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Abstract

Volatile organic compounds present in air at low concentrations can be oxidized to carbon dioxide and water when exposed
to thin films of titania irradiated with near UV light. Borosilicate glass rings were coated with a titania-sol generated by
controlled hydrolysis of titanium isopropoxide. A reactant stream containing either 48.99 or 1055 ppm of ethylene was fed
continuously to a tubular reactor packed with the coated glass rings and surrounded by blacklight blue fluorescent bulbs.
The effluent was analyzed by gas chromatography. Titania supported on glass rings exhibited higher photocatalytic activity
than unsupported titania pellets. Preliminary kinetic studies of photocatalytic oxidation of ethylene suggest that the reaction
rate can best be described using a Langmuir-Hinshelwood-Hougen-Watson rate expression. ©1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction oxidation of a wide variety of organic pollutants to
carbon dioxide and water in a reactor operating near
In recent years, heterogeneous photocatalysis hasambient temperature. Moreover, utilization of solar en-
received wide interest as a promising technique for ergy to initiate photocatalytic oxidation reactions over
remediating environmental pollution via both liquid TiO2 is possible [2-5].
phase and gas phase reactions. Photocatalysis provides Inthe past, most research on the heterogeneous pho-
a number of attractive features [1]. First, this process tocatalytic oxidation of environmental contaminants
involves the actual destruction of organic contaminants has focused on the use of TiQhotocatalysts for pu-
rather than merely transfer of a contaminant from one rification of water [6-8]. However, photocatalytic ox-
phase to another, e.g., from a gas or liquid phase to idation in the gas phase has recently attracted more
a solid phase in a process such as adsorption on acti-interest. The reason for the increasing interest is that
vated carbon, or from a liquid phase to a gas phase inthe rates of photocatalytic oxidation of some organic
the case of air stripping of volatile contaminants. By compounds (e.g. trichloroethylene) are reported to be
employing photocatalysis, one can achieve complete orders of magnitude higher in the gas phase than in
the liquid phase at similar temperatures and levels of
"+ Corresponding author. Tel.: +1-608-262-2674: irradiatiop [9]. Th_e obsgrve_d high reaf:tion rates have
fax: +1-608-262-0454 led to an interest in applications involving not only the
E-mail addressnanopor@facstaff.wisc.edu (M.A. Anderson) purification of air but also the purification of contami-
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a major problem associated with using unsupported

photocatalysts in a photoreactor is that a large amountFig. 1. Dependence of the thickness of the titania film on the

of Catalyst is needed, but onIy the thin exterior |ayer number_of coatings of titania-sol _applieq to Fhe glasg rings. The

of the typical unsupported photocatalyst actually ab- dotted I_|ne repre;ents the best fit straight line obtained from a

. . regression analysis.

sorbs UV light. Consequently, only a small fraction of

the solid is active with respect to its capability to bring

about photodegradation reactions. Possible solutions

to this problem involve utilization of a thin layer of ti-  a borosilicate glass ring, which has an outer diameter

tania coated on a variety of supports, e.g., glass rings, of 6 mm, a wall thickness of 1 mm, and a length of

aluminum sheets, etc., in novel reactor configurations. 6 mm. The glass rings are submerged in the titania-sol

The purposes of this paper are to present a procedureand then withdrawn at a constant speed of 22 cm/min.

for fabrication of a photocatalyst system consisting The rings are then dried at 100 for 2 h and subse-

of titanium dioxide supported on glass rings and to quently fired at 350C for 3 h. The coating procedure

assess the photocatalytic activity of the catalyst for can be repeated as many times as necessary to obtain

oxidation of ethylene present at low concentrations the desired number of layers of titania.

in air. A preliminary analysis of kinetic data for this Although direct assessments of some physical

photodegradation reaction is also presented. properties of the catalyst, e.g., its specific surface
area, porosity, and crystal structure, are not feasible
for this supported catalyst, estimates of these prop-
erties can be obtained by using unsupported titania

