Solar-Powered Photocatalytic
Fiber-Optic Cable Reactor for
Waste Stream Remediation

The design and testing of a solar-powered fiber-optic cable reactor prototype for the
photocatalytic destruction of organic pollutants is presented. A concentrating collee-
tor directs sunlight into a fiber-optic cable which transmits light to a TiO, photocata-
byst immobilized on the fibers and immersed in a reaction solution. The performance
of the reactor using solar and artificial UV radiation are compared. The system
is also compared to another fiber-optic cable reactor having a 50 percent higher
photocatalytic surface area-to-reactor volume rafio to investigate mass transport
limitations. Reaction rates for the oxidation of 4-chlorophenol of 25 and 12 pM-
min ' were measured for solar and artificial UV sources, respectively. The faster
reaction rate using solar radiation is due to a higher UV light flux compared to the
artificial source. Both fiber-optic reactor systems were determined not to be mass
transport limited. Relative quantum efficiencies of ¢ = 0.014 and ¢ = 0.020 were
determined for the solar and artificial irradiations, respectively. In agreement with
previous findings, enhanced quantum efficiencies are attributed to a lower absorbed
light intensity-to-photocatalytic surface area vatio, The solar reactor prototype was
found to degrade effectively 4-chlorophenol and may prove useful for the in situ
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Introduction

The capability of metal oxide semiconductor photocatalysts
to degrade effectively a wide range of hydrocarbon contami-
nants has been well documented (Matthews, 1990; Fox and
Dulay, 1993; Mills et al., 1993; Ollis and Al-Ekabi, 1993; Hoff-
mann et al,, 1995). The solid photocatalyst is activated by
ultraviolet light generating holes and excited electrons which
combine with surface sorbed species such as water and oxygen
to form highly reactive radical species (e.g., OH+ and O37).
These radical intermediates nonselectively oxidize organic pol-
lutants such as chlorinated hydrocarbons, pesticides, solvents,
and aromatic compounds in most cases yielding only carbon
dioxide, water, and dilute mineral acids (e.g., HC1) as the final
products.

Many studies have addressed the immobilization of a photo-
catalyst in a practical fixed-bed reactor configuration that allows
for the continuous use of a photocatalyst without the need for
post-process filtration (Al-Ekabi and Serpone, 1988; Bellobono
et al., 1992; Yamazaki-Nishida et al., 1993; Zeltner et al., 1993;
Bellobono et al., 1994; Hofstadler et al., 1994; Sauer and Ollis,
1994). Furthermore, several commercial photocatalytic reactor
systems have been developed for aquecus and gas-phase waste
treatment (Xu et al,, 1988; Al-Ekabi et al., 1991; Suzuki, 1993).
However, the photocatalytic process has been criticized as being
uneconomical compared to other oxidative treatment systems
due to its low photochemical conversion efficiencies that may
result in higher overall energy costs {Renner, 1996; Wilson,
1996). ‘

However, there is a growing body of laboratory and field
studies which suggests that the use of solar radiation to power
photocatalytic reactor systems may lead to more economical
treatment alternatives for certain applications (Matthews, [987;
Bockelman et al., 1993; Mehos and Turchi, 1993; Minero et
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passive decontamination of subsurface and other remote environments.

al., 1993; Pacheco et al., 1993; Zhang et al., 1993; Muradov,
1994; Wyness et al., 1994; Wyness et al.,, 1994; Zhang et al,,
1994; Pugh et al., 1995; Crittenden et al., 1996; Zhang et al.,

" 1996). The solar spectrum consists of about six percent UV

radiation which is useful for photocatalyst activation (A < 380
nm). Sensitization of a photocatalyst can extend the useful spec-
trum. into the visible region (Dieckmann et al., 1993; Dieck-
mann and Gray, 1996). Solar-powered systems can be either
nonconcentrating or concentrating. Nonconcentrating systems
utilize direct and diffuse sunlight enabling operation in overcast
and hazy conditions but are limited to the UV energy flux of
one sun, ~40 Wm 2. Concentrating systems generally require
the use of a tracking device but can employ much greater UV
energy fluxes resulting in higher processing capacities and/or
smaller systems.

