegedBg] is used to
analyze the points ifig. 2

For the points irFig. 2, the composition at the photocat-
alyst inletygp is equal to the composition measured in the
reservoir. The composition at the photocatalyst outieat
each timet is determined from material balances:
yilz)’iO‘f‘(g)%, i=12,...,n (12)

which is the set of normal equatioft] for the least-squares

To analyze the points ifrig. 2 and obtain the derivatives  approximation ofI(SZX_l]eXm. Then x n matrix [Yng]
dyio/dt, groups of five points were formed by selecting the can be inverted, thuexp and&2exp can be determined by

The eigenvector matriXexp| is an estimate of the eigenvec-
tor matrix X of the original rate coefficient matrix, and the
eigenvalue matriX2exp contains estimates of the eigenval-
ues. In order to get better estimates of rate coefficients, a
greater number of measurements should be made, resulting
in an over-determined system. Multiplying both sides from
the right byY ] gives:

[Y1YJ] = [X@X YHexplYoY], m >n (16)
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solving the eigenvalue problem: 3. Case 2—diffusion into layer, light on external face

Y1Y YooYl UXexol = Xexol@exol, M > 1 17
I ol ol "WXexp epree a7 In cases 2 and 3, the external face of the photocatalyst

Finally, with o determined in separate measuremeftspi layer is exposed to a well-mixed cell through which water

can be determined frorexpl and the estimate of the rate  flows. The other face of the layer is sealed or otherwise im-
coefficient matrix obtained: permeable, except in the case of mineralization of contam-
inants, where this face may be permeable to,C&pecies

a(—=Inw;)
b= 1—ew 7 Ly=1 (18) diffuse into the layer and react.
Fig. 5 shows concentration profiles of a reactant within
Kexpl = Xexp|AX;X1p| (19) a photocatalyst layer for light incident on the external face
Eigenvalues and eigenvectors can be obtained convenientlfxposed to flowing water (case 2) and light |nC|de.nt on the
using mathematical software such smrtrLaB [25] and se_aled face_ of the layer (case 3), as comp uted with the so-
lutions obtained below for example conditions.

Mathematicg26]. Since the eigenvalue of the eigenspecies

that corresponds to the equilibrium composition of the As C;hen et gl.[l?] demonstrated, external mass trans-
real-species mixture has a value of zero, zeroing the smaII-fer resistance in the ﬂu'(.j boundary quer over the photo-
estA; estimate improves estimateskf For a given system, catalyst can affect .rejactlon rat'eg. This external resistance
estimated values will vary with degree of error, number of can pe madg negligible by stirring or pumping water at
composition measurements, and specific values obtaineosum_c_'ent_Iy high rates over the layer such that the_ com-
by the measurements. For the same input values, numbefPOSton in the bU|k_ water approaches Fhe comppsmon at
of data points, and level of simulated error, repeating the the water—c;gtalys_t mterface. The solutions obtained here
data point generation and analysis in this example givesfor comp03|t_|on. W'thm a photocatalyst layer apply regard-
rate coefficient estimates withih10% of the input values. less of the S'gﬁ'f"."?‘”ce of external tr.ansport resistance. The
At relatively high error level and low number of measure- presence of significant ex_ternal re3|stance_ does have to be
ments, the eigenvalues and vectors may not be obtainable,COnSICIereOI Whef‘ calculfatlng oy_erall reaction rates. E_xt_er-
and iterative optimization of the real-species model would - trgnsport re5|_stanf:e IS spemﬂgd to have made qegllg|ble
here in order to simplify the equations and explanations be-

be required to estimate intrinsic rate coefficients. ; . .

Table 1compares the input rate coefficients Knwith low, althqugh extt_erngl resistance can be mpqrporated Into
those INK expl determined by analysis of the pointsFiry. 2 the _solutlon of this linear system without difficulty when
The curves irFig. 2were generated froi expiand show that desired. . . L
reasonable estimates were obtained. If one were to ignore The system of equations describing the real-species is:
the light and concentration gradients in the photocatalyst d?y 2 —ax dy
layer, analysis of the initial rate of decay of species A in gz ~971€ " Y=0. yO =yo. L 0 (20)
Fig. 2 gives an apparerit,; = 0.36 s 1, substantially less =

[¢%] = L?IoKD (21)

than the true value of 1.0°¢.

