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A packed-bed (PBR), fiber (FR), membrane (MR), and tubular (TR) photocatalytic
reactor have been modeled to compare their performance on a pilot scale. The influ-
ence of radial dispersion in the PBR and mass-transfer limitation in the PBR, FR, and
TR has been taken into account. The oxygen concentration in the liquid has a large
influence on the performance and, therefore, air or pure oxygen should be added. The
MR and PBR have a better performance than the TR and FR. Only a small degree of
mass-transfer limitation occurs in the PBR. Radial dispersion hardly influences the per-
formance of the PBR. External mass-transfer limitation influences the conversion in the
TR and FR severely. The PBR, MR, and TR show a much better energy efficiency than

the FR.

Introduction

Like other advanced oxidation technologies (AOTs), het-
erogeneous photocatalysis is an emerging technology for wa-
ter purification. Almost any organic pollutant present in wa-
ter can totally be degraded to carbon dioxide, water, and
mineral acids. Heterogeneous photocatalysis for water purifi-
cation is based on a semiconductor, usually TiO,, and UV-A
radiation ( < 385 nm). The light activates the semiconductor
by generating electron—hole pairs. These charge carriers can
participate in redox reactions at the surface and form hy-
droxyl radicals, which can degrade the pollutant (Halmann,
1996; Hoffmann et al., 1995; Mills et al., 1997, Bahnemann,
1999; Serpone and Pellizetti, 1989; Schiavello, 1997).

In the field of heterogeneous photocatalysis, much re-
search has been performed on the laboratory scale, but no
industrial application exists to our knowledge. One of the
reasons that prevented this technology from being estab-
lished in industrial installations is the absence of efficient re-
actors, proper reactor design, and reactor optimization (Ollis
et al., 1991; Legrini et al., 1993; Rajeshwar, 1995; Maurino et
al., 1999).

Reactors presented in the literature can be divided into
two categories: reactors using solar light, and those using ar-
tificial light. The solar reactors will not be discussed, since
our project focuses on reactors using artificial light. A sum-
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mary of the most important reactor designs in the artificial-
light reactor category is given in Table 1.

Slurry reactors have often been investigated (Cassano et
al., 1995): in the laboratory, an immersed annular reactor is
the type most used. A promising design is that using a thin
flowing film of a titanium dioxide suspension over an illumi-
nated glass plate or annulus (Ollis and Turchi, 1990; Yue,
1997). The cocurrent downflow contactor reactor has two
sections. In the top part, the pollutants adsorb onto the cata-
lyst; in the lower part the slurry is irradiated to degrade the
pollutants (Winterbottom et al., 1997). Several designs are
meant to enhance the mixing of the suspension so that all of
the catalyst can be illuminated (for example, by using a rotat-
ing glass tube) (Karpel Vel Leitner et al., 1996; Sczechowski
et al., 1995; Fabiyi and Skelton, 1999; Lea and Adesina, 1999;
Sobczyfiski et al., 1997).

In reactors with an immobilized catalyst, the utilization of
light is improved by optical fibers coated with titanium diox-
ide that transmit the light (Marigangeli and Ollis, 1980; Hof-
stadler et al., 1994; Peill and Hoffmann, 1996). In fluidized-
and packed-bed photocatalytic reactors, a large specific area
is created using titanium dioxide coated on silica-based carri-
ers or titanium dioxide pellets (Dijkstra et al., 2001; Al-Ekabi
and Serpone, 1988; Raupp et al., 1997; Zhang et al., 1994;
Sclafani et al., 1993; Yamazali-Nishida et al., 1993; Starosud
et al., 1999; Dibble and Raupp, 1992; Haarstrick et al., 1996;
Pozzo et al., 1999). Bellobono et al. developed a reactor in
which three membranes with TiO, were annularly placed
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around a tube light (Bellobono et al., 1998). Ray and
Beenackers (1998a) developed a reactor that consists of ul-
trathin tubes (diameter of 4 mm) coated with catalyst. The
tubular reactor is a reactor in which wastewater flows through
two concentric glass tubes: the inner tube is coated with cata-
lyst and contains the UV tube (Dijkstra et al., 2001). Another
type of tubular reactor is the coated-wall reactor (Mazzorino
and Piccinini, 1999; Mazzorino et al., 1999). In this reactor,
the liquid flows between the coated tube and the UV tube.

In this work, the performances of several reactors are com-
pared to better understand their limitations and advantages.
Of the ones just mentioned, the following reactors are cho-
sen:

e Packed-bed reactor (PBR)

e Tubular reactor (TR)

e Membrane reactor (MR)

e Fiber reactor (FR).
The reactors that use a suspended nanocatalyst have the dis-
advantage that they require catalyst separation. Therefore,
they are not considered in this study. The fluidized-bed reac-
tor is not considered, because we have not been able to ob-
tain wear-resistant catalyst layers. The reactor with the ultra-
thin tube lights was not chosen, because the lamps have sta-
bility problems, nor was the coated-wall reactor taken into
account.