Solar-driven reactor systems involving shallow ponds, para-
bolic troughs, flat plates, glass fibers, and fiberglass mesh have
been investigated previously (Minero et al., 1993; Zhang 1993;

-Bauer, 1994; Muradov, 1994; Wyness et al.,, 1994; Wyness et

al., 1994; Zhang et al., 1994; Pugh et al., 1995; Crittenden et

al., 1996; Zhang et al., 1996). In contrast to this previous work,

we employ a bundled array of optical fibers to transmit light to
a photocatalyst immobilized on the fibers and immersed in a
reaction solution. This configuration has several advantages
over conventional fixed-bed reactor designs (Peill and Hoff-
mann, 1995; Peill and Hoffmann, 1996). Immobilization of the
photocatalyst on the fibers enhances the spacial uniformity and
distribution of the activated photocatalyst in the reaction solu-
tion volume. Direct delivery of light to the photocatalyst mini-
mizes radiation losses due to scattering and absorption by the
reactor and reaction solution. Transmission of light to the photo-
catalyst via the fiber-optic cable allows for treatment of remote
environments.

A potential advantage of the optical-fiber reactor (OFR) is
that it can operate in a high quantum efficiency domain charac-
teristic of low incident light intensities while maintaining high
reaction rates by employing high input light intensities (Ollis
et al., 1991). This combination is achieved by employing a
large number of fibers and distributing the photon flux over a
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large photocatalytic surface area. In this paper, we discuss the
design of a solar OFR2 prototype and compare its performance
using solar and artificial radiation for the photocatalytic oxida-
tion of 44ch10rophcn01 We also compare the OFR2 with the

performance of a previous prototype, OFR 1, having a 50 peroent,

higher photocatalytic surface area.

Experimental Section

Optical-Fiber Reactor (OFR2). An optical-fiber bundled
array reactor was constructed based on a previous design
(OFR1) which is described in detail elsewhere (Peill and Hoff-
mann, 1995). A schematic diagram of the optical-fiber photo-
catalytic reactor system is shown in Fig. 1. The reactor system
consists of a light source, a coated fiber-optic bundle and a
reaction vessel, A 1000 W Xe arc lamp (Oriel 6295) provided
UV radiation for the indoor experiments. Outdoor experiments
were conducted on the roof of Keck Laboratory building at
Caltech in Pasadena, CA. Light is focused into the bundle and
transmitted through the fibers using a quartz focusing lens {Ro-
Iyn Optics) for the artificial light source or a concentrating
compound reflector device (vide infra) for sunlight collection.
The fiber bundle consists of 573 1-mm diameter, 1.3 m long

i

L

Recollimated beam

quartz optical fibers (3M Power-Core FT-1.0-UMT). A 30-cm
length of the fibers was stripped to expose the quartz core, The
stripped fibers were then threaded through two perforated Teflon
plates that serve as a fiber spacer and lid for the reactor at a
spacing of 3.0 mm center to center. The prepared fibers were
bundled and polished by Fiberoptic Systems, Inc., Simi Valley,
CA. After bundling, the stripped portion of the fibers were
coated with a 15 wt% aqueous suspension of TiQ, (Degussa
P25) and allowed to air dry for 24 h. The 4.2 L (32 X 13 cm
diameter) cylindrical reactor vessel was constructed from Pyrex
with a bottom glass frit (fine) and gas inlet for the introduction
of air or oxygen for oxygenation and mixing of the reaction
sofution (~2 ml min~"). Sample ports and a temperature port
are located at the top and bottom of the vessel and are fitted
with Teflon-coated septum screw caps. The dual lid and fiber
spacer is constructed from Teflon with a 2 mm-deep groove to
fit over the reactor vessel. The hole spacings are concentrically
arranged at a spacing of 3.0 mm center to center. The fiber
bundled array fits coaxially into the reactor vessel.

