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A novel photocatalytic reactor design for water treatment is characterized by the use
of new extremely narrow diameter lamps, thus allowing for much higher surface area for
catalyst coating per unit reactor volume and consequently for much higher specific
reactor capacity. Experiments in a reactor containing 21 novel U-shaped lamps coated
with catalyst showed a695% increase in efficiency of the reactor performance in com-
parison with a classical annular reactor and 259% in comparison with aslurry reactor.
Both a classical annular reactor and a slurry reactor cannot be scaled up for large-scale
applications due to the low values of illuminated catalyst surface area per unit volume
of liquid treated inside the reactor while this configuration is flexible enough for large-

scaleapplications.

Introduction

Water trestment processes based on agueous phase hy-
droxyl radical chemistry (Ollis et al., 1991; Hagfeldt and
Gritzel, 1995) are becoming powerful oxidation methods that
can completely destroy (mineralize) amost al toxic organic
compounds in water. Heterogeneous photocatalysis (Fox and
Dulay, 1993; Mills et d., 1993) is one of the advanced oxida-
tion processes that couples low energy ultraviolet light with
semiconductors acting as photocatalysts, and has emerged as
a viable dternative for solving environmental problems over-
coming many of the drawbacks that exist for the traditional
water treatment methods (Matthews, 1992). One of the major
advantages of the photocatalytic proces(Ollis et al., 1989) is
the prospect of complete breakdown of organic pollutants to
yield CO,, H,0, and mineral acids. These include aliphatics,
aromatics, polymers, dyes, surfactants, pesticides, and herbi-
cides.

Photocatalytic reactions are promoted by soliphotocata-
lyst particles, which are either dispersed in the liquid (Mat-
thews, 1992) or immobilized on a surface(Zeltner et a., 1993).
However, the use of suspensions requires the separation and
recycling of the ultrafine catalyst from the treated liquid and
can be an inconvenient, time-consuming expensive process.
In addition, the depth of penetration of UV light is limited
because of strong absorptions by both catalyst particles and
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dissolved organic species. The above problems can be avoided
in stationary photoreactors in which photocatalyst particles
are immobilized onto a fixed surface such as the reactor wall,
fiber mesh, glass or ceramic beads that are held in fixed posi-
tions in the photoreactor. However, immobilization of a
semiconductor on a support generates a unique problem. The
low interfacial surface area of the photocatalyst may lead to
mass-transfer limitation problems. Glass beads or fiberglass
mesh structures may increase the surface area available for
catalyst but not the activated photocatalyst surface area, be-
cause of the opaque nature of the catalyst to UV light.
Therefore, there is a need for a reactor whose design pro-
vides a high ratio of illuminated immobilized catalyst to illu-
minated surface and provides the possibility of total reactor
illumination. The reactor described in this article provides a
candidate solution to this problem.

In recent years, severa review articles (Fox and Dulay,
1993; Mills et al., 1993; Legrini et a., 199Hoffmann et al.,
1995) have appeared on photocatalytic water treatment with
generally positive results indicating potential of photocat-
alytic oxidation technologies for very diverse categories of
toxic compounds in water. However, technical development
to pilot-scale level has not been successfully achieved a-
though numerous patents have been approved worldwide.
Based on the arrangement of the light source and reactor
vessel, all these reactor configurations fall under the cate-
gories of immersion type with lamp(s) immersed within the
reactor, external type with lamps outside the reactor or dis-
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Table 1. Illuminated Catalyst Surface Area per Unit Volume
of Liquid Treated Inside the Reactor, s

Photocatalytic
Reactor k,m*m®  Parameters
Slurry reactor 1 d,=03 um
d C,=0.5kg/m’

k,m~!  ScaeUp
2,631* Not possible

External type d,=0.2m 27 Not possible
annular reactor dz d;=01m

Immersion type [ 4e d,=0.09m 133 Possible, but
with classical 7 €=0.75 largeVy
lamps

Immersion type [ 1 d,=00045 2667 Possible with
withnew lamps | 1-d d, €=07 small Ve