In the photocatalytic reactors that have been selected, the
following aspects are considered:

e Catalyst loading

e Influence of internal and external mass-transfer limita-
tion

e Presence of a third gas phase (air or oxygen)

e Variations of the liquid and gas flow rates.

In the PBR the radial profile was taken into account. The
performance in a continuous mode is modeled for the photo-

\

Coated membrane

Figure 1. Packed bed, membrane, and tubular reactors.

catalytic degradation of formic acid (FA) with kinetic models
developed in previous work (Dijkstra et al., 2002; Dijkstra,
2002). Conclusions from this theoretical comparison with an
eye to the reactor design are drawn.

Photocatalytic Reactor Configurations

The PBR, TR, and MR have the seven-tube configuration
shown in Figure 1. This can be used as a module for larger
plants. Each glass tube contains a standard UV lamp; process
water flows upwards along the tubes. In the MR, the liquid is
forced to flow through the membrane by introducing the lig-
uid in the gap between the glass tube and the membrane. In
many cases, a gas stream, which also flows upwards, is ap-
plied. In the FR of Figure 2, there are no tubes. Instead,

Table 1. Literature Overview of Reactor Configurations (Artificial llumination)

Catalyst Configuration Reactor Type Ref.

Slurry Immersion-type annular reactor Halmann (1996)
Thin-film reactor Ollis and Turchi (1990); Yue (1997); Puma and Yue (1998a,b; 1999)
Cocurrent downflow contactor reactor (CDCR) Winterbottom et al. (1997); Boyes et al. (1997)
Rotating tube (Couette—Taylor flow) Karpel Vel Leitner et al. (1996); Sczechowski et al. (1995)
Bubble column Lea and Adesina (1999)
Pulsed-baffle tube photochemical reactor Fabiyi and Skelton (1999)
Air-lift loop photoreactor Sobczynski et al. (1997)
Fountain reactor Puma and Yue (2000)

Immobilized Fiber reactor Marigangeli and Ollis (1980); Hofstadler et al. (1994);

Ultrathin UV-tube lamps
Hollow-tube lamps
Coated-wall reactor
Packed-bed reactor

Fluidized-bed reactor

Honeycomb monolithic reactor (air
purification)

Membrane reactor

Glass-mesh reactor

Rotating disk reactor
Coated tube reactor

Peill and Hoffmann (1995, 1996)
Ray and Beenackers (1998a)
Ray and Beenackers (1998b); Ray (1999)
Mazzarino and Piccini (1999); Mazzarino et al. (1999)
Dijkstra et al. (2001); Al-Ekabi and Serpone (1988);
Raupp et al., (1997) Zhang et al. (1994); Sclafani et al. (1993);
Yamazali-Nishida et al. (1993)
Starosud et al. (1999); Dibble and Raupp (1992); Haarstrick
et al. (1996); Pozzo et al. (1999)
Hossain et al. (1999);
Sauer and Ollis (1994)
Bellobono et al. (1995, 1997, and 1998); Gianturco and Vianelli (1996)
Matthews (1993); Serrano and de Lasa (1997, 1999);
Topudurti et al. (1998)
Dionysiou et al. (2000)
Dijkstra et al. (2001); Al-Ekabi and Serpone (1988); Matthews (1988)
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Figure 2. Fiber reactor.

light is carried into the liquid by a large number of fibers. It
is assumed that the light input is the same as that in the
other designs. The dimensions of the reactors are given in
Table 2.

The catalyst is a thin film of TiO, particles with a thick-
ness that is smaller than 3 wm. In the PBR, the catalyst is on
the surface of the spherical particles used in the packed bed;
here the catalyst loading has been varied between 0.5 and 4
g-m~2 (Dijkstra et al., 2001). The catalyst in the TR is ap-
plied as a film on the tubes, with a loading between 0.5 and 2
g-m~2 (d, =0.3-1.3 um) (Dijkstra et al., 2002). In the MR
the catalyst film on the membrane has a loading of 2 g-m™~2.
This is lower than that used in the study by Bellobono et al.
(1995), which we have used as a starting point, because calcu-
lations showed that most of the light was absorbed in a very
small part of the membrane. The catalyst in the FR, which is
a similar film to that on the tubes, also has a loading of 2
g-m~2(d, =13 um).