Solar Collector Device. The solar collector device shown
in the photo in Fig. 2, along with the equatoriat tracker and
reaction vessel, consists of an equatorial tracking mount and

Aluminized
" convex lens

Silvered parabolic
concentrating primary
reflector

‘ Metal Bundling Ferrel (@l — Fiber coupling face (~2.5 cm)
—]

573-fiber bundle (1 mm-diameter quartz
fibers w/ polymer buffer/cladding)

Fiber spacer (3.0 mm center-to-genter)

1 [~ Unstripped fibers
|— Stripped/TiOq-coated fibers

32om 30cm " Reactor vessel
> & [3em
> B 10cm

. T I """"1(—- Bottom-fritted gas inlef (e.g., oxygen, air)

Fig. 1 Schematic of OFR2 with solar collector/concentrator. Equatorial tracker not shown.
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Fig. 2 Photograph of OFR2 on Keck Laboratory roof complete with
reactor vessel, solar collector, and equatorial tracker

gearing, and a compound reflector. The compound reflector
arrangement concentrates and directs sunlight into the fiber-
optic cable reactor. The bottom primary reflector is a 24-in.
diameter silvered (concave side) parabolic glass dish (Baush
and Lomb) with an eight-inch focal point. A thin acrylic lacquer
coating (DCA 468 clear, PPG Industries, 8:1 mix with lacquer
thinner) prevents oxidation of the silver coating (Peacock Labo-
ratories}. An aluminized 3.5-in. diameter convex lens (PCX
Rolyn Optics) serves as the secondary reflector. The aluminum
coating is protected with a magnesium fluoride UV-transparent
coating. The secondary reflector is positioned in front of the
focal point of the primary reflector to achieve a beam spot size
approximately 75 percent of the coupling face diameter, e.g,,
(.75 in.

The compound reflector is supported by an aluminum equato-
rial tracking mount and tilted at a 34 deg angle (average solar
zenith angle for Los Angeles, CA) After aligning the com-
pound reflector with the sun, it is rotated by a geared (1444 1)
synchronous motor at 15 deg hr™'.

Light Fiux Determination. Input light intensities into the

fiber bundle, I, for the solar and artificial sources were mea- -

sured by chemical actinometry using ferrioxalate (FeOx) ac-
cording to the method by Calvert and Pitts (Calvert and Pitts,
1966). In general, a 1 L. 0.006 M solution of teagent grade
potassium ferrioxalate (Pfaltz & Bauer) acidified in 0.1 M
H.S0, (Baker, AR) is irradiated at 10-second intervals. At each
interval a 10 mL aliquot is taken and dituted to 25 mL. with 2
mL of a 0.1 wt% solution of 1,10-phenanthroline ( Baker, AR),
5 mL of a 1.0 N sodium acetate (EM Science, GR) buffer, and
8 mL of deionized water (Milli-Q). After standing for one hour
the absorbence of each sample solution is taken at A = 510 nm.
The tip of the unceated bundle was immersed in the actinometry
solution and irradiated wsing either sunlight or artificial light.
A series of measurements was made and averaged. An outdoor
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input flux measurement was also made subsequent to coating
the fiber bundle. Outdoor measurements were made at 12:00
hours.

The ambient solar flux as a function of wavelength and time
of day was also measured using a spectral radiometer (LI-COR
Li-1800). The absorbed light intensity, L, of the coated bundle
was assumed to be 95 percent of the input light intensity based
on previous findings (Peill and Hoffreann, 1995, 1996).

Photooxidation of 4-chlorophenol. A 4.0L, 0.10 mM so-
lution of 4-chlorophencl (4CP) was prepared from a 1.0 mM
stock solution {Aldrich, 994 percent). Before irradiation, the
coated-fiber bundle was immersed in the reaction solution and
allowed to equilibrate for 30 minutes. The irradiations were
carried out until the complete disappearance of 4CP was ob-
served. This required two days of irradiation for the outdoor
experiment from 1(:00 to 17:00 hours each day. Nylon (Nal-
gene 0.45 pm) syringe filters were used to filter alt samples.
4CP was analyzed by HPLC (HP SeriesIl 1090) using a Hewlett
Packard ODS Hypersil (5 pm) column with an eluent (1 mL-
min ") of 20/80 percent acetonitrile/water (pH 3). UV absor-
bence was measured at 224 and 250 nm. Chloride-ion produc-
tion was quantified using a chloride jon selective electrode
(Orion 3617BN} or by ion chromatography (Dionex BIOLC
45001 series) using an Tonpac AG11 Guard column with an
eluent (1 mL-min ") of 75/25 percent 5 mM/100 mM NaQH.
The pH was determined with a Radiometer PHMB8S pH meter.