0.8

— C/Co
0.6
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0.4
===1/b
02+ .~ Case 3 < S .
~ o
hh- _l-
LTV _._.-‘
0 L yuled 3, Yt el |
0 0.2 0.4 0.6 0.8 1
X

Fig. 5. Reactant concentration and light intensity profiles within a catalyst layer into which reactants penetrate by diffusion (cases 2 andh8itidree co
shown here are the conditions At= 15um in Fig. 6 » = 5.5, « = 9.4. The external face exposed to flowing water is on the lef=(0) and the

sealed face of the layer is on the right=€ 1).
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whereD is the diagonal matrix of effective diffusion coeffi- . (1) e —e M tanh(y) (30)

cients of species in the layer. To simplify notation below, we «—0 = eifeh )
consider a case in which the effective diffusion coefficients
Desf are equal:

L210
2 .
[ = Deff (22) Q" — zio) = —ADeff —

The eigenvector matriX and diagonal eigenvalue matrix
[22] of the non-diagonal matrixg?] are given by:

The method for estimating rate coefficients differs somewhat
from case 1. Here, a balance on an eigenspecies gives:

dz;
dx

(31

x=0

wherezi»” is the concentration of eigenspecidn the reser-
5 ) voir and at the inlet to the well-mixed reaction cell enclosing
[¢7]X = X[A7] (23) the photocatalyst, angi is the concentration in the reaction

The system of equations describing diffusion and reaction cell over the external face of the photocatalyst:

i ies is: i AD 1 dz
of the eigenspecies is: 2N = [1 _ ADeff < Zi )} Z0 (32)
o2z - 0 Zi0 dx x=0
) [)»2] e "z=0, z0) =z, ax =0 ADeft
X H =1 N = |:1 + < ) n-)»-z} Zi0 = W;Zi0 33
(24) i 0 ) i (33)
The Thiele modulufl6], at constant light intensity, of eigen-  z" = Qz (34)
speciesi is ;. Solutions are given for equimolar counter . 1
diffusion and apply for the dilute solutions considered: = X&X"yo (35)
K1(— fiDIo(fio(x)) — Ko(— fio(x)) I1( fi1) where thew; are the diagonal elements of the diagonal matrix
i =Zi0 y y 3 y ’ Q. Consider a system similar to that showrFig. 1 but with
Ki(— i I i — Ko(— 1 I 1
1= fi)lo(fis) o ; ];3; 12(f1) " (25) water flow over one face of the photocatalyst layer rather

than through the layer. The mole fractions in the reaction
whereKp,1 andlg/1 are modified (hyperbolic) Bessel func-  cell, y;o, are determined from material balances:
tions[27], and where

. \% dy.
n 1
o=y +|\—=|— (36)
A _ Ai B Yio = Y; (Q) dr
L =22 ea/Z 3 =2 ax/2
prma(2) e o= () e | | B
wherey" are mole fractions of the real-species in the reser-
. L
fiz= 2( ) (26) voir and at the inlet to the reaction cell. A setrafexperi-
o mental measurements form the matrid@s andYq:

The solution for an eigenspecies also applies to a singIer
real-species reacting irreversibly to a single product species,
wherez = ¢ andA? = klgL?/ De. where Qeyp is the diagonal matrix of the;. As in case
The internal effectiveness factgy for each eigenspecies 1, the experimental measurements allow estimation of the
is a measure of the extent to which diffusion resistance andeigenvector matriXexpl and the eigenvalue matr®exp:
light absorption reduce the reaction rate. The effectiveness 1
factor is equal to the actual rate of reaction in the photocat- Y™y ][Y0Y 17" Xexpl = Xexpiexpl,  m > n (38)
alytic layer divided by the rate that would be obtained if all
active sites in the layer were exposed to the incident illumi-
nation intensity and the water composition at the external
face. The actual rate of reaction in the photocatalytic layer
is equal to the rate at which reactant diffuses into the layer
at the external face: [$?]expl = Xexpl2?] explxe_xlp| (39)