The particles in the PBR have a diameter of either 1.3 or 2
mm. The porosity of the particle layer is assumed to be equal
to that measured in the lab reactor [0.37 for the 1.3-mm par-
ticles and 0.42 for the 2-mm particles (Dijkstra, 2002)]. In the
MR the membrane is cylindrical, with an inner diameter of
64 mm; the thickness is equal to that of the membrane of
Bellobono et al. (1995), 1 mm. It has not been optimized for
pressure drop over the membrane. The fibers in the FR have
a thickness of 1 mm; we have considered modules with 2,170

Table 2. Configuration and Process Parameters of Different

Reactors

PBR, MR, TR FR
d; [m] 581073
d, [m] 0.20 0.19
Vieae [m’] 20x1073 201073
L [m] 1.4 0.7
1" [Einst-m~2-s71] 3.6x107*
I [Einst-s~'] 6.5x1074 6.5x107*
C, [mol-m™3] 2 2

1x107°—-2x1073
35%1074—-7x1072

1x107°-2%x1073
35%1074-7%x1072

1X107°—1x1073
v, [m-s™1] 7x107*=7x10"2
¢, [m3s71] 1x107%-1x10?
UG [m-s™ 1] 7X107* =7x107?2

¢UL [m3'sil]
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fibers [porosity of reactor is 0.94 (Peill and Hoffmann, 1998)]
and 4,340 fibers each. The length of the fibers is 0.7 m, which
is equal to the illuminated length. The volume of the FR is
equal to that of the other reactors.

The calculations are based on the light properties of Philips
TL140W UV lamps (350-400 nm, A, =370 nm, 37 W UV-
A). The flow rates of the liquid and the gas phase are be-
tween 1xX107° m3s™! and 2x107% m*-s~!, corresponding
with a superficial velocity of 3.5x107* m+s™! and 7x 1072
m-s~! (see Table 2). The initial concentration of the pollu-

tant is 2 mol-m 3.

Modeling of the Reactors

The conversion in the reactors is calculated from steady-
state mass balances (Froment and Bischoff, 1979), combined
with mass transfer and kinetic relations. The balance and
mass-transfer equations (together with the boundary condi-
tions) are presented in Table 3 for formic acid. Axial disper-
sion is not taken into account. The relations for the chemical
kinetics are shown in Table 4.

In the kinetic relations the influence of the catalyst load-
ing, the light intensity, and the oxygen concentration are taken
into account next to the concentration of the pollutant (see
Table 4). In photocatalysis the catalyst has to be illuminated
before it becomes active; the light activates the catalyst by
generating electron—hole pairs. Therefore, the light intensity
and catalyst loading have to be included in the kinetic model
to obtain a reactor-independent model that can be used for
the design of a photocatalytic reactor. Oxygen plays an im-
portant role in photocatalytic degradation. It is necessary both
for the reaction with the formic acid radical (HCOO") and
for capturing the electrons to prevent them from recombin-
ing with the holes. The hole can then form hydroxyl radicals
which can attack almost any organic pollutant and degrade it
totally to carbon dioxide, water, and mineral acids (Dijkstra
et al., 2002).

In the PBR there is an important gradient of the light in-
tensity in the radial direction. This is taken into account by
considering that the reactor consists of seven concentric an-
nular sections with radius R_: the greater part of the conver-
sion takes place in the illuminated innermost section. The
liquid moves between the “illuminated” and “dark” compart-
ments by radial dispersion. Such radial effects do not occur
in the other reactors.

The kinetic parameters, kpgr, Kppr pa> a0d Kpgg o, Were
determined in an earlier study (Dijkstra et al., 2002; Dijkstra,
2002) and are presented in Table 5. The reaction rate is de-
pendent on the LVREA, the local volumetric rate of energy
absorption (Cassano et al., 1995), which is a measure for the
amount of radiation absorbed by the catalyst (see Table 4).
This value is determined with the two-flux model (Raupp et
al., 1997; Dijkstra, 2002). For the radial dispersion coeffi-
cient, the relation for the Péclet group presented by Gunn
(1987) is used and the gas—liquid mass-transfer coefficient,
kg ag is described with the relation of Reiss (1967), see the
Appendix. The relations for the liquid—solid mass-transfer
coefficient, k, , in a two-phase (L-S) and three-phase (G-L-S)
packed-bed reactor are also presented in the Appendix.