Results

Ambient solar flux data from the roof of the Keck Laboratory
building were used to size the solar concentrator shown in Fig.
2. Figures 3(a) and (b) show representative flux data taken
with the spectral radiometer as a function of wavelength at 1330
h and time of day, respectively. The UV flux (300 < X\ =< 380)
reaches a maximum at 380 nm of 2 W/m*nm which is less
than one-third of the total spectral maximum, The integrated
UV flux ranges from 45 to 90 W-m™ (0.88—1.84 uE min~*
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Fig. 3 Representative solar flux as a function of (a) wavelength taken

at 1330 h and {b) time of day measured by spectral radiometer during
July 1996
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cm?) reaching a maximum at 14:00 hours. This UV flux repre-
sents about 3.7 percent of the total ambient solar flux.

Due to irregularities in the surface of the primary reflector,
only the inner 17-in. radius of the reflector was useful for solar
collection, representing about 1400 cm® of reflective surface
area. Since the fiber bimdle coupling face consists of 4.5 cm®
of fiber area, this gives a concentration factor of approximately
300. A total theoretical { without losses) concentrated UV flux
was estimated to be 6.3-12.6 W (12302520 yE min™"). UV
reflectivity losses ‘of about 45 percent for the silver/lacquer
coating and an overall beam-to-bundle coupling efficiency of
80 percent were estimated.

Actinometric flux measurements were carried out to deter-
mine the input light intensity into the OFR2. Total fluxes of 68
+ 11 and 360 = 15 uE min~! were measured for the artificial
and solar light sources, respectively, UV fluxes were calculated
to be 40 percent and 50 percent, respectively, of the total mea-
sured flux based on the Xe arc lamp output and solar specirums

and the wavelength dependency of the ferrioxalate measure- -

ment. The measured flux of the coated fiber bundle was negligi-
ble, less than five percent of the uncoated bundle flux, indicating
that most of the input UV light was being absorbed by the
coating. The non-UV wavelengths would have passed through
the coating,

4-chlorophenol was chosen as a model pollutant for its low
volatility and moderate solubility. 4CP has been reported to
underge hydroxyl radical msertion as an initial step in the over-
all oxidation (Al-Sayyed et al., 1991; Tseng and Huang, 1991;
Mills and Hoffmann, 1993) according to the following generally
accepted mechanism (Choi and Hoffmann, 1995; Hoffmann et
al., 19953):

. "
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. o .
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A controlled indoor irradiation experiment was carried out
to compare the performance of the OFR2 using solar radiation
for the oxidation of 4CP. In addition, these results are compared
to 4CP oxidation experiments carried out using OFR1 (Peill
and Hoffmann, 1995, 1996). The initial reaction rates, time to
““complete degradation’’ {[4-CPJyum =~ 0.01 [4-CP),), and the
relative quantum efficiencies are summarized in Table 1. The
higher initial reaction rate and faster time to complete degrada-
tion for the OFR2 outdoor experiment is due to the higher
absorbed light intensity, 25—-41, compared to 10 yE L ™' min~".
The OFR2 performed comparably to the OFR1 but achieved
higher relative quantum efficiencies for both the indoor and
outdoor irradiations. A relative quantum efficiency of ¢ = 0.020
was achieved for the indoor OFR2 experiment which is compa-
rable to previously reported values for the photocatalytic oxida-
tion of 4CP (Barbeni et al., 1985; Al-Sayyed 1991; Mills and
Hoffmann, 1993; Hofstadler, 1994).

Table1 4CP oxidation reaction suimmary carried out in the CFR1 indoor
and the OFR2 indoor and outdoor. Experimental conditions for the OFR1
and OFR2 coxidations are the same except for 1, {shown in table) and
the reaction solution volume, 0.19 and 4 L, respectively.