1 dz;
= }‘_12 <_E x—O) 27) Kexpl = <L2[ ) [¢2]expl (40)

n; = (i) Ki(=fi li(fiz) — K1(— fia) [1(fir)
l K1(— fin lo(fi3) — Ko(— fiz) [1(fi1)
As o approaches zero, the solutions for the photocatalytic

diffusion cases approach the solutions for reaction in the
absence of illumination or at constant illuminatif]:

With measurements or estimates Af Deg, Q, and«, a
root-finding algorithm can be used to determine zhé&rom
the w; in order to form |2]. Finally, the rate coefficient
matrix can be obtained from:

(28)

4. Case 3—diffusion into layer, light on impermeable
face

For this case, the direction of the spatial coordinaltas
¥ 4 e MY coshA;x) been reversed such that0 is at the impermeable face of the

lim zi = zio = 407 oS (29) layer. The governing equations are the same as the first diffu-

a—0 ehi e
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sion case except that the boundary conditions have changedferred for water ultrapurification where GQs removed

2 across the internal face of a photocatalytic membrane, or for
z

a2z [Az] e %z =0, other reasons.

dx? The ratios of effectiveness factors for cases 2 and 3 are:
? —0. z(l) =2z = X1y, (4 7 K= fa)lo(fin) = Ko(—fh(fia)
=0 poase3 K1(—finlo(fi3) — Ko(— fi3) l1(fin)

The solution is: forallA;,a >0 (45)
I Ko(— fia(x))11(fi3) — K1(— fi3)lo(fi2(x)) That is, higher average reaction rates will be obtained for
P= i Ko(—filh(fi3) — K1(— fia)lo(fin) illumination on the external face than will be obtained for

i=12....,n (42 illumination on the impermeable face of a layer in which
) reactants diffuse. This resultis demonstrateligq 5 where
The effectiveness factors are: all conditions are the same for the two cases except for the
e Y2\ Ki(—fia)1(fi1) — K1(— fin) 11 (fi3) direction of illumination, and where concentration profiles
i = ) Ko(— fi)Ii(fiz) — Ki(— fia)lo(fi1) (43) are shown for a single eigenspecies or a single real reactant

species that reacts irreversibly to a single product. The lower
rate obtained for lightilluminating the sealed face (light from
right side of figure) can be seen by the lower concentration
gradient at the water—catalyst interfacexrat 0, where the
For a single eigenspecies, or a system with only two real S8Me direction aof has been used for both cases in the figure.

species, the fractional conversion of reactant across the re- FOr @ single reactant species reacting irreversibly to a
action cell,s, for the flow-through case (case 1) with light ~Single product in a layer of thickness the overall rate per

incident on the inlet face is greater than for the diffusion Unit area of catalyst layer is:

5. Comparison of cases

case with light incident on the external face (case 2): r(molstm™2) = klocoLn (46)
ghow 1— oflow 1 where ¢ is the reactant concentration at the external,
gldiff o kglown?iﬁ /(1+ Aglown?iﬁ) water—catalyst interface. For a single eigenspecies or a
05 single real-species reacting irreversibly to a single prod-
it it [ MOVL2/Detr \ t, Fig. 6 plot f relati |
in pdif i _ (2 e (44) uct, Fig. 6 plots curves of relative rate/ rmax versus layer
! ! AL/Q thicknessl for the two diffusion cases, where:
An

wherew/® and ;¥ are functions given above kgs. (9) (47)
and (28) respectively, and where all conditions except the
flow configuration are the same for both cases. Although Fig. 6 shows that, for illumination of the external

conversions are lower for the diffusion case, it may be pre- water—catalyst interface (case 2), the overall rate approaches

Ymax (A1) max case 2

I I T I

—
=}

Case 2 - light on external face

0.8

0.6 Case 3 - light on sealed face

r/fmax

0.4

0.2

0 ] 1 ] 1
0 3 6 9 12 15
L (um)

Fig. 6. The dependence of overall reaction rate on photocatalyst layer thickness for the two diffusion cases (cases 2 and 3). The data points are fror
Figs. 8 and 9 of Ref[17]. The curves were computed from the solutions obtained here using vallie®gf, ande’ (m~1) determined in Ref[17] and
by adjusting the value dfly to fit the curves to the points. This results in an estimate of the intrinsic reaction rate coefficient for the systen{f]Ref.
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