A different kinetic relation is applied in the TR and MR
(see Table 4). The values of the kinetic parameters, kg, Kga,
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Table 3. Overview of Models for PBR, FR, MR, and TR

Table 5. Values of Kinetic Parameters

PBR: Model

dCy ra *Cppa 1 9C,pa
3 P €bed Draa Fa 2 + T ar -R

dCyo, 1 3Cho, 1 3Ch0, 1
Vp——— = EbedDradO 2 +—=

dz 2 ar r ar
—0.5R + kGL“B(mCoz,G — C,,’OZ’L)

dCo,

UGT =—kgy aB(mCOZ,G - Cb,OzL)

PBR: Boundary conditions

Cooa,.=Ch 4 L0 at z = 0and R; <r <R,

9Cy 4,1
{9—=0 atr=R,andr=R_ forO0<z<L
-
COZ,G = C02,6,0 atz =0
FR, MR, TR: Model
v dCy p4 _
Ld dz
Ch,0, L
ULTZ =—0.5R+ kGLaB(mCOZ’ ¢~ Cho,, L)
dCo, ¢
Ucd—; == kGLaB(mCOZ,G - Ch,Oz,L)

FR, MR, TR: Boundary conditions

Cora=Crran atz=0
Cb,Oz,L = Cb,Oz,L,O at z=0
Co,6=Co,60 at z=0

PBR, FR, MR, TR: Mass transfer
kL,FAa(Cb,FA - C;,FA) =R
kL,Oza(Cb,Oz,L - CS,OZ,L) =0.5R

and K, were determined for the TR in a previous study
(Dijkstra et al., 2002) (see Table 5). The value of kg, ap in
the TR is estimated with a relation for mass-transfer coeffi-
cients in a bubble column (see the Appendix). The values for
the mass-transfer coefficient in a three-phase system are esti-
mated with equations previously determined in a tubular re-
actor (Dijkstra et al., 2002) and for a two-phase system with
the relation of Yapici and Ozbahar (1998), (see the Ap-
pendix).

Light absorption in a fiber is quantified by the refractive
loss coefficient, ay, which is a function of the optical and

PBR TR and FR
Kppr 0.64 kg 1.37
Kpgrpa M mol™'] 335 Ky, [m’g 'mol™'] 071
Kppro, [m*-mol™'] 362  Kq, [m*-mol™'] 3.62

Source: Dijkstra et al. (2002) and Dijkstra (2002).

physical properties of the fiber core and the photocatalytic
coating (m~1). For an amount of catalyst of 2g-m~2 (d, =1.3
wm), the refractive loss index is estimated to be 10 m ! (Peill
and Hoffmann, 1995, 1998). Relations for the determination
of ki, ap and k; in the FR are presented in the Appendix.
No relation for k; in a three-phase FR could be found. The
relation for the two-phase system is, therefore, also used in
the three-phase system.

In the membrane reactor no mass-transfer limitation will
occur, since the mass transfer in the membrane will be deter-
mined by convection instead of diffusion due to the forced
flow through the membrane. For the kinetic model it is as-
sumed that the model of the TR can be used. The value of
kgpap is again estimated with a relation for mass-transfer
coefficients in a bubble column (see the Appendix). A part of
the radiation energy is lost due to absorption by the water
and an extra phase transfer from the liquid to the solid mem-
brane. According to Braun et al. a phase transfer costs 4% of
the energy (Braun et al., 1991). Therefore, the intensity in
the membrane is 4% lower than in the TR, neglecting the
radiation absorbed by the water.

Results and Discussion
Reactor configuration

The performance of the PBR is optimized for the particle
diameter and catalyst loading. The performance with large
particles (2 mm) is slightly better than with small particles
(1.3 mm). The conversion increases with catalyst loading and
levels off for loadings above 1 g-m ™2 The results discussed
below are obtained with a particle diameter of 2 mm and a
catalyst loading of 2 g-m ™2, which gives the highest conver-
sion.

Table 4. Kinetic Models in PBR, FR, MR and TR

Reactor Kinetic Model Reference
K C K C,
PBR R = kpgpeLVREA(r) —— 2R EAZSFA PBRO> 7000k (Dijkstra, 2002)
1+ Kpgr,paCsra 1+ Kpgr,0,Cs0,1L
W KpaC Ky .C
FR R=kR€I/,{abS(Z)acxt cat ™ FAYs,FA 0,%5,0,,L
1+ Weo KpaCypa 1+ Ko,Co0,1
1.
I p(2) = a,.—; —ayz (Peill and Hoffmann, 1998)
may
W, KpaC Ky C,
MR, TR R = kyega , —TASTA 9> Ot (Dijkstra et al., 2002)

g =j;‘)‘2(1)"’ — e~ L) d)
1

ext
P14+ wey KpaCypa 1+ Ko,Coo, 1
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Figure 3. Radial concentration profiles of formic acid in
the PBR for different axial positions in reac-
tor.

vg=v,=7X10"3 m-s~!

, air addition.

2
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[mol m'3] .
A
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0 0.5 1 1.5
L [m]
(a)
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P2 015
[mol m™]
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(b)
Figure 4. Concentration profiles in the PBR as a func-
tion of vg (v, =7x 103 m-s™", air addition).
A vG=0m-s" ! X:5=0.007 m-s”!; @ vg=0.07 m-

s~1. (A) Formic acid concentration vs. length; (B) oxygen
concentration in the liquid phase vs. length.
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Radial dispersion hardly influences the performance of the
reactor. If this effect is neglected, the conversion is equal to
48.5% instead of 45% for v, and v, is 7X 1073 m-s~! with
the addition of air. Figure 3 shows the radial concentration
profiles for different axial positions in the reactor.