2. Experimental particles as a surrogate for the supported titania film.
For a catalyst fired at 35C for 3 h, typical values
2.1. Preparation of catalysts of the specific surface area and porosity, as obtained

from a BET analysis of nitrogen adsorption data

The active component of the photocatalysts, namely for the catalyst, are 150y and 47%, respectively
titanium dioxide, is prepared by a sol-gel method [10]. [11]. X-ray diffractometry (XRD) of a corresponding
Titanium tetraisopropoxide (417 ml) (Aldrich Chemi- unsupported titania powder that was fired at 300
cal, Milwaukee, WI) is hydrolyzed in 5000 ml of water indicated that the crystal structure of the particle is
to which 36.1 ml of concentrated nitric acid (Aldrich  primarily anatase (89% anatase and 11% rutile) [12].
Chemical, Milwaukee, WI) has been previously added. The thickness of the titania film supported on the glass
Precipitation occurs immediately. The suspension is rings was measured by scanning electron microscopy.
peptized in order to obtain a clear sol. The sol is then Fig. 1 shows the data for the thickness of the film as
dialyzed for 3—4 days using a sol to water ratio of a function of the number of coats of the titania-sol
1:10 until a final pH of 3.5 is reached. The support is applied.
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Linear regression analysis was employed to fit the going to the photoreactor. After passing through the
data to a straight line (see the dotted line in Fig. 1). reactor, the effluent gas stream is sampled via 250
The fact that the straight line fits the data reasonably sampling loop connected to a gas chromatograph.
well suggests a linear relationship between the film The gas chromatograph is a Hewlett-Packard G1800A
thickness and the number of coats of titania applied. GCD system equipped with an electron ionizing de-
The slope of the line (which represents the thickness tector. The column used in the gas chromatograph
of one layer of the titania film) is 130 nm. is a 30mx 0.32mm GasPro Gas Separator Column

(Alltech Associates, Deerfield, IL). The volumetric
flow rate of the gas in the system is measured using a
2.2. Experimental apparatus bubble flow meter.

A tubular photoreactor was employed for the pho-
tocatalytic degradation experiments. The reactor is a
borosilicate glass column obtained from Ace Glass 3. Results
(Vineland, NJ). The reactor has an inner diameter of
1.5cm and an effective length of 25cm. The glass 3.1. Effect of number of coats of Ti®@n the
rings coated with titania (see Section 2.1) are used to conversion of ethylene
randomly pack the borosilicate glass column. The re-
actor is placed along the axis of an acrylic vessel. The  Photocatalytic oxidation of ethylene was employed
vessel is 28cm long and 12.7 cm in diameter. The ul- as a model reaction to compare the photocatalytic ac-
traviolet light sources are eight Wyco blacklight blue tivities of two types of titania catalysts. The photocat-
fluorescent bulbs (8 watts) obtained from Bulb Direct alysts of primary interest were glass rings on which
(Pittsford, NY). The light intensity emitted from the different numbers of layers of the titania film (one,
bulbs was 5.2 mW/c# These bulbs are located 3.8cm  two, or three) had been deposited. For these exper-
away from the reactor and are evenly spaced aroundiments, the reactant stream contained 48.99 ppmv of
the axis of the reactor. ethylene in air. A reactant gas feed rate of 50 ml/min
The reactor module is also equipped with several was divided into two streams: one stream (30 ml/min)
inlets at both ends of the column through which cool- flowed through the water saturator to become satu-
ing air flows in order to facilitate maintaining a con- rated with water at room temperature while the other
stant temperature during the experiment. The cool- stream (20 ml/min) bypassed the saturator. This divi-
ing air flows in the annulus between the borosilicate sion of the feed stream results in the feed to the reac-
column and the acrylic vessel. To monitor the tem- tor having a relative humidity level of approximately
perature, a fiberoptic thermometer (Luxtron, Model 60%, once the two streams are recombined prior to
3000, Santa Clara, CA) is used. Fiberoptic tempera- entering the reactor. This humidity level corresponds
ture probes (Luxtron, Model MAM-10) are placed at to a gas phase mole percentage of water vapor of 1.8.
both ends and at the midpoint of the glass reactor.  The reactor is filled with approximately the same num-
Ethylene was employed as the reactant to be oxi- ber of rings, regardless of the number of titania coats
dized. Compressed gas cylinders containing ethylene applied to the glass supports. The temperature of the
at concentrations of 48.99 ppmv and 1055 ppmv were reactor is controlled by the use of cooling air. In the
obtained from Scott Specialty Gases (Plumsteadville, absence of cooling air, the temperature of the reac-
PA). The balance of the cylinder contents was tor is about 90-11TC. This temperature decreases to
hydrocarbon-free air containing less than 0.1 ppmv 30-40C when cooling air is employed. The results
total hydrocarbon. The flow rates of the gases from involving unsupported titania pellets were obtained by
the cylinders are controlled by Omega FMA-113 mass Fu et al. [13]. The titania pellets employed in Fu’'s
flow controllers (Omega Engineering, Stamford, CT). experiment were prepared by the sol-gel method and
The feed gases either go directly to the photoreactor consist solely of titanium dioxide.
(if no addition of water is required) or go through a The results of the activity measurements for several
sparger to become saturated with water vapor prior to photocatalysts are presented in Table 1. In every case,
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Table 1
Conversion of ethylene over various photocatalysts

