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Abstract

Photocatalytic decomposition of benzene in an air stream in a continuous TiO,-coated optical fiber photoreactor
(OFP) was demonstrated to be effective at relatively short retention times. An increase in TiO, coating thickness,
fiber length and retention time improved the decomposition of benzene; however, excessive TiO, coating thickness
and optical fiber length may hamper the reaction. The UV light intensity distribution on and within the optical fiber
was modeled using Snell’s law and UV light energy balance. The modeled profile indicated that the UV light
intensity decreased rapidly along the axial and radial directions of the optical fiber. A mathematical model com-
bining the continuity equations and Langmuir—Hinshelwood surface kinetics was established to adequately describe

the reaction behavior of benzene decomposition in the OFP with only single TiO,-coated fiber.

Nomenclature

1S3

UV light attenuation coefficient of optical fiber at

wavelength of 365 nm (cm™")

€ extinction coefficient of the TiO? film (nm™)

® Fresnel reflection coefficient of optical fiber

1) thickness of the TiO? film (nm)

0 incident angle of UV light into material (optical
fiber, cladding layer)

¢p  apparent quantum yield of benzene decomposition

¢. apparent quantum yield of benzene mineraliza-

tion to CO, generation

normalized apparent quantum yield of CO, gen-

eration

Nm eigen-value of partial differential equation

Ca concentration of gaseous benzene in air stream

(ppmv)

initial concentration of gaseous benzene in the

photoreactor (ppmv)

DAy diffusion coefficient of benzene (cm” s™1)

CAo

1. Introduction

Photocatalytic oxidation has been demonstrated to be an
effective technology for treating trace levels of organic
pollutants in air stream [1-4]. However, the practical
application of the UV/TiO, process is restricted by

I, Bessel function in the integrated form

Iz UV light intensity in the TiO, coating layer at
position z (W m™)

I, UV light intensity irritated into the optical fiber
(Wm™)

k; intrinsic photocatalytic reaction rate constant

(mmole min™")

adsorption equilibrium constant of benzene on

TiO, particle (ppmv ™)

L length of optical fiber in photoreactor (cm)

m natural number in summation formula

n

r

>

reaction order of applied UV light intensity
position of the optical fiber in radial direction (mm)
T radius of the naked optical fiber (mm)
ro  radius of the TiO, coated optical fiber (mm)

Rs photocatalytic decomposition rate of gaseous
benzene (ppmv min)

t time (min)

v.  velocity of air stream in z axial direction (cm s™")

z position of the optical fiber in axial direction (cm)

the development of photoreactors. Hoffmann et al. [5]
and Peral et al. [6] have reviewed various types of
photoreactor capable for the application of UV/TiO,
process. Hung and Marinas[7] and Herrmann et al. [8]also
reported that fixed-bed reactors with coated TiO, film on
the irradiated surface are the most commonly used
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photoreactors for its ease on operation either in the gaseous
phase or aqueous solution. The optical fiber reactor (OFP)
has been shown to be a potential alternative to conven-
tional photoreactors due to its unique configuration.

The application of OFP for the decomposition
of organic pollutants was initially proposed by
Marinangeli and Ollis [9] to analyze the light intensity
profile on optical fibers and evaluate the feasibility of
OFPs in large scale operation. Peill and Hoffmann [10]
further characterized OFP systems and established the
Langmuir—Hinshelwood kinetic model coupled with light
intensity distribution for interpreting the photocatalysis
of 4-chlorophenol in aqueous solution. Choi et al. [11]
proposed a simplified model correlated with light reflec-
tions in fiber core to describe the light intensity attenu-
ation along the optical fiber. Furthermore, Peill and
Hoffmann [10], Choi et al. [11] and Wang and Ku [12]
have employed the Langmuir—Hinshelwood kinetics
combined with one-dimensional light intensity attenua-
tion for the modeling of reaction occurred in an OFP.

The modeling of UV intensity distribution within a
photoreactor has been studied for various geometries of
OFPs [10, 11, 13] for decomposition of organic con-
taminants. The interaction of coating thickness and fiber
length for the light delivery in a TiO» coated fiber was
modeled by Wang and Ku [14]. However, few researches
have focused on light flux transfer within the coated
photocatalyst layer and the flow pattern within photo-
reactors that are crucial in the design of OFPs.