Increasing the layer thickness in the TR increases the reac-
tion rate over the whole range studied. As we can see in Table
4, the generation rate of charge carriers (g) increases with
increasing layer thickness (d, ), until all the light is absorbed
for thick layers. For the range of catalyst loading studied
(maximum 2 g-m~2, corresponding to d; =1.3 wm), this
maximum light absorption is not yet obtained. In a previous
study it was found that the reaction rate in the range of layer
thicknesses studied (d; <2 um) increased with increasing
catalyst loading due to an increase in adsorption sites [0y, =
Weat KEaCy pa /L + W KpaCy pa)] (Dijkstra et al., 2002). The
performance of the reactor is further studied for a loading of
2g-m 2

Increasing the number of fibers in the FR increases the
conversion. Due to a lower light flux, mass-transfer limitation
will be less, and thus the conversion increases (see below).
Increasing the catalyst loading on the fiber will result in a
higher a, (Peill and Hoffmann, 1995, 1998). The conversion
is reduced slightly by increasing @, from 10 to 20. The opti-
mal amount of the catalyst has not been determined, due to a
lack of information about a, for lower amounts of catalyst.

Influence of oxygen

The addition of extra oxygen has a large influence on the
performance of the reactors. Figure 4 shows the concentra-
tion profiles of formic acid and oxygen along the reactor
length in the PBR for different v (air addition). In the ab-
sence of a third phase, the oxygen concentration decreases
rapidly and the decrease in formic acid levels off. When air is
added, the oxygen concentration remains high enough for the
reaction to proceed. The degradation rate of formic acid is
higher for the highest air flow, since then C, ; is also
higher. i

Figure 5 shows the conversion of formic acid in the PBR
for the addition of pure oxygen, air, and no extra gas addi-

0 0.04 0.08
vi[ms']

Figure 5. Conversion of formic acid in the PBR as a
function of v,.
— air; ———— oxygen; ——— no gas. (vg = 0.007 m-s~ 1)
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Figure 6. C./C, ratio of oxygen and formic acid in ra-
dial direction in the PBR at L=0.1

vg=v;, =7X1073 m-s~, air addition.

tion. It is clear that much higher conversions can be obtained
when a gas phase is added for the degradation of formic acid.
The addition of pure oxygen results in the highest conver-
sion. A previous study showed that for a three-phase packed-
bed reactor on a pilot or industrial scale, a coating method
has to be developed with improved adherence and similar
catalyst activity (Dijkstra et al., 2001).

Mass-transfer limitation

The degree of liquid—solid mass-transfer limitation of a
certain compound can be determined with the ratio of the
surface to bulk concentration of that compound. This ratio is
equal to 1 for no mass-transfer limitation and to 0 for com-
plete mass-transfer limitation. In the PBR, this effect can oc-
cur in the vicinity of the wall where the radiation is maximal.
The C,(,/Cp 0, and Cps/Cy pa ratios are given as a func-
tion of the radius in Figure 6. In the vicinity of the wall the
C,/C,, ratio of both components is smaller than 1, which indi-
cates some mass-transfer limitation. Oxygen is more mass-
transfer limited than formic acid, because the oxygen concen-
tration in the bulk is lower.

In the TR the C,,/C, o, is 0.04 and C g, /C, pa ratio is
about 0.6 along the reactor length: the reaction is mass-trans-
fer limited in oxygen (for v, and vs; 0.007 m-s~! with the
addition of air). Increasing v, and vg to 0.07 m-s~! in-
creases the oxygen ratio to 0.26 and the formic acid ratio to
0.7 due to higher mass transfer. If pure oxygen is added, the
degree of the mass-transfer limitation of oxygen decreases
further (C,_/C) o, =0.64, v, and v; 0.007 m-s~ ). That of
formic acid increases (C, g, /Cy pa =0.27), because now the
formic acid concentration is lower than the oxygen concen-
tration. Baffles that increase the turbulence can be placed in
the reactor to reduce the mass-transfer limitation.

Also in the fiber reactor the C,/C, ratios show a high de-
gree of mass-transfer limitation for the degradation of formic
acid (see Figure 7). Since the radiation decreases along the
fiber, the activity will also decrease along the fiber. There-
fore, the C,/C, ratios will increase along the reactor length.
Increasing the number of fibers decreases the radiation flux
in the fibers, and thus the reaction rate; the extent of the
mass-transfer limitation decreases also (see Figure 7).
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Figure 7. C./C, ratio of oxygen and formic acid and the
normalized light intensity as a function of ax-
ial coordinate in the FR.

vg =0y, =0.007 m-s~!, air addition.

