Control of Gas-Phase Chlorobenzene Using TiO2-Mediated Photocatalysis and Packed-Bed Absorption
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ABSTRACT

Gas-phase chlorobenzene degradation using combined TiO2-mediated photocatalysis and packed-bed absorption was investigated with a bench-scale three-phase photocatalytic/absorption apparatus.  Both physical and chemical techniques were used to prepare silica-supported, platinized catalyst.  The two silica-supported photocatalysts showed faster degradation rates for the chlorobenzene than a simple slurry platinized titania. The chemical method was found to be more abrasion resistant and produce chlorobenzene degradations around 50%, with 37% mineralization to CO2.  Operation with the absorption column did not increase steady-state chlorobenzene degradation rates appreciably over that of the system without the absorption column.  A reactor model was developed using first-order degradation kinetics.  Based on the results, the apparent mass-transfer coefficient of absorption and degradation were determined. When inlet loading increased, the absorption and degradation coefficient increased.  A linear correlation was found between the inlet loading and the absorption and degradation coefficients.

INTRODUCTION

Conventional technologies that have been used to control volatile organic compounds (VOCs) include thermal and catalytic oxidation, carbon adsorption, absorption, condensation, and biofiltration.  Unfortunately, these strategies are often ineffective and uneconomical for many VOCs at low gas-phase concentrations typical of many process streams.  The described study focused on the potential of a composite chlorinated VOC control system integrating the concepts of advanced photocatalytic oxidation and countercurrent packed-bed absorption.

     Photocatalysis is a heterogeneous oxidation process and to a great extent depends on the redox reactions involved.  Advanced oxidation processes (AOPs) involve the generation of highly reactive free radical intermediates from decomposition reactions. The major advantage of AOPs is their capability of mineralizing a wide variety of organic contaminants including those compounds not amenable to absorption and adsorption.

     Absorption is a chemical engineering operation involving mass transfer between a soluble gas and a solvent in a gas-liquid contactor.  Chlorinated hydrocarbons, such as chlorobenzene, have limited solubility in water and, therefore, low or negative absorption driving forces.  This chemical property has actually been used in desorption or stripping technologies.

     Since the 1980s, there has been intense research activities of AOPs on detoxification of organic contaminants in water and air1, 2, 3, 4, and others.  Compared to other conventional technologies, heterogeneous AOPs have potential advantages for the degradation of organic contaminants in water which include higher destruction rates; photocatalysts may be reused; solar insolation may potentially be used as an energy source; high degradation quantum yield; and reactions may be carried out at room conditions 5, 6.

     In this study, the following investigations were conducted: (1) optimal synthesis of platinized titanium dioxide (TiO2)  supported on a silica-gel substrate; (2) the design and performance evaluation of a supported photocatalyst reactor with absorption column, using chlorobenzene as the target compound; and (3) development of a kinetic models that are sufficiently accurate for system design and reactor scale-up.

Photocatalysis Characteristics and Degradation Mechanisms
When photoactive semiconductor catalysts are immersed in water and illuminated with UV light, highly active radicals are produced, and, thus, redox reaction environments are established.  Hydroxyl radicals (OH) are believed to be the reactive species involved in the photocatalytic degradation of many organic compounds2, 7, 8.  The proposed radical formation reactions have been described elsewhere9, 10, 11, 12.  In addition, some researchers reported that the reduction of O2 may form radical species ( HO2, OH) which may play an important role in the organics destruction13.  However, other researchers have pointed out that the formation of hydroxyl radicals through oxygen reduction by conduction band electrons may be small compared to the oxidation of water molecules and hydroxyl ions by valence band holes2, 14. 

     Platinization of the TiO2 has shown destruction enhancement of organics in detoxification of water15, 16.  Deposition of platinum on to a semiconductor introduces catalytic centers which may accelerate a critical step of the reaction of interest and increases the separation of photoproduced electron-hole pairs17.

     The use of suspended, supported photocatalyst is an important aspect as it would allow the possible replacement of the slurry photoreactors, which are now widely tested in laboratories and in the field.  The slurry type photoreactors are limited by the problems of separating photocatalysts from aqueous phase and low quantum yield.  In most cases, silica-gel has been chosen as a support as it is transparent to near-UV light and it fluidizes well in air and aqueous flows.  It should be noted that, fixed-bed reactors have been used, eliminating the need to separate the catalyst from the treatment effluent; however, it is thought that mass transfer potentially limits the destruction rate and this limitation might outweigh the advantage of using fixed catalysts1.  Photocatalytic degradation with silica-supported titanium dioxide not only reduces the need to separate the catalyst from the effluent, but also increases degradation rates and light quantum efficiencies.