Catalyst Number of coats of titania ~ W/F ratiggs/mol)  Conversion of ethylene (%)

Without cooling (T~90-110C)  With cooling (T ~30-40C)

TiO,P 1 2.5x 108 725 14.8
TiO,P 2 5.0x 10° 88.3 23.3
TiO,P 3 7.5x 10° 86.3 24.3
TiO, pellet§  none 1.2¢ 108 457 10.7

aW/F ratio represents the ratio of the weight of catalyst (W) to the molar flow rate of reactant (F).
b |nitial concentration of ethylene = 48.99 ppmyv, concentration of water vapor=1.8% (v/v).
€The activity data were obtained from Fu et al. [13].

the results show higher conversions of ethylene at the for these experiments. Glass rings which were coated
higher temperature. Higher conversion of ethylene was with titania were packed in the photoreactor. The to-
also achieved when the catalysts supported on glasstal amount of titania in the reactor is approximately
rings were employed, rather than the unsupported tita- 8.8 mg. To control the temperature of the reaction,
nia pellets. The increases in the photocatalytic activity cooling air was employed. In these experiments, the
of the supported titania were more significant at the temperature in the reactor varied from 45 t0°G0
higher temperature. Note that the W/F ratios for the along the length of the reactor. The flow rate of the
experiments with the supported catalyst were at least feed stream was varied from ca. 10 to 90 ml/min in or-
one order of magnitude lower than that for the exper- der to obtain data in the form of a plot of conversion
iment with the unsupported catalyst pellets. versus the ratio of the weight of catalyst to the flow
Comparison of the photocatalytic activities of glass rate of reactant (W/F) (see Fig. 2).
rings coated with one layer of titania with those coated  The kinetic data were fit to a number of power law
with two layers indicates that greater degradation of rate expressions (1/2 order, first order, and 3/2 or-
ethylene occurs in the latter system. However, the ac- der) and to a Langmuir-Hinshelwood-Hougen-Watson
tivities of the glass rings on which three layers of ti- (LHHW) rate expression. After linearization of the ap-
tania were deposited are similar to those of the glass propriate integrated form of the plug flow reactor de-
rings with two layers of titania, despite the presence of sign equation, linear regression analyses of the data
a greater amount of catalyst in the former case. There were carried out. The analysis for the 3/2 order rate
are several possible explanations of these results. Oneequation did not provide a meaningful fit of the data.
explanation is that ultraviolet light cannot penetrate Hence this rate expression was eliminated from fur-
the entire depth of three layers of titania; therefore, ther consideration. Subsequently, parameters obtained
only a portion of the three-layer catalyst is active. An- from the regression analyses of the three remaining
other possible explanation is that the surface reaction models were used to evaluate the predicted conversion
rate is so rapid that the reactant is depleted before as a function of W/F. Inspection of the differences be-
reaching the innermost layer of the titania film. How- tween the predicted conversions and the experimental