2. Experimental

Chemicals and gases used in this study were reagent-
grade purchased from major chemical companies and
utilized without any further purification. The immobili-
zation and characterization of TiO, coated on the
1.0 mm diameter fused silica optical fibers (Shanghai
Optical Communication, Q4-1.0 N) were reported in
our previous study [12, 14]. The total coated area for a
20 cm-long optical fiber was determined to be about
157 mm?. The TiO,-coated fibers were then exposed
to ozone-containing humid air stream for 30 min to
eliminate any organic compounds adhered on the surface
of the coated fiber. A 20 cm-long Pyrex tubing of 0.4 cm
inside diameter with a volume of 2.356 cm® with oily
single TiO,-coated fiber located at the centerline of the
tubing was used as photoreactor for experiments in this
study. The schematic diagram of the reactor is shown in
Figure 1. The UV light emitted from a xenon arc UV
lamp (Oriel 6263, 500 W maximum output primarily at
365 nm wavelength) was magnified and projected on the
tip of the single coated fiber by a focusing-lens module.
The temperature of photoreactor system was kept at
25 °C by for all experiments.

Benzene-laden air stream was prepared by extracting
vapor from liquid benzene with dewatered compressed
air. Air stream was kept at 40 °C by wrapping a flexible
electric heating tape around the pipeline to avoid con-
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Fig. 1. Schematic diagram of the optical fiber photoreactor used in
this study.

densation of benzene and humidity, and led to flow
through the OFP reactor for about 20 min to saturate the
benzene adsorption by coated TiO, before experiment
was conducted. The UV light source was warmed up for 5
to 10 min to achieve a steady light output before it
irritated on the tip of the optical fiber. Outlet gas samples
were taken after the temperature, gas flow rate, pressure,
UV light intensity and humidity in the photoreactor
system were steady; usually, the time required was less
than 30 min. After each experimental run, humid ozone-
containing air stream was introduced to the reactor for
30 min with UV light source on, in order to destroy any
organic intermediates deposited on the inner surface of
OFP. A China Chromatography 9800F gas chromato-
graph equipped with a flame ionization detector (FID)
and an OIC model 700 non-dispersible infrared detector
(NDIR) analyzer were used to determine the concentra-
tions of benzene and CO, of the outlet air stream,
respectively.

3. Result and discussion

3.1. Modeling the light transmission within the TiO,
layer coated on optical fiber

The light transmission within an optical fiber was
initially studied by Marinangeli and Ollis [9]. Accord-
ing to the Snell’s law and Fresnel’s law [14], the
reflection or refraction of light is supposed to be
bounded within the optical fiber and only a minimal
portion of UV light can be emitted out of the TiO,
coating. The conservation equation of radiant energy
at a given wavelength around a TiO,-coated optical
fiber operated isothermally at steady-state could
be established in z and r directions for cylindrical
coordinates shown as follows:

10 [ Ol I

—— =)+ ===

rar( 3r> 0z2
L=f(r,2)ri<r<r,0<z20<L (D

where I is the light intensity in the TiO, coating layer at z
direction. There are four boundary conditions of Equa-
tion (1) corresponded to light intensity (/;). However, the



residual light intensity measured at the fiber-tip related to
the fiber length (L) and thickness of TiO, coating layer
(6 =r—-r;) have been identified in our previous study [14]
and boundary conditions were set as:

I=w-¢- Ifoe*[“z] at r=r; (2)
I;=0 atz=1L (3)
=1, atz=0 (4)
I=w- & Ipe el — fz) at r=r, (5)

where ® is the Fresnel reflection coefficient related to
fiber length, € is the extinction coefficient of TiO,
layer, o is the attenuation coefficient of the naked
optical fiber, Iy, is the incident light intensity and
(ro—r;) is the thickness of TiO, coating layer. The 2D
non-homogenecous PDE was solved and shown as
dimensionless light intensity in the TiO, coating layer
related to coating thickness and fiber length can be
calculated via the following equation resolved from
Equation (1):

I(r, z 2-w-€ o~ o (M
(1 ) _ ( ;e (ro J) .ZIO(—)cos(nmz)~
fo m=1 O(Hmro)
l—w-e %k (ac - cos —(2'";1)” — 1, SIN —(2m;1)”>
6
o + N2 (6)

where m,, is the eigen-value of the partial differential
equation and equal to W The analytical solution
of light intensity distribution obtained by Equation (6)
indicates that light intensity distribution is function
of both fiber length (Z) and TiO, thickness (r, — r;)
with an exponential decay. Due to the complicated
expression of light intensity distribution on optical
fiber, Equation (6) can be simplified and rearranged
as:

lf(lrf?z) 1+ /f o (7)
where
peot (weos 2Ty B 1)”>_1
®)
. <2 o emm) ‘,mz? 170(37”:5) socl)
(0% + 1) 9)
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3.2. Modeling the benzene concentration profile in the OF P