Calculations in previous work showed that the internal dif-
fusion limitation can occur for thick layers and high light in-
tensities (Dijkstra et al., 2002). The extent of the internal
mass-transfer limitation can be estimated with the effective-
ness factor, n, with no and with complete diffusion limitation
for n =1 and 0, respectively. For the kinetic models in Table
4, the effectiveness factor can be estimated for two limiting
situations (Dijkstra et al., 2002): the oxygen concentration is
much lower than the formic acid concentration, which makes
oxygen the limiting component, and vice versa. The effective-
ness factor in the TR has been determined for these two lim-
iting situations. It has a value between 0.8 and 1 for most of
the modeling (w.,, =2 g-m~2). If the oxygen concentration
approaches zero, the effectiveness factor will decrease to a
minimum value of 0.65. This again emphasizes the necessity
of keeping the oxygen concentration as high as possible in
the reactor.

In the fiber reactor the radiation flux in the beginning of
the reactor is a factor of 3 higher than in the TR. Therefore,
internal diffusion limitation probably occurs in the first part
of the fiber. If the number of fibers in the reactor is in-
creased, this effect will be less due to the decreased radiation
flux per fiber. The same amount of radiation is absorbed in
the PBR, whereas the catalyst area is much larger than in the
TR. Therefore the surface-related kinetic rate constant in the
PBR is much lower than that in the TR and the internal
mass-transfer limitation will be negligible (Dijkstra et al.,
2001). In the MR, it is hard to estimate the extent of the
internal diffusion limitation, because the configuration of the
membrane is not very well known.

Performance of reactors

Figure 8 gives the conversions of formic acid as a function
of the superficial liquid velocity in the four reactors. The con-
version depends strongly on the flow rate of the liquid through
the reactor; for a high conversion, the flow rate should not be
too high. The membrane reactor clearly has the highest con-
version, due to the absence of mass-transfer limitation in this
reactor. Regarding this result, however, it has to be borne in
mind that the degradation in this reactor is not experimen-
tally verified. Both the FR and TR show a poor performance

Vol. 49, No. 3 739
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Figure 8. Conversion of formic acid in the four reactors
as a function of v,.

v =TX 1073 m-s~!, air addition. ——— MR; ———- PBR;
— FR; —-—- TR.

when compared to the MR and PBR, due to the severe exter-
nal mass-transfer limitation in the FR and TR.

The increase of v, has a large influence in the MR and
PBR (see Figure 9). Increasing v in these two reactors will
increase Cp, o, and thus the conversion. Due to the low
conversion in the TR and FR, the oxygen concentration in
the liquid phase will remain almost constant, also for low vg;.
Therefore, the increase of v, has hardly any influence. The
conversion increases with v, in the TR only because of an
increased mass-transfer coefficient.

The efficiency of the energy consumption (UV-A energy
entering the reactor divided by the total lamp energy use) in
the fiber reactor of Peill and Hoffmann is 0.0001, meaning
that 0.01% of the energy used by the 1,000-W Xe arc lamp is
actually used in the reactor. This value is extremely low com-
pared to the PBR, MR, and TR, which use approximately
23% of the energy of the 140-W Philips TL140W/10 lamp. It
may be possible to further optimize the fiber reactor with
respect to light efficiency. Both the MR and PBR will have a
larger pressure drop over the reactor than the FR and TR
will, which will increase the costs of the necessary pumps.

1+
___________ MR
Era T
[] i
/
05+ ,'/ Ceeesemeesemesesesaenece-oe PBR
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Figure 9. Conversion of formic acid in the four reactors
as a function of vg.

v, =TX 1073 m-s~!, air addition. ——— MR; -———— PBR;
— FR; —-—+ TR.
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Axial dispersion

Axial dispersion has been neglected in the modeling. Ac-
cording to Froment and Bischoff (1979), this assumption can
be made for packed-bed reactors if L/d,, > 50 (as in the PBR).
Axial dispersion can play a role in bubble-column reactors. In
the TR and MR, axial dispersion will negatively affect the
conversion. To prevent this effect, baffles can be placed in
the reactor. Modeling showed that five baffles are sufficient
to maintain plug-flow behavior in the TR. In the fiber reac-
tor, axial mixing will positively affect the conversion. Back
mixing causes the fluid to reach the part of the fiber reactor
with a higher intensity, which will cause a higher conversion.
This effect is not quantified.