*The value will be much lower than 2,631 m~! as al the suspended cata-
lyst particles will not be effectively illuminated. Catalyst concentration
C. of 0.5 kg/m? is normally used. p, is equal to 3,800 kg/m?>.

tributive type with the light distributed from the source to the
reactor by optical means such as reflectors or optical fibers.
The majority of reactors patented are in fact a variation of
the classical annular reactor of the immersion or the external
type in which the catalyst is immobilized on the reactor wall
(Sato, 1992; Taoda, 1993), on pipes internally (Matthews,
1990), on ceramic membranes (Anderson et al.1991), on the
glass wool matrix between plates (Cooper,1989), on semiper-
meable membranes (Miano and Borgarello, 1991; Oonada,
1994), embedded in water permeable capsules (Hosokawa and
Y ukimitsu, 1988), on a mesh of fiberglass (Henderson and
Robertson, 1989), on beads(Heller and Brock, 1993), on fused
silica glass fibers (Hofstadler et al., 1994), on porous filter
pipes (Haneda, 1992), on glass fiber cloth (Masuda et al.,
1994), and so on. The reactors are either helica (Ritchie,
1991), spiral (Matthews, 1988), shallow cross-flow basins
(Cooper and Ratcliff, 1991) or optical fiber (Wake andMat-
sunaga, 1994; Peill and Hoffmann, 1995). However, none of
these has been successfully brought out of the laboratory yet.
All these reactor designs are limited solely to small scales by
the low values of total illuminated catalyst surface area per
unit volume of liquid treated inside the reactor (Tabld) and
the only way to apply these systems for large-scale applica-
tions is by using large numbers of multiple units. In this arti-
cle a novel reactor design is presented that allows for a much
higher illuminated surface area per unit reactor volume and
is flexible enough to be scaled up for commercial scale appli-
cations.

Major Challenges in the Development of
Photocatalytic Reactor

The problem of scale-up of multiphase photocataytic reac-
tors is more complex than that of conventional chemical reac-
tors or homogeneous photoreactors. In fact, in photocatalytic
reactor development, besides conventiona reactor scale-up
complications such as mixing, mass transfer, reaction kinet-
ics, catalyst installation, and so on, an additional engineering
factor related to illumination of catalyst becomes relevant.
This is the process of photon energy absorption. The high
degree of interaction between the transport processes, reac-
tion kinetics, and light absorption leads to a strong coupling
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of physicochemical phenomena, and there is no doubt that it
is a major obstacle in the development of efficient photocat-
aytic reactors.

The central problem in a photocatalytic reactor is focused
on a uniform distribution of light to a large surface area of
catalyst. For a particular photoreactor geometry, scale-up in
the axial and/or radial directions in constrained by the phe
nomenon of opacity, light scattering, depth of radiation pene-
tration and local volumetric light absorption. The arrange-
ment of the light source-reactor system influences the reactor
design in such a strong way that independent consideration is
not possible. Moreover, the need for at least one of the reac-
tor walls to transmit the chosen radiation imposes the utiliza-
tion of transparent materials, such as glass for the reactor
construction, and thus imposes size limitations, sealing prob-
lems, and breakage risks.

The overal rate of reaction of photocatalytic processes
which usually follow Langmuir-Hanshelwood kinetics is slow
compared to conventional chemical reaction rates due to the
low concentration levels of the pollutants and, therefore,
there is a need to provide large amounts of active catalyst
inside the reactor. Even though the internal surface area of
the porous catalyst is high, there can only be a thin coating
(about 1 wm thick) applied to a carrier surface. Thus, the
amount of active catalyst in the reactor is limited and, even if
individual degradation processes can be made relatively effi-
cient, the overal conversionefficiency will still be low. This
problem severely restricts the processing capacity of the reac-
tor and the necessary time required to achieve high conver-
sions are measured in hours, if not days.