=.1CP_ Tahs Initial tr/a Time to | Iahs/surface
Oxidation (RE L-1 |Reaction (hr) | Complete area b
Experiment min-1) Rate Degradati (uE L-1
(UM/hr) on min‘! m-2)
(hr) :
OFR?2 Indoor 10 12 5.0 - 16 0.2 0.020
OFR2 Quidoor| 30 25 3.5 13 0.5 0.014
OFR1 22 155 | 4.5 13 5.0 0.012
OFR1 31 17.5 | 33 13 10 0.009
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The results of the 4CP oxidations using artificial and solar
light are summarized in Table 1. Initial reaction rates of 12.0
and 25.0 pM/hr, ¢, of 5.0 and 3.5 hours were measured, re-
spectively, A two order-of-magnitude reduction in 4CP was
achieved after 16 and 13 hours of irradiation, respectively. Stoi-
chiometric production of chloride was observed in both cases,
A relative quantum efficiency for the indoor irradiation of ¢ =
0.020 was determined where ¢ is defined as

d[4CP]
dt - initial rate

d[h]as  absorbed flux
it

¢ = (D

A relative quantum efficiency range for the outdoor irradiation
of ¢ = 0.017-0.010 was estimated based on an average UV
flux of 30 = 5 xE min~' for the one-hour irradiation period,

Discussion

The need for low-cost novel technologies for the decontami-
nation of subsurface water and other waste streams has spurred
the development of solar-powered photocatalytic reactors which
combine cheap and environmentally benign photocatalysts such
as Ti0, and sunlight. A unigue feature of the OFR is the remote
delivery of light to a photocatalyst allowing for in situ treatment
of a contaminated site, This would eliminate the need to pump
contaminated water to the surface for treatment required for
most other treatment technologies. The OFR, as a fixed-bed
reactor, is also ammenable to gas-phase operation. Photocata-
lytic reaction in the gas phase has been shown to be substantially
faster than in the aqueous phase (Dibble and Raupp, 1990;
Nimlos et al., 1993; Yamazaki-Nishida et al., 1993). Addition-
ally, the use of sunlight as the UV source would further reduce
treatment costs. In advanced oxidation systems, the UV radia-
tion supply typically represents a large fraction of the capital
and operating costs (Miller and Fox, 1993; Bolton et at., 1995),
The primary objective of the present work is to demonstrate
the feasibility of utilizing solar radiation in an OFR for the
destruction of hydrocarbon pollutants.

Reactor Design, Critical design features of the OFR2 in-
clude: the reaction solution volume, the total UV flux, and the
fiber bundle size. A batch volurne of 4 L was chosen for this
project which is 20 times larger than the OFR1 design. OFR1
studies suggested that a minimum input UV fiux of 50 uE (L
min)~!, assuming ~ 100 percent absorption by the coaling, was
necessary to achieve the complete oxidation of 4CP in one day
(six hours) of irradiation (Peill and Hoffmann, 1996). Thus,
the minimum total input UV flux desired was 200 gE min "
An estimated photocatalytic coating surface area-to-reaction

. volume ratio of 23.3 m® ™" employed in the OFR1, which

consisted of 72, 20 cm long coated fibers in a single bundle,
was used as a base parameter to size the fiber bundle (Peill and
Hoffmann, 1996). Single-fiber light distribution experiments
with 13 wt% Degussa P25 revealed that collimated light is
propagated 35 cm before being completely absorbed by the
photocatalytic coating. Therefore, coated fiber lengths of 30 cm
were used to maximize the activated photocatalytic surface area.
The fibers at the reaction end of the bundle were spaced 2 mm
apart in a concentric, parallel arrangement to ensure a uniform
distribution of the photocatalyst within the reaction volume.
Assuming a coating thickness and porosity of 6 pym and 0.9
(Peill and Hoffmann, 1993, 1996} and a photocatalyst density
and specific surface area of 3.9 gom™ and 50 m*g ™" (Degussa,
1990), respectively, a fiber bundle consisting of 573 one-mm
diameter fibers gave a photocatalytic surface area-to-reaction
volume ratio that was 68 percent of the OFR1. This ratio was
deemed sufficiently different to be able to investigate also possi-
ble mass transport effects,
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Three alternative solar collector designs were considered.
They involved the use of {1) a compound Fresnel lens arrange-
ment, (2) a combination Fresnel film and lens arrangement, as
illustrated in Fig. 4, and (3) a compound parabolic reflector
arrangement, The first option consists of a UV-transmitting
quartz lens of sufficient collection diameter (e.g., 30 cm) cou-
pled with a secondary quartz lens to collimate the concenirated
Tight, The primary lens was not commercially available and was
determined to be cost prohibitive. The Fresnel film is manufac-
tured by 3M for photovoltaic systems and consists of a continu-
ous web of non-UV transmitfing acrylic (0.6 mm thick) with
prisms on one side and a smooth surface on the other. The thin
film is bonded to a rigid sheet such as UV-transmitting acrylic
for support. The concentrated light is collimated and coupled
with the bundle using a secondary quartz lens. However, this
alternative configuration was rejected because the quantity of
film required (~350 cm?) was not sufficient to cover the com-
mercial development costs and the development time (i.e.,
greater than six months) was extensive. In addition, unless UV
transmitting substitutes could be developed, the acrylic lens film
and bonding material would absorb some portion of the UV
flux. This arrangement, however, might prove to be a superior
alternative for future consideration as it is simple, light weight,
and can probably be constructed of UV transmitting film. The
third option consists of a bottom primary parabolic reflector
coupled with a secondary upper reflector that is positioned in
front of (convex) or behind (concave) the focal point of the
primary reflector. The secondary reflector is adjusted until a