ever, our previous experience with thin-film Ti@at- values indicated that the LHHW rate expression pro-
alysts indicates that the first explanation is much more vides the best fit of the data. The form of this LHHW
likely. model is shown below

VN = ——
3.2. Preliminary kinetic studies of photocatalytic 17 KC

oxidation of ethylene
wherer is the reaction rate (mol/g ,is the reaction
Preliminary kinetic studies were performed for the rate constant (mol/g sk is the adsorption equilibrium
photocatalytic oxidation of ethylene. Ethylene in air at constant (I/mol), an€ is the concentration of ethylene
an initial concentration of 1055 ppmv was employed (mol/l).
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Fig. 2. Plot of average conversion versus the ratio of the weight of catalyst (W) to the molar flow rate of ethylene (F). The dotted line represents
the predicted conversion obtained using the Langmuir-Hinshelwood-Hougen-Watson rate expression with values 1 #.8l/g s and
4.95x 10*I/mol for k and K, respectively.

Table 2 . . _and 4.95< 10*I/mol for k and K, respectively. The

Parameters from regression analyses of various linearized del id d fit of the d

Langmuir-Hinshelwood-Hougen-Watson rate expressions model appears to provide a very good fit 0 t e_ ‘T"ta'
The other sets of LHHW parameters provide similar

Linearized form k (mollgs) K (I/mol) fits of the data

WGo/F 1 1 (€-Co 555,109 g18x10*

IN(C/Co) kK Kk In(C/Co)

WCo/F 1 1 In(C/Co) 0 .

C_Co ~— kK KK (C_cqy XTx07 495 10t 4. Conclusions

(C = Co) 1 In(C/Co) . _ o

WeoF = K .~k 400x10° 582x10° At both high and low temperatures, titania supported

on borosilicate glass rings exhibits higher photocat-
alytic activity for the oxidation of ethylene than un-
supported titania pellets. Glass rings on which two
layers of titania had been deposited have a higher ac-
tivity than those on which only one layer of titania
w 1 Co 1/Co—C had been deposited. This result is a consequence of
<E> < Co ) (2) the greater amount of catalyst available in the reactor.
However, glass rings on which three layers of titania
whereC, is the inlet concentration of ethylene (mol/l). were present were characterized by a photocatalytic
Since one can rewrite Eq. (2) in a variety of forms, activity similar to that obtained from glass rings on
three different sets of kinetic parameters were obtained which two layers had been deposited. One explana-
from linear regression analyses of the three different tion for this result is that the ultraviolet radiation may
linearized forms of the integrated LHHW rate expres- not be able to penetrate the entire depth of the titania
sion (see Table 2). The values of the reaction rate con- film, thereby rendering part of the film inactive.
stant range from 3.59 107 to 4.27x 10 °mol/gs A preliminary kinetic analysis of data for the
and the value of adsorption equilibrium constant lies photocatalytic oxidation of ethylene indicates that
between 4.95 10* and 8.18x 10*I/mol. The dotted a two-parameter Langmuir-Hinshelwood-Hougen-
line in Fig. 2 represents the conversions predicted by Watson model can be used to describe the experi-
the LHHW model, using values of 4.3710~° mol/g s mental data.

Substitution of this rate expression into the design
equation for a plug flow reactor [14] gives

F kK Co

k
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