For comparison of design efficiency of different photocat-
alytic reactors in terms of their efficacy to install as much as
activated catalyst per unit volume of reaction liquid inside
the reactor, the author proposes a parameter «, namely illu-
minated specific surface area, representing the total illumi-
nated surface area of catalyst within the reactor that is in
contact with the reaction liquid. Table 1 (see Appendix 1)
lists «values for three different classes of common photocat-
alytic reactors. These are a dlurry reactor (SR), an external
type reactor such as a classica annular reactor (CAR) in
which a lamp is placed inside the inner tube while the reac-
tion liquid is flowing through thannulus with the inside of
outer annulus coated with catalyst, and an immersion type
reactor in which severa lamps coated with catalyst on their
surface are immersed inside the reaction liquid. An external
type reactor will always be limited with low values of «.
Whereas, in a slurry reactor, small catalyst particles could
provide a large surface area for reaction but essentially most
of the catalyst surface area will be inactive, as it will not re-
ceive enough light from externa light source, particularly for
large reactor dimensions, An immersion type reactor could
be scaled up to any dimension, but when classical lamps of
diameter between 0.07 to 0.1 m are used the «value is not
very high even if it is assumed that 75% of the reactor vol-
ume is occupied with the lamps. In order to overcome the
deficiencies inherent in conventional photochemical reactor
designs, we present a novel configuration that allows not only
a much higher value for «but also the catalyst can be acti-
vated uniformly at its highest possible level. Moreover, the
reactor design is flexible enough to be scaled up for large-scale
applications.
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Basic Concept of the Reactor

The concept is based on a unique new lamp design devel-
oped by Philips. These are extremely narrow diameter fluo-
rescent tube lamps of low wattage emitting lights in the wave-
length of our interest { i < 380 nml. These lamps are avail-
able in various shapes and lengths, and can be placed inside
a reactor to form a variety of different configurations. The
photocatalytic reactor is described here as the tube light re-
actor (TLR). Since the lamps are extremely narrow in diame-
ter, evidently a very large number of such lamps can be placed
inside the reactor. In the present reactor configuration, the
catalyst was deposited on the outer surface of these low
wattage lamps and thus provides a high light transfer area
and alows for a higher illuminated specific catalyst surface
area than even a durry reactor. Ancther potentia advantage
of distributing light is that light does not have to pass through
the reactant and product phases in the reactor. This is advan-
tageous because when light approaches the catalyst through
the bulk liquid phase, some radiation is lost due to absorp-
tion in the liquid. This effect is more pronounced for highly
colored dye pollutants as they are a strong UV absorber and
will, therefore, significantly screen the¢Til, from receiving
UV light. Of course, this is possible with classical lamps too.
However, the new lamps allow for a 10 to 20 times larger
surface area for catalyst per unit reactor volume compared to
a classical reactor design (Tablell.

Experimental Details
Reactor

The reactor (Figure 1) consists of a stainless steel flat top
plate (0.132 m = (Lil& m) with 21 holes onto which another
plate (0.248 m = {.132 m) was welded. 21 U-shaped lamps

Figure 1. Tube light reactoriTLR].
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were placed around the latter plate and its end extended
through the holes for electrical connections. Electrical wires
were connected to the novel lamps through copper holders
that are screwed around the lamps end. This part acts as a
clamp for the lamps. The assembly was put in a rectangular
stainless steel reactor vessal. Feed is introduced at the top of
the vessel and is equally distributed over the width of the
reactor through five inlet ports thereby minimizing formation
of any dead zones. Similarly, the flow exits the reactor through
five ports at the other end. The effective illuminated surface
areas of the catalyst and the volume of the reactor are 0.15
m” and 536 10" m”, respectively. The parameter «, de-
fined as total illuminated catalyst surface area that is in con-
tact with reaction liquid per unit volume of liquid treated in
the reactor volume, is equal to 61&m°/m”.

Lamps

The novel lamps (Philips NDF-U244-iW1 used were spe-
cially developed by Philips Lighting for our experiments. The
U-shaped lamps are 0.498 m long and have a diameter of
0.0045 m only. These operate at 1,02C%, and produce 6 W of
which 15% is in the UV-A region. The light intensity i < 380
fiit] on catalyst particles is 127.8W, .