The performance of an optical fiber reaction system for the
degradation of a single compound was modeled by
combining the Langimuir—Hinshelwood kinetics with light
transmission model mentioned above. For a differential-
type optical fiber reactor operated isothermally at steady
state, assuming the density and diffusivity of air stream is
constant, the diffusion inside the TiO, layeris negligible, the
conservation equation could be established by a simplified
Navier—Stoke continuity equation shown as follow:
2
28 (12(,5) 129
0z ror or 0z2
where Cy is the concentration of benzene, v. is the flow rate
of the benzene-laden air stream in z direction, Dap is the
diffusivity of benzene. The air stream flow in the reactor is
assumed to be plug flow with no concentration gradient in
0 direction. The boundary conditions are shown as follow:

(10)

Cao=Cpo atz=0 (11)
OCA\ o

DAB (8}") = —RA at r=r; (12)

0Cx

7—0 at r=0.4cm (13)

Equation (11) indicates that the benzene concentration
at the entrance of reactor is kept uniform and steady.
Equation (12) addresses that the mass-transferred ben-
zene is completely decomposed in the OFP. The rate
expression for a heterogeneous photocatalytic reaction is
described by Langmuir—Hinshelwood kinetic expression:

K- Cx
1+ K-Ca

where K is the dynamic adsorption constant and k is the
apparent reaction rate constant and a function of UV
light intensity.

k=k; It

—Rp = —k (14)

(15)
where k; is the intrinsic reaction rate constant, n is the
reaction order with respect to the applied UV light
intensity, Ir. The continuity equation for benzene in
cylindrical coordinate in an ideal plug flow reactor
operated in steady state is expressed as Equation (13):
oC kKC
L0 p (A)

16
ot 1+ KCx ( )

By integrating the above equation and regressing with
the data for experiments conducted with various initial
benzene concentrations, the K value can be determined.
Equation (10) was then solved numerically to predict the
concentration distribution of benzene decomposition in
the differential OFP.
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3.3. Experimental findings and model fittings

Thickness of TiO, coatings covered on the fiber surface is
an important parameter for the operation of photocata-
Iytic reactor owing to its specific roles on UV light
transmission and photocatalytic reaction. Figure 2 depicts
the SEM micrographs of TiO, coatings of different
thickness covered on the optical fiber used in this study.
Irregular stacking of TiO, particles on the fiber surface was
found for coatings developed from higher TiO, slurry
contents, which might inhibit the UV light transmission
along the fiber according to our previous study [14].

The effect of TiO, coating thickness on the photocata-
lytic decomposition of benzene in the OFP can be modeled
adequately by Equation (1) for experiments conducted
with various UV light intensities, as shown in Figure 3. The
decomposition of benzene was increased for experiments
conducted with thicker TiO, coating, especially under the
application of higher UV irradiating intensities. However,
Chen et al. [15] reported that the excessive thickness of
TiO, layer (> 1.0 um) might increase the resistances of
both UV light delivery and reactant transfer.

EMT~ 200KV WD 22 min
20.0 pm

PHOTO~5

TiO: Coating Layer

Optical Fiber Su

EMT= W0KY WD 24 aim

20,0 {LIN (msmmemanr———————

PHOTO ~ 8

TiO2 Coating Layer

Optical Fiber Substrate

LeSEL  EME~ 200KV W0= 21 mm
20,0 um

FHOTO =0

Fig. 2. Cross-sectional SEM micrograph of the TiO, coating on
I-mm diameter fused silica optical fiber from solution containing (1)
2.5 wt% of TiO5(2) 10.0 wt% of TiO; (3) 20.0 wt% of TiO,.
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Fig. 3. Effect of TiO, coating thickness on the benzene decomposition
by photocatalytic oxidation in the OFP operated at various light
intensities: 10 ppmv benzene, 100 ml min~"' flow rate, 30% humidity:
key (*), (m), (®), (A), (®) and (V) were experimental result at 72716,
2139, 1562, 985, 408, 120 W m™2: (A), (B), (C), (D), (E) and (F) were
simulation values at I = 2716, 2139, 1562, 985, 408, 120 W m 2.