Conclusions

The performance of four different photocatalytic reactors
(packed-bed, fiber, membrane, and tubular) was modeled as-
suming that the process is taking place on a pilot scale for
the degradation of formic acid in deionized water. The influ-
ence of radial dispersion (PBR), external mass transfer, flow
rate, catalyst loading, and the oxygen concentration are taken
into account. The addition of air increases the conversion of
formic acid by maintaining oxygen in the liquid. When pure
oxygen was added instead of air, the conversion again in-
creased considerably, due to the higher oxygen concentra-
tion. The MR and PBR show a better performance than the
FR and TR. Mass-transfer limitation severely decreases the
conversion in the TR and FR. The PBR suffers little mass-
transfer limitation, and this effect does not occur in the MR.
The performance of the PBR was barely influenced by the
radial dispersion caused by the radial light intensity profile.
More research has to be done for the MR to confirm the
results. The PBR, MR, and TR show a much better energy
efficiency than the FR.
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Notation
ap =gas—liquid interfacial area per unit reactor volume, m?-
-3
mreap . . 2
a,,, =specific external surface area in TR, MR, and FR, m%,,-
-3

mreap . P
a =specific external surface area, m¢,,-m

Bo =Bond number defined by Eq. A5d
C = concentration, mol-m™3
C =coefficient in Eq. ASa
C, =surface concentration, mol-m 3
C, =bulk concentration, mol-m 3
d r = diameter fiber, m
d, =hydraulic diameter, m
d; =diameter inner tube, m
d; =layer thickness, m
d; ; =distance between lamps, m
d, =particle diameter, m
d,, =equivalent particle diameter, m

e
d. =diameter reactor, m

r

-3
reac
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-1

D, = diffusivity of component 4, m?-s
-1

D,,q =radial dispersion coefficient, m*-s
e =equivalence constant (equal to 1), mol- Einst ~!
fr.c =two-phase friction factor
Fr =Froude number (= vZ/d,g)
g =generation rate of charge carriers, Einst-m 25!
g = gravitational acceleration, m-s ™2
I =total number of photons entering reactor, Einst-s™
I, =total number of photons entering reactor per wavelength,
Einst-s~!-nm™!
I" =light flux entering reactor, Einst-m~2-s
I, =light intensity entering fibers, Einst s~
I ,qs = absorbed radiation in fiber, Einst ‘m~2-s
I o:m =normalized light intensity
I} =light t}ux entering reactor per wavelength, Einst-m 257!
-nm
k; =mass-transfer coefficient for liquid-to-solid phase, m-s™
k¢, =mass-transfer coefficient for gas-to-liquid phase, m-s™!
kpgr =kinetic constant in PBR
kr =kinetic constant in FR, MR, and TR
Kppr, 4 =kinetic constant in PBR, component A (see Table 5)
K , =kinetic constant in FR, MR, and TR, component A (see
Table 5)
L =reactor length, m
LVREA =local volumetric rate of energy absorption, Einst - m3.s7!
m =distribution coefficient of oxygen, such as C; =mC,

Niper = number of fibers
Pe =Péclet number (= v,
Pe; =defined by Eq. A10

r =radial coordinate, m
R =reaction rate per unit reactor volume, mol-m,
R, =radius of concentric cylinder around tube, m
R, ; =radius of glass tube surrounding lamp, m
Re =Reynolds number in Eq. ASb (= p,v5d,/m.)
Re; =Reynolds number in FR (= pvyd;/m)
Reg =Reynolds number gas (= pgugd,/Mg)
Re; =Reynolds number liquid (=po d,/m)
Re, =Reynolds number in PBR (= puvd /)
ScA = Schmidt number (=n,/D, p;)
Sh 4 =Sherwood number (=k, d,/D,)

Sh 3 4 = Sherwood number in bubble column ( =k, azd3/D,)

Sh, =Sherwood number in FR (=k, d;/D,)

ShpA = Sherwood number in PBR (= de /D4

v 7superflclal velocity (PBR, FR, and MR, empty column),

m-s”
vy =velocity past fibers, m-s™~
V,eac =reactor volume, m®
W =catalyst loading, g-m
z =axial coordinate in reactor, m
Z =coefficient in Eq. A13

1
-1

-1

1

d,/€ncaDy)

-1
redct *S

1

-2

Greek letters

oy =refractive loss coefficient of fiber, m~
a, =optical absorption coefficient of catalyst, m™
8,  =frictional pressure gradient per unit height of column,
dyne-cm™
€,.q = porosity of packed-bed reactor
€; =gas holdup
n = effectiveness factor
m =viscosity, Pa-s
Or = adsorption term of formic acid
A =wavelength of light, nm
Amax =Wavelength of light with maximum light intensity, nm
&pa =conversion of formic acid at reactor outlet, %
p =density, kg-m™>
o =interfacial tension, N-m™
7 =tortuosity
¢, =flow rate, m-s~

1
1

1

1

Subscripts and superscripts

A =component A
FA =formic acid
FR =fiber reactor
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G =gas
L =liquid
MR =membrane reactor
O, =oxygen

PBR =packed bed reactor
TR =tubular reactor
WW =wastewater
0 =initial conditions
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Appendix: Determination of Parameters for the
Various Reactors

Membrane and tubular reactor

In the two-phase system, the solid—liquid mass-transfer co-
efficient, k,, is estimated with a relation for the Sherwood
number developed by Yapici and Ozbahar for a decaying
swirling flow (Yapici and Ozbahar, 1998):

Sh 4, =0.095Re?735c933 (A1)
in which the definition of Sh, is k; d,/D, and the definition
of Sc, is ;. /p; D 4.