Experimental setup

A gear pump (Verder model 2036; maximum flow rate of
3.0 X 10~ " m's] circulated the reactant between the reactor
and the reservoir via a flow-through cuvette placed inside a
photometer (Vitatron 6000) for continuous on-line measure-
ment of the model component (Figure 2). Two three-way glass
valves were used between the water and specialy designed
reactant reservoir for initial zero setting of the analytical in-
strument before the start of an experiment, introduction of

Monitor
Recorder

Lemgy valve

Ciolorimeser

Bypass lire

1 Reacton

Pump

Figure 2. Experimental setup.
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the reactant into the system, elimination of bubbles formed
during experiment, and final flushing of the entire system.
The reactor assembly was placed inside a thermostat bath,

Catalyst

Degussa P25 grade TiO, was used as a catalyst for all the
experiments. The crystalline product is nonporous primarily
in the anatase form (70:30 anatase to t-utile) and is used with-
out further treatment. It has a BET surface area of (5.5+ 1.5)

X 10* m%/kg and crystallite sizes of 30nm in 0.1-0.3-pum-dia.
aggregates.

Catalyst immobilization

For better catalyst fixation and its durability, the glass sur-
face of the lamps was roughened by sand blasting. This makes
the catalyst surface uneven but increases the strength and
amount of catalyst per unit area that could be deposited. The
lamp surface was carefully degreased, cleaned with 59HNO,
solution overnight, and washed with water and then dried. A
5% agueous suspension of the catalyst was prepared with wa
ter out of Millipore Milli-Q water purification system. The
suspension was mixed in an ultrasonic cleane(Branson 2200)
bath to obtain a milky suspension that remained stable for
weeks. The lamp’s surfaces were coated with catalyst bydip-
coating apparatus (Figure 3) designed for coating catalyst.

X

Figure 3. Dip-coating apparatus.
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Figure 4. Catalyst layer thickness with number of coat-
ings.

This is a completely automated equipment capable of immo-
bilizing the catalyst onto a variety of different shaped and
sized substrates to any desired thickness by successive dip-
ping of the objects into a suspension at controlled speed that
can be varied between (0.4-4.0) x10 ~* m/s. Four 250 W in-
frared lamps were attached to a clamp that can be moved
both vertically and horizontally for instant drying of the coat-
ing. Figure 4 shows the amount of catalyst immobilized per
unit area with the number dipping.

Model component

Specia Brilliant Blue of Bayer(SBB, MW 812) of labora-
tory reagent grade (in 20% solution) was used (catalog hum-
ber 42735). This is an excellent model component for charac-
terization of a photocatalytic reactor as the dye is reactive
only in the presence of bothTiO, and UV light, biologically
not degradable, and present in wastewater streams from tex-
tile industries. The complete oxidation reaction of SBB dye is

CH7,ON,S,Na +64%2 0, - 43 CO, + 32H,0
+2H,50, +3HNO, (1)

Analysis

Changes in SBB dye concentration were measured on-line
by flowing a bypass stream of the dye from the reactor outlet
continuously through a bottom loader flow-through cuvet
(Hellma, path length 0.001 m) placed inside a Colorimeter
(Vitatron Universal Photometer 6000) and was recorded con-
tinuously by a Kipp and Zonen (Model BD80) recorder. Up
to 0.5 mol/m?, the calibration line obeys the Beer-Lambert
law with good precision and the absorptivity coefficient (at
Apmay = 605 nm) was found to be 5,000m*/mol/m.

Experimental procedure

At the start of every experiment, the reactor was rinsed
with Milli-Q water before zero-setting the analytical instru-
ment. The reactor was then filled with the dye solution, and
it was ensured that no air bubbles remained in the system.

Vol. 44, No. 2 AIChE Journal



0.05 No Ti0,/ No.light; Ti0,/ No light

_\_\Tiorption . Dark reaction

0.04 -

TiO, / Light
Photocatalysis

‘.-.—0—45
0.03 -

0.02 -

Concentration of SBB, mol/m3

0.01 -

0.00 -

65 70 90
Experimental time, min

Figure 5. Typical experiment showing adsorption of the
dye in the system, dark reaction ancphoto-
catalysis.