(a)
primary
concentrator;
A \ | | / / Fresnel Tens
\ oy vy /
RANRR YA
\\\ i/
A
A,
recollimated secondaty
R Frosmel Tovs
{b)
g | ™
' Lo Soncenator
\ | I : Fresnel film
Vot
Vol
K
secondary
recollimated ;?2:::1{12;?

beam

T

Fig. 4 Alternative solar collector arrangements: (2} a large-diameter
quartz Fresnel lens coupled with a smaller quartz Fresnel lens and (b)
Fresnel film coupled with a quartz Fresnel lens to recollimate the light
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Fig. 3 The {B) ambient and (J} mitigated UV flux due to the incomplete
reflectivity of the silver coating ($) are plotted as a function of wavelength

collimated beam is achieved coupling the light with the fiber
bundle face. This arrangement was chosen for its simplicity and
availability of parts.

The primary collector diameter was set based on the desired
input flux, Ly, the ambient solar flux data, e, (Fig. 3)
and the estimated efficiencies for the primary, 7primary, and sec-
ondary, uconday, reflectors and the beam-to-bundle coupling
efficiency, fupte:

r 1/2
d o 4 'kjinpul 2
primary — w . ( )
¥ Iamhienl * np[immy " T]‘sacnndary * T]uoup'le

Figure 5 is a plot of silver reflectivity data as a function of
wavelength, the ambient solar flux, and the corresponding re-
duction of the reflected solar flux (Holland, 1958). The re-
flectivity at each wavelength was weighted by the contribution
of the wavelength to the ambient UV flux and integrated. This
resulted in an estimated reflection efficiency for the silver coat-
ing of 75 percent. Spectral analysis of the lacquer coating used
to protect the silver coating indicated a UV transmittance of
about 60 percent. Thus, the overall reflection efficiency for the
primary reflector was estimated o be 7y, = 45 percent. The
aluminum coating on the secondary reflector was estimated to
have a reflection efficiency of 7sceondary = 100 percent (Holland,
1958). Three main factors affected the beam to fiber coupling
efficiency. They were (1) the input beam angle, (2) the beam
spot size relative to the fiber coré diameter, and (3) Fresnel
losses due to refraction. The input beam angle should be within
80 percent of the acceptance angle, 8, given by

8 = ArcSin {y*{(n? — n3)'"?} (3

where v is the numerical aperture of the fiber core and »; and
n, are the refractive indices of the fiber core and ambient me-
dium (e.g., ait, n = 1.0, respectively. A fiber bundle consisting
of 3M Fi-1.0UMT {fibers has a v of 0.3 and a fiber core refractive
index of 1.413. These values give an acceptance angle of 17
deg. Therefare, the beam should be incident on the fiber cou-
pling face at an angle less than 14 deg with respect to the axis
of the fiber for efficient coupling. The beam spot size should
be 80 percent of the core diameter (e.g., § mm). Some losses
may occur if this criterion is not achieved since the reflected
beamn diameter spans the entire fiber bundle coupling face. Fres-
nel losses of about four percent due to refraction of the beam
off the bundle face may also be incurred. Due to a fiber packing
factor that is close to 0.9 (i.e., hexogonal close packing cross
section), there is a ten percent coupling loss due to void space
in the bundle coupling face. Overall, a coupling efficiency,
Teoupling» WaS conservatively estimated to be 80 percent and, thus
the overall solar collection/ coupling efficiency is reduced to 36
percent. i