EXPERIMENTAL METHODOLOGY
The study described herein included catalyst preparation and selection, fabrication and optimization of the absorption/degradation apparatus, and gas-phase sample analysis.  Two types of supported photocatalysts were prepared by using physical and chemical methods and their degradation potential compared with the slurry titania photocatalyst.  Once a photocatalyst was selected and the apparatus optimized, absorption/degradation experiments and analyses were carried out.
Preparation of Supported Photocatalyst
There are two methods typically used to prepare silica-supported titania photocatalyst.  One is a physical method15, which combines platinized titania directly with silica substrate under high temperature; the other is a chemical sol-gel method18 which first coats the titania onto the surface of a silica gel substrate and then platinizes it.  Both of these methods were examined in the preparation of supported photocatalyst.  Platinization was achieved following Zhang6 and Bahnemann et al.9.  An optimized titania weight of 1%6 was used in all syntheses from both physical and chemical methods.  Platinum weight percent was always based on the weight of titania.  A more complete description of the preparation procedure can be found in Fan19.

Photocatalytic/Absorption Apparatus
Figure 1 shows a the schematic representation of the fabricated bench top photocatalytic reaction apparatus.  It consists of several individual subsystems: the zero air system, the inlet concentration stabilization system, the sample feed system, the water recirculation system and the photocatalytic and absorption system.

     Reproducible gas-phase concentrations of the target chlorinated hydrocarbons were produced by syringe pump injection of pure liquid into a purified air stream.  As can be seen in Figure 1, the carrier gas was scrubbed via a series of activated charcoal, desiccant, and soda lime scrubbers. Teflon tubing was used to connect the system and the inlet air pump.

     A syringe pump (KD Scientific, Model 100) was used to inject liquid chlorobenzene into the inlet channel.  A mass flowmeter (0-20 slpm) and a high pressure needle valve were used to control and balance the air flow rate and pressure.  A Hg manometer was used to monitor pressure and a thermocouple was used to monitor temperature.  A by-pass assembly, via a 3-way valve, was included to allow complete equilibrium before beginning any experiments.  The equilibrated air was introduced to the photoreactor through a 10 mm-O.D. gas dispersion tube.

     The body of the photoreactor was an 8-liter Ace Glass 6521 Series Flask Reactor.  The flask was modified at the manufacturer with a lower side-inlet connector for connecting the inlet air sample tubing and an upper side-outlet connector for connecting the aqueous outlet pump.  The reactor head was supplied with two ports for attachment of the absorption column and the UV lamp and two connectors for connecting various sample probes.  Furthermore, three smaller connectors were added for additional sampling access.  A catalyst filtering assembly was designed to keep the photocatalyst particles within the reaction flask during water recirculation.  Clarified water was removed from the filtering system via a Master Flex Model 7518 Series peristaltic pump during water recirculation experiments.

     The column was a modified 50 mm I. D. glass air sampling manifold with an effective length of 1350 mm.  Specifications for the column called for six side ports for sample collection at 150 mm, 450 mm, 750 mm, 1050 mm, 1200 mm, 1275 mm, and 1350 mm from bottom of column.  Teflon tubing was connected to the top of the column, which was vented to a fume hood.  The column was packed with 5 mm  5 mm glass Raschig Rings.  Total packing height was approximately 1050 mm.  Four weir-flow plate redistributors were installed at heights of 150 mm, 450 mm, 750 mm, and 1050 mm to aid in flow distribution.  The distributors were made of 1.5 mm Teflon plate drilled with 2 mm holes in a random pattern.  In addition to the above, about 20 mm of self-made 3/8-inch  3/8-inch Teflon tubing packing was added just above and below each distributor to increase column free space and decrease distributor pressure drop.

     The UV source used was a medium pressure, quartz mercury-vapor 450 W photochemical immersion lamp (Ace Glass, #7825-34).  The lamp was immersed in a quartz double-walled, jointless immersion well (Ace Glass, #7874-38).  The double-walled well was water-cooled by circulation of cool tap water through the annular space.  Filter sleeves were used with the immersion wells to restrict portions of the radiant energy from reaching the reactant materials.  The sleeves were made of Pyrex glass (Type 7740) with wavelength transmissions from 280 to 400 nm.  The radiation strength was found to be 19.0 mW/cm2 when measured 2.5 cm from the immersion wall.  A power supply was used (Ace Glass, #7830-C-1) to initiate and maintain the arc required for UV production.  A flexible film UV filter was used to cover the photoreactor to protect the operator from strong UV radiation.