The change in the dye concentration was continuously
recorded. New silicon connecting tubes and fresh catalyst
were found to absorb the dye for about an hour, but no no-
ticeable adsorption by the entire system was observed after-
wards. Light was turned on only when the colorimeter read-
ing was stabilized. A typical experimental result is shown in
Figure 5. The decrease in concentration in the first two parts
can be attributed to the adsorption of the dye by the connect-
ing tubing (no catalyst present) and fresh catalyst, respec-
tively, while that of the last part was when light was turned
on and actual photocatalysis occurred.

Evidence of complete mineralization
The COD for SBB dye is given by

COD= y' [MOxygen/MSBB dye] . N= 2542 y (2)

where y is the concentration of the SBB dye in ppmMoyyeen
and Mggg dye are the respective molecular weights andn for
the dye is 64'/2. COD was measured for various virgin dye
solutions for liquid collected at the end of several experi-
ments and for pureMilli-Q water. COD values for the virgin
solutions were always equal to the value calculated from Eq.
2 and that of the treated liquid and blank was zero. COD
value for the final treated liquid shows that complete miner-
alization occurred and for the present model componencol-
orimetric analysis was justified as it was not merely measur-
ing thedecolorization of the dye.

Experimental results

Experiments with increased flow rate caused an increase in
the conversion rate (Figure 6) showing influence of external
mass transfer. For most experiments, a flow rate of 1.67 X
10~ m3/s was used as higher flow rates introduced bubbles
inside the reactor.
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Figure 6. Influence of external mass transfer (flow rate)
on the overall rate.
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Figure 7 shows experimental results for the photocatalytic
destruction of SBB for various starting concentrations. The
figure reveals that 90% of the pollutant was degraded in about
30 min. The efficiency of the reactor, expressed in terms of
mols converted per unit time per unit reactor volume per
unit electrical power consumed, is compared with two differ-
ent reactors(Assink et al., 1993), namely a dlurry reactor and
a classical annular reactor, for the same initial concentration
(C, = 0.024 mol/m?) of the SBB dye. The slurry reactor con-
sists of 20 tubes each of volume 7X10~3m? containing 3 X
107> m? of liquid (with TiO, concentration of 0.5 kg/m?)
placed on a holder that rotates around a magnetic stirrer and
was surrounded by 24 Philips TLK40W/10R lamps. The an-
nular reactor was of 0.099 m outside and 0.065 m inside di-
ameter with 0.77 m long surrounded externally with 10 Philips
TLK 40W/10R lamps. When the efficiency of the test reactor
is compared (Table 2) with the classical annular reactor, an
increase of about 695% was observed while an increase of
259% was observed when compared to the slurry reactor in
spite of the fact that the slurry reactor offers a much higherk
value, This increase in efficiency is in spite of the fact that
the design of this test reactor was far from optimum with

0.1000

0.0100 |

0.0010

Concentration, mol/m?

0.0001 L ! ! I ! 1 I L
) 1200 1500 1800 2100 2400 2700

Time s

Figure 7. Photocatalytic degradation of SBB dye for
various initial concentration.

Reactor specification: volume of reactor = 5.36 X 10 ™% m3;
illuminated catalyst surface area = 0.15 m?; number of
lamps= 21; catalyst amount = 4.0 x 10~ kg/m?; experimen-
tal condition: flow rate =1.67x 10~ m3; volume of liquid
treated = 4.05x 10~ * m®.
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Table 2. Reactor Specifications, Experimental Conditions,
and Reactor PerformancekEfficiency for CAR, SR, and TLR

Classica Slurry  Tube Light
Annular Reactor Reactor
Reactor (CAR)+  (SR)! (TLR)
Vol. of reactor, m* 348x1077  14x107° 5.36x10°*
Cat.surfacearea, m” 0.18 37 015
Parameter . m%/m? 69 6,139** 618
Vol.flowrate, m%s 842x107° Bacch  1.67x107°
operation
Electr. energy input, w 400 960 126
Eff* , wmol/s/m*/W 950x107%  2.10x10°% 7.55x1072
% increaseineff. 1 21 695
Scale-up no no yes

*Efficiency is expressed as 90% pollutant (SBB dye) converted ( wmol/s)
from a starting concentration of 0.024 mol/m? per unit reactor volume
(m3) per unit electrical energy (W) used.