Table 1 depicts the apparent quantum yields of
benzene decomposition (¢p) and CO, production (¢x)
for experiments conducted in an OFP covered with TiO,
coating of various thickness. The apparent quantum
yield calculated in this study is defined as the difference
of organic concentration (AC,) in a constant volume
(V) divided by the incident light intensity of 365 nm
(I.ps) entered a fiber times the irradiation time interval
(At) rather than the emitting intensity of light
source used commonly by other researchers [16, 17].
The definition of apparent quantum yields (¢ and ¢.)
are expressed, respectively, as below:

~_moles of benzene disappeared

® 7 moles ofphotons absorbed (17)
o ACp -V
N Iabs/Ui:%Snm - At
b = moles of CO, produced
¢ moles ofphotons absorbed (18)

. ACAV
h Iabs/UA:%Snm - At

Table 1. Apparent quantum yields of benzene decomposition and min-
eralization by photocatalytic oxidation in the OFP coated with various
TiO, thicknesses

Effect of TiO, thickness

TiO, thickness/um o P>

0.5 5.41 % 1073 0

8.0 9.28 x 1073 1.55x 107*
16.8 2.94 x 1072 1.11 x 1072
23.5 4.224 x 1072 0.0188

Relative humidity = 30%. Flow rate = 100 ml min~'.



where the (U — 365 nm) (3.28% 10° Joule Einstein™") is the
energy per mole of photons at wavelength of 365 nm, and
I, 1s calculated via Equation (7). For comparing the (¢y,)
and (¢.) through mass balance of carbon, (¢.) were
divided by 6 because benzene composed of six carbon
atoms. Hence the normalized (¢, ¢.+) is defined as:

(ZSC* = ¢C/6 (19)

Both the apparent quantum yields of benzene decom-
position and CO, production were increased with the
TiO, coating thickness, possibly because more surface
sites available for the adsorption of organic species. The
amount of CO, production was increased significantly
with TiO, coating thickness possibly due to the favor-
able adsorption of hydrophilic organic intermediates on
illuminated TiO, surface [12, 18]. However, some
researchers [11] noticed that the reaction rate of photo-
catalysis might be reduced for experiments conducted
with excessive amounts of TiO, coating because the
penetration of emitted light and mass transfer of organic
species were inhibited.

As shown in Figure 4, the photocatalytic decomposi-
tion of benzene in the OFP increased linearly with
retention time of the gas stream for experiments
conducted with various incident light intensities. Similar
results reported by Wang et al. [19] for photocatalytic
decomposition of trichloroethylene in a packed-bed
photoreactor. The calculated quantum yields of benzene
decomposition (¢,) and CO, production (¢p.«) were
found to be decreased with increasing airflow rates as
shown in Table 2, indicating that more organic inter-
mediates were generated for experiments conducted with
higher airflow rates. Therefore, the quantum yield of
CO, production decreased more significantly with
increasing airflow rates than the quantum vyield of
benzene decomposition.

0.75 H

cre,

0.50

0.25

0.00 T T T T T
0.0 0.5 1.0 L5 20 25 3.0

Retention time, t /sec

Fig. 4. Effect of retention times (t) on the benzene decomposition by
photocatalytic oxidation in the OFP operated at various light inten-
sities: 10 ppmv benzene, 100 ml min~! flow rate, 30% humidity: key
(*), (m), (®), (A), (®) and (V) were experimental result at I 2716,
2139, 1562, 985, 408, 120 W m™':(A), (B), (C), (D), (E) and (F) were
simulation values at I = 2716, 2139, 1562, 985, 408, 120 W m™2.

713

Table 2. Apparent quantum yields of benzene decomposition and min-
eralization by photocatalytic oxidation in the OFP operated at various
retention times

Effect of flow rate

Retention time/s’ 038 o

14.364 479 x 1072 2.29 x 1072
2.8727 274 % 1072 9.90 x 1073
1.4137 1.56 x 1072 3.18 x 1073
0.9425 1.13x 1072 227 %1073
0.7069 8.66 x 1073 9.73 x 107

Relative humidity = 30%. Thickness of TiO, coating = 16.8 um.