Sample Collection and Analysis
Influent and effluent chlorobenzene concentrations were monitored by collection of 5 ml air samples taken approximately every 5 minutes with a gas-tight glass syringe.  For absorption or degradation experiments without the use of recirculated water in the absorption column, all of the samples were taken from one of the reactor head sample ports (i.e. Port #1 in Figure 1).  For experiments using recirculated water in the absorption column, air samples were also collected from Ports #3 and #5 to examine the column effect on degradation rates.  Gas-phase chlorobenzene concentrations were analyzed by gas chromatography (Hewlett Packard 5880a) with flame ionization detection (GC/FID) using a DB-624 (J & W Scientific) capillary column.  The GC was operated isothermally at 150C.  For the purpose of continuous injection analysis, an outside sample injection system was established.  This system consisted of a 6-port Valco GC Valve, a 0.5 ml sample loop, and a heated valve enclosure.  The heated valve enclosure provided a constant valve and loop temperature of 32C.  Helium was used as the carrier gas and nitrogen was used as the makeup gas, with flow rates of 4.2 and 25 ml/min, respectively.  Hydrogen (83 ml/min) and compressed air (469 ml/min) were used as the combustion gases.  All of the gases were high purity and filtered through molecular sieve or other appropriate media.  A 10.6 ppm chlorobenzene standard was used to routinely calibrate and monitor the GC response.  In the described GC/FID, the lower detection limit (LDL) for chlorobenzene was found to be approximately 0.5 ppm.

     Exhaust gas CO2 concentrations were analyzed with a EnvironmaxTM CO and CO2 analyzer.  Before use, the analyzer was linearly calibrated with 0, 40 ppm, and 1000 ppm standard CO and CO2 gases.  For both the CO and CO2 channels, the LDLs are given as <1.0 ppm.

     UV radiation strength was measured using a calibrated UVR-365 Radiometer (Cole-Palmer). The maximum UV reading at a distance of 2.5 cm to the edge of lamp well was 19.01-19.05 mW/cm2.  There was no apparent change of the lamp UV radiation during the entire set of experiments.

RESULTS AND DISCUSSION
Impact of Various Catalyst Formulations 

Zero air-chlorobenzene gas bubbles continuously flowed into the photoreactor at a constant flow rate. Therefore, the electron acceptor concentration (dissolved oxygen) was treated as constant. Throughout the entire study, UV radiation intensity (1.5 W) remained constant. Thus, for a given sample with certain inlet concentration, its degradation rate was only a function of catalyst properties and its dosage. 

     Steady-state exhaust CO2 concentrations were measured for comparison of mineralization (100% degradation) rates at different chlorobenzene inlet loadings.  The tested catalysts were: 1.0 wt % platinum slurry TiO2; Ch-silica-gel (1.0 wt % Pt-TiO2 , 1.0 wt % TiO2-gel);  Ph-silica-gel (1.0 wt % Pt-TiO2 , 1.0 wt % TiO2-gel).  Ph-silica-gel and Ch-silica-gel refer to catalyst prepared using the physical method and the sol-gel process, respectively.  Platinized slurry TiO2 was used at the optimum condition: 1 wt % platinized slurry TiO2 with a catalyst dosage of  0.1% by weight.  The two supported catalysts were not used at optimum dosages, because initially only limited amounts of catalyst were synthesized.  These two catalysts were used at 20 g (0.2 weight percent of liquid bath), far from the reported optimum dosage of 1.0 weight percent.

     Even though the two supported catalysts were not used at the optimum dosage, the  maximum mineralization rates for these catalysts were greater than that of slurry TiO2.  As can be seen in Figure 2, the two supported catalysts showed almost the same maximum mineralization potentials for chlorobenzene.  Comparing the two supported catalysts, a significant problem noted for Ph-silica-gel catalyst was TiO2 abrasion.  After one day of immersion in the reactor water, with the required stirring, it was observed that some of TiO2 particles from the surface of the silica-gel were washed into the water and the solution became opaque.  The Ch-silica-gel catalyst was found to resist long term violent stirring.  The catalyst solution remained clear and transparent, even after several months of experimentation. Therefore, except for these described catalyst comparison experiments, all the catalysts used hereafter were of the Ch-silica-gel type.