The solid—liquid mass-transfer coefficients for formic acid
and oxygen in the three-phase system are calculated with re-
lations experimentally determined in a tubular reactor
(Dijkstra et al., 2002)

Ky pq=2.22X10""Rel*Re% 1> (A2)

kpo,=3.19% 107 "Re? Rl (A3)
where Re; is p,v;d,/m;, and Reg is pgugd,/mg-

Dudley (1995) recommended the relation of Kawase et al.
(1987) for determining the gas—liquid mass transfer in a bub-

ble column. This relation is used for the three-phase TR and
MR

kgragd; 12C

Shy = ————=——V1.07 Sc}{*Re¥*Fr"Bo¥* (A4)
D, Vm
with
dyvepL vé
C=0.0645n"%,  Re= . Fr=——,
n dyg
d2
Bo=30P  (Asa-sa)

with n =1 for water. For the determination of k; ag in the
MR, the superficial velocity is based on the area of the annu-
lar space minus the area of the membranes, instead of being
based on the empty column, as is done in the rest of the
modeling.

Packed-bed reactor

The following relation of the Sh,, number is used to de-
termine the value of the mass-transfer coefficient, k;, in the
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two-phase system (Perry, 1997)

N (TiRegf%Scif (A6)
bed

Here Sh,, is k;d,/D,, Re,; is pv,d,/m;, and €4 is the

porosity of the packed bed. This relation is valid for liquids

and gases with 10 < Re,; < 2,000. The relation of

Colquhoun-Lee and Stepanek (Ramachandran and Chau-

dari, 1983) is used to calculate k; in the three-phase system

0.28

VL5LGd?;p12,
DA €, P 1 3
| —= —G(—G) —1[+1
€bed | PL \ UL

Here € is the gas holdup, which can be determined with the
relation of Achwal and Stepanek (Ramachandran and Chau-
dari, 1983)

(A7)

12y ~1

€ vy 0.423
=21+ 1+72.3uL°-229(—2) (A8)
12

€bed G

The Péclet group for the radial dispersion coefficient with
one phase flow can be determined with (Gunn, 1987)

1 1 €bed
— =t (A9)
Pe, Pe; TRe, Scy

in which 7 = 1.2 for spheres, and Pe; is

Pe, =40—-29exp

) (A10)

epL

Here Pe, is the Péclet number of component A
(v,.d,/€4eq D.0)- No relation for the dispersion coefficient in a
three-phase cocurrent upflow packed-bed reactor has been
found. Since the dispersion in this type of reactor will proba-
bly be larger, the value obtained with Eq. A9 is used as a
minimum value.

The gas—liquid mass transfer in a three-phase packed-bed
reactor, kg, ag, can be described with the relation presented
by Reiss (1967), and also used by many other authors
(Ramachandran and Chaudari, 1983; Winterbottom et al.,
1999; Herrmann and Emig, 1998)

kepag=548%x10"3(v,8,5)" (A11)

with v; in cm-s™!; and &, is the frictional pressure gradi-
ent per unit height of the column and can be determined
with (Turpin and Huntington, 1967) (in dyne/cm?)

szGUé PG
O 6= a4

pe

(A12)
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The parameter f; ; is a two-phase friction factor, and is cor-
related in terms of the parameter Z( = ReL!®”/Re?7%7) as

Inf,;=8-1.12In Z —0.0769(In Z)*+0.0152(In Z)? (A13)
The equivalent diameter of the particles is defined as

2 d,e
d6=_”—bed (A14)
P 31— €peq

Fiber reactor

The values of kg, ay are estimated with Eq. A4 for bubble
columns for Re based on the superficial velocity past the
fibers. The use of this relation gives a rough estimation of

kgpag, since the fibers will influence the bubble behavior.
The liquid solid mass-transfer coefficient, k;, can be esti-
mated with a relation given for fiber reactors (Cussler, 1997)

Shy,=0.8Ref*Scy™ (A15)

The Re, number is defined as p;v,d;/n; , with v, the velocity
past the fibers and Sh, is based on the diameter of the fiber.
Also, this relation gives a rough estimation, because the
structure of the fiber rod has a large influence on the form of
this equation. Furthermore, the relation is determined for
flow normal to the fibers.
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