Ambjent UV fluxes ranged from 0.88 to 1.84 »E min ! em™
during the summer months, Using these values in Eq. (2) yields
an estimated primary reflector diameter of 28 cm (11 in.). The
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24 in, primary reflector that was employed appeared to be suffi-
cient to provide the minimum required UV flux. As a result of
a mismatch between the shape of the primary and secondary
reflectors, a fully recollimated beam was not obtainable. The
beam input angle ranged from 0 deg to 10 deg, However, due
to irregularities in the parabolic surface of the primary reflector,
only the inner 17 in. diameter was effective for sunlight collec-
tion. ‘ ‘

UV Flux Determination. The input UV flux was measured
to determine relative quantum efficiencies for the oxidation of
4CP and as a basis for comparing the performance of the reactor
using artificial and solar light. The absorbance spectrum for
ferrioxalate is shown in Fig. 6 and compared to the solar and
Xe arc lamp output specira. As can be seen, the FeOx solution
may be absorbed at wavelengths above 380 nm, When the flux
at each wavelength was weighted by the respective absorbance
of the FeOx solution and the conversion guantum efficiency, it
was estimated that only 43 percent and 58 percent of the mea-
sured flux can be attributed to the useful wavelengths for the
solar and Xe arc lamp sowrces, respectively {Calvert and Pitts,
1966). Thus, the absorbed UV fluxes for the indoor and outdoor

" experiments were estimated to be 10 £ [ and 37 = 1 yE L™

min~!, respectively. It should also be noted that the solar flux

measurements were made at 12:00 hours when the solar flux
was about 90 percent of its peak. The quantum efficiency was
calculated using an initial rate evaluated with the first. hour
sample irradiated between 10:00 and 11:00 hours when the solar
flux was at 6585 percent of its peak. An estimated value of
30 £ 5 uEL " min~" was used to calculate the relative quantam
efficiency for the solar irradiation.

The estimated (from data) maximum input UV solar flux of
170 pE min~" is 7~ 14 percent of the theoretical flux available
and about 20-40 percent of the predicted UV input flux after
losses. This collection/coupling efficiency is 2.5 to 5 times
lower than the empirically estimated efficiency of 35 percent
of theoretical. The discrepancy may be due to lower reflection
efficiencies for the primary and secondary reflectors and/or a
lower coupling efficiency than predicted. The lower input UV
flux also resulted in slower reaction rates than were predicted
(vide supra).

4-Chlorophenol Oxidations. The photocataly_tic surface
area plays two important roles in this reactor configuration, The
phetocatatytic surface area-to-reactor volume ratic determines

whether the reaction system is in a mass transport limited or a:

reaction rate limited regime, assuming the system is not limited
by the input light flux. If the system were mass transport limited,
an increase in the photocatalytic surface area-to-reactor volume
ratio would enhance the observed reaction rates. Given that the

thickness of the catalyst coating (6.0 pm) and its high porosity,

that the characteristic time for diffusion of 4-chlorophenol from
the outer edge of the TiQ, coating to the quartz fiber core is
approximately 0.04 s; this time can be compared to the half-
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lives {Table 1) for reaction which ranged from three o five
hours. Furthermore, diffusion through the electrical double layer
(with a characteristic length of 50 nm) of an individual particle
will occur within a microsecond time frame. Thus, mass trans-
port is not a limiting factor in this reactor configuration since
the bulk fluid is well mixed and the characteristic times for
diffusion are short compared to the characteristic chemical reac-
tion times.

In addition, the absorbed light intensity-to-photocatalytic sur-
face area ratio can affect the quantum efficiency. Previous stud-
ies have shown an inverse relationship between the absorbed
light flux and the quantum efficiency (Albery et al., 1985; D’Ol-
iveira et al., 1990; Al-Sayved et al., 1991; Kormann et al., 1991;
Ollis, 1991; Ollis, 1991; Mills and Hoffmann, 1993; Peill and
Hoffmann, 1996). In illuminated semiconductor photocatalysts,
the photogenerated electron-hole pair density increases with an
increase in the absorbed light intensity. As a result, at a high
absorbed light intensity, the rate of electron-hole recombination
is increased relative to interfacial charge transfer. This leads to
a lower relative quantum efficiency.