**The value will be much lower than 6,139 m~! as all the suspended
catalyst particles are not effectively illuminated and the assumption of
average aggregate particle diameter of 0.3 um may be too small.

TAssink et al. (1993).

“This article.

respect to mass transfer, flow distribution, and efficiency of
packing of the tube lamps inside the reactor. In addition, the
novel reactor design has the capability of being scaled up to
any dimensions whereas the other two reactors are restricted
only to a small reactor capacity.

The catalyst coating on the lamp’'s surface appeared to be
durable and the catalyst activity did not deteriorate even af-
ter 50 h of experimentation. A problem is still the burning
stability and lifetime of the lamps, but it is expected that this
will be improved in the months ahead. A comprehensive ex-
perimental program on the influence of operating parame-
ters on the conversion rates is presently being carried out.

Conclusions

A new photocatalytic reactor design concept with a 100 to
150 fold increase in surface area per unit volume of reaction
liquid inside the reactor relative to a classical annular reactor
design and a 10 to 20 fold increase relative to immersion type
reactor with classical lamps has been proposed and devel-
oped. In this article, experimental results based on a reactor
configuration where new extremely narrow diameter artificial
fluorescent lamps with a near UV spectra are used is pre-
sented. A simple laboratory-scale test reactor using these
lamps was designed, constructed, and tested for overal per-
formance evaluation. Experiments performed in a reactor of
volume 5.36~ 10~* m? containing 21 novel U-shaped lamps
of diameter 0.0045 m coated with catalyst showed a 695%
increase in efficiency of the reactor performance when com-
pared with a classical annular type photocatalytic reactor and
259% when compared with a durry reactor. Both the classi-
cal annular reactor and the slurry reactor cannot be scaled

up for large-scale applications due to the low values of illumi-

nated catalyst surface area per unit volume of liquid treated

inside the reactor while the present configuration is flexible

enough for industrial scale applications.
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Notation

«= illuminated catalyst density, m?/m*
A=wavelength, nm
p= density, kg/m>

Subscripts and superscripts

0= outer
c=catayst
max =maximum
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Appendix 1: Calculation of « for Different Reactors
Slurry reactor

A mass baance for the catalyst particles results

'rrd;
ra N,p.=CV, 1

where d, and N, are the particle diameter (m) and number
of parncles r%pectlvely, p. (kg/m%) and C, (kg/m®) are the
density and concentration(mol/m?) of catalyst respectively,
and ¥, (m®) is the volume of liquid inside the reactor. The
can be calculated as

wd2N 6C 6C,11
K= PP _ 42 30 = - [0))
VL i de Pc Pc dp

External type reactor

A classica annular reactor is considered in which a lamp is
placed inside the inner tube while the reaction liquid is flow-
ing through the annulus and inside of the outer annulus is
coated with catalyst. The «can be calculated as

md,L 4d, ;
K = =
J@-ayr @-d) 9

whered,, (m) and d; (m) are the outside and inside diameter
of the annulus, respectively, and L (m) is the length of the
reactor.

Immersion type reactor

An immersion type reactor is considered in which severa
lamps of diameterd, (m) coated with catalyst on its surface
are immersed inside the reaction liquid. Ife is defined as the
fractional volume of the reactor occupied by the lamps, then
Viamps= €V and V, = (1- | )VR. Also, the surface area to
volume ratio is equal t0 Ajmps/Viamps =4/d,. The k can be
calculated as

A

lamps _ A lamps

v, (-eVg

Iamps

(l' E)Vlamps { (1 .J)_ d

4
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