As shown in Figure 5, the photocatalytic oxidation of
benzene for experiments conducted in photoreactors
with optical fiber of different length and gaseous flow
rates in the range of 50-300 ml min~'. The decomposi-
tion of benzene decreased obviously with the length of
optical fiber for experiments conducted with various
gaseous flow rates. The apparent quantum yield was
calculated and was also found to be increased with the
length of optical fiber for experiments conducted in
photoreactors with optical fiber coated with various
TiO, thicknesses as revealed in Figure 6. However, both
Figures 5 and 6 indicate that the effect of fiber length
merely enhanced the decomposition of benzene and
apparent quantum yield for optical fiber length greater
than 10 cm. It is possibly due to the decay of light
intensity along the TiO, coated optical fiber. Previous
studies have addressed that light intensity decays expo-
nentially along the fiber, the photocatalytic reaction was
assumed to occur mainly at the front region of an OFP
[18].

As depicted in Figure 7, both the quantum yields of
benzene decomposition (¢,) and mineralization (¢p.*)
were increased for experiments conducted in
photoreactors with longer fibers, especially under UV

0.75
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0.50

0.25 o

0.00 T T T T
0.0 50 10.0 15.0 200

Length of TiO, coated optical fiber /cm

Fig. 5. Effect of fiber length on the benzene decomposition by photo-
catalytic oxidation in the OFP operated at various gaseous flow rates:
10 ppmv benzene, 2716 light intensity W m™2, 16.8 um TiO, coating
thickness: key (@), (), (A), (W) and (OJ) were experimental values at
flow rate =50, 100, 150, 200, 250 ml min~": (A), (B), (C), (D) and (E)

were simulation result at flow rate = 50,100,150, 200, 250 ml min™".
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Fig. 6. Effect of fiber length on the apparent quantum yields of
decomposition (¢p) and mineralization (¢) of benzene by photocat-
alytic oxidation in the OFP coated with various TiO, coating thick-
ness: 10 ppmv benzene, 2716 light intensity W m™2, 100 flow rate
ml min™": key (0), (O), (A), (<) were ¢y at TiO, coating thick-
ness = 23.5, 16.8, 8.0, 0.5 um, (w), (@), (A), (€) were d): TiO, at
coating thickness = 23.5, 16.8, 8.0, 0.5 um.

light irradiation of higher intensities. The (¢p) was
decreased with light intensity while the (¢.*) was
increased inversely. It is probably because the UV
illuminated TiO, surface is hydrophilic and favorable
for the adsorption of reaction intermediates [16, 22].
Non-polar hydrophobic benzene molecules and hydro-
philic intermediates, such as phenol and formic acid,
might compete the active sites on the surface of TiO».
The light intensity disfribution model depicted as
Equation (7) can be coupled with Equations (17) and
(18) to model the effect of light intensity on (¢;,) and
(¢p.*) as shown in Figure 7.

4. Conclusion

The photocatalytic oxidation of gaseous benzene in
a single fiber, continuous flow TiO,-coated optical
fiber reactor was revealed to be effective for experiments
conducted at relatively short retention times. The
increase of TiO, coating thickness, fiber length and
retention time of gas flow in OFP can improve the
decomposition of benzene; however, for experiments
conducted with TiO, coating thickness of greater than
23.5 um or fiber length longer than 10.0 cm, the
photocatalytic ~decomposition of benzene were
hampered. The modeled profile based on Snell’s law
and UV light energy balance indicated that UV light
intensity decreased rapidly along the axial and radial
directions of the optical fiber, UV light diffracted within
the optical fiber was primarily consumed at the fiber/
TiO, interface. The photocatalytic decomposition of
gaseous benzene along the optical fiber reactor could be
properly described by the proposed design equation
combining the light distribution consideration and
Langmuir—Hinshelwood surface kinetics.

7.0x102

6.0x102]

5.0x10°2 "]

4.0x102 ]

3.0x102 ]

Apparent quantum yield

2.0x102]

1.0x102 ]

500.0 1000.0 1500.0 2000.0
UV light intensity /W m™

T
2500.0

Fig. 7. Effect of light intensity on the apparent quantum yields of
decomposition (¢p) and mineralization (¢.) of benzene by photocat-
alytic oxidation in the OFP operated at various lengths of optical fi-
ber: 10 ppmv benzene, 23.5 um TiO, coating thickness, 100 flow rate
ml min™": key (O), (O), (A) were ¢, at lengths of optical fi-
ber = 3.0, 10.0, 20.0 cm, (m), (@), (A) were ¢, at lengths of optical
fiber = 3.0, 10.0, 20.0 cm.
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