The reaction rate data for the OFR1 and OFR2 reactors sug-
gest that the observed photochernical reaction rates are not mass
transport limited. The photocatalytic surface area-to-reactor vol-
ume ratio of the OFR2 is about 65 percent that of the OFRI.
However, a higher initial reaction rate for the OFR2 outdoor
oxidation is observed despite a similar absorbed light intensity
compared to the OFR] oxidation. Other studies have reported
similar findings for slutry-phase reactors (Pruden and Ollis,
1983; Matthews, 1988; Turchi and Ollis, 1988; Ollis et al.,
1989). In contrast, mass transport effects in fixed-bed photocat-
alytic reactor systems appear to be a function of the reactor
design and reaction parameters such as distribution of the photo-
catalyst within the reaction volume, the radiation field with
respect to the exposed photocatalyst membrane, pollutant con-
centration, and reaction solution flow rate, (Matthews, 1987;
Turchi and Ollis, 1988; Sabate et al., 1991, 1992).

Increasing the coated-fiber number density decreases the rela-
tive incident lght intensity to which to the photocatalyst is
exposed for a given input light intensity. The fiber length should
equal but not exceed the propagation length of light in the
coated fiber to maximize the input photon utilization, The fiber
number, fiber number-densities, and fiber lengths for the OFR1
and OFR2 were 72 and 573, 92 and 113 fibers-cm 2, and 0.20
and 0.30 m, respectively. These dimensions resulted in esti-
mated photocatalytic surface areas of 4.4 and 63.6 m?, respee-
tively. In Table 1 the absorbed light intensity normalized by
the photocatalytic surface area is compared to the observed
relative quantum efficiencies. An inverse correlation is evident
between the normalized I, and relative quantum efficiency.
This confirms our previous findings that higher reaction rates
can be achieved using the same power input (i.e., higher quan-
tum efficiencies by maximizing the fiber number density (Peill
and Hoffmann, 1996)).

In this system, oxygen sparging (2 ml min~") serves to mix
the reaction solution and to act as the electron atceptor, Mixing
of the reaction solution may be necessary to minimize mass
transport effects and to enhance the sphere of mmfluence of the
activated photocatalytic bundle to treat a volume larger than the
bundle volume. In an activated photocatalyst particle, surface-
bound -OH radicals are produced by the oxidation of water
by valence band holes. In order to maintain charge neutrality
concurrent reduction of surface-bound species via conduction
band electrons must occur. In an aerated system, oxygen is
reduced and forms superoxide and/or hydroperoxyl radicals.
These species can be further reduced to form hydroxyl radicals.
In the absence of oxygen or an alternative oxidant, charge neu-

trality cannot be maintained and photocatalytic activity is inhib: .

ited as the photogenerated holes, k., and electrons, e, recofl:

bine, In any practical photocatalytic reaction system, oxygen/ .
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air should be- present at sufficient levels so as not to be rate-
limiting. In the case of the treatment of subsurface environ-
ments, the addition of oxygen/air may be required.

In conelusion, a solar-powered prototype OFR for the remedi-
ation of contaminated wastestreams was successfully designed
and tested. Photoefficiencies with sunlight are comparable to
that achieved with a Xe-arc source. In addition, a lower ab-
sorbed light intensity to—photocatdlytic surface area ratio is
shown to result in a corresponding increase in the relative quan-
tum efficiencies. These results indicate that the OFR configura-
tion may be useful in the passive decontamination of groundwa-
ter, underground storage tanks, or other sites where UV radia-
tion is not accessible. Developmental issues that must be
addressed before practical in situ application of an OFR system
is possible include scale-up and distribution of the fibers
throughout the treatment volume, protection of the fibers from
breakage, coating lifetime and durability, control of flow
through the activated bundle, filtration of particulates and other
interfering species such as humic substances present in ground-
water that scavenge + OH, enhanced of the photochemical quan-
tum efficiencies, sufficient residence times, mixing, and oxygen-
ation (aqueous phase) or humidification (gas phase).
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