Impact of Inlet Concentration
Figure 3 shows that at an air flow rate of 3.8 slpm and a constant catalyst dosage of 30 g of Ch-silica-gel (1.0 wt % TiO2-gel, 1.0 wt % Pt-TiO2), the chlorobenzene degradation percentage (the ratio of the chlorobenzene destroyed to the initial concentration) decreased when the inlet loading increased.  As an example, when the inlet loading was 0.37 mg/min (21.2 ppm), degradation was about 50%.  Degradation decreased to about 39% when the inlet loading was increased to 0.93 mg/min (49.8 ppm).  In absolute value, the CO2 concentration in exhaust gas was found to increase as the chlorobenzene inlet loading increased.  However, the CO2 production percent (measured CO2 divided by the theoretical CO2 at complete conversion) decreased as the inlet loading increased, a similar trend as that of chlorobenzene degradation percent.  As an example, the CO2 production percent decreased from 37% to 23% as chlorobenzene inlet loading increased from 0.37 mg/min to 0.93 mg/min.  The apparent discrepancy between chlorobenzene degradation percent and CO2 production percent in Figure 3 suggests that some intermediates or byproducts were also produced during the degradation processes.  Due to the short residence time (about 1.3 seconds) within the photoreactor, it would likely be difficult to completely mineralize the chlorobenzene.

Impact of Residence Time 
Due to uncertainties in air bubble diameter and precise flow path, it was difficult to measure the exact residence time of the chlorobenzene contaminated air in the photoreactor.  However, a pseudo residence time at a given air flow rate was approximated by calculating the time required for air bubbles to rise the distance from the air diffuser to the water surface (approximately 30.5 cm), assuming a rise velocity equal to the velocity through the inlet tube.  Following the above assumption, an estimated residence time of 1.3 seconds was calculated for air flowing into the reactor at a flow rate of 3.8 slpm. 

     Figure 4 shows the impact of the apparent residence time.  In each triplicate experiment, the chlorobenzene inlet loading was held constant at 0.74 mg/min and the air flow rate was varied.  As can be seen, when the air flow rate decreased, the chlorobenzene residence times in the reactor increased, and the chlorobenzene degradation percent increased.  A good linear correlation was found between the apparent residence time and the logarithm of chlorobenzene degradation percent (r2 = 0.98).

Effect of Catalyst Adsorption on Chlorobenzene
 It was hypothesized that some chlorobenzene molecules could be adsorbed onto the surface of the catalyst particles.  This possibility was examined by investigating the apparent absorption of chlorobenzene into the bulk liquid with and without the presence of catalyst particles.  The UV light source was not activated for this set of triplicate experiments.  

     The existence of catalyst in the photoreactor did not have any apparent impact on chlorobenzene absorption at inlet loadings of 0.74 and 1.11 mg/min, and an air flow rate of 3.8 slpm.  Chlorobenzene removal curves with and without catalyst were virtually identical.  This indicates that adsorption of chlorobenzene on the  surface of catalyst was not significant compared with its absorption into bulk aqueous water. Even though these catalyst particles have a relatively large specific area, their capacity to adsorb chlorobenzene was found to be small.

Photooxidation without Catalyst
The possibility of chlorobenzene degradation due to non-catalyzed photooxidation was investigated by operating the photoreactor (UV on) without catalyst in the reaction chamber.  A chlorobenzene inlet loading of 0.63 mg/min and air flow rate of 3.8 slpm were used in the investigation.  Three replicate runs were completed at each condition.  Without the presence of photocatalyst in reactor, the chlorobenzene degradation curve (plotting exhaust chlorobenzene concentration versus time) was essentially the same as that of chlorobenzene absorption in the presence of 30 g Ch-silica-gel catalyst (1.0 wt % TiO2-gel, 0.5 wt % Pt-TiO2), but with the UV source off.  Additionally, during the test runs under conditions of photolytic operation (UV on) without the presence of the catalyst, there was no evidence of increased CO2 production due to chlorobenzene degradation.  Chlorobenzene molecules can absorb UV radiation at a specific wavelength (265 nm) and be excited from the ground state to an excited state.  However, the photon energies are not high enough to allow chlorobenzene molecules to degrade.  As verified in the described experiments, photocatalytic degradation of chlorobenzene into CO2 and related products was only accomplished with the inclusion of the photocatalyst in the reactor.

Impact of Column Absorption Rate Using Recirculated Water 
Aside from photocatalytic degradation, the most important chlorobenzene removal process of the proposed system was absorption of the chlorobenzene into the contacting liquid.  It was hypothesized the radicals or intermediates may exist in the reactor water which, if recirculated through an absorption column, may enhance overall chlorobenzene destruction. 

     Comparisons were made between chlorobenzene absorption within the reactor vessel only (UV off, column off), photocatalytic chlorobenzene degradation without the use of column absorption, and photocatalytic chlorobenzene degradation with the use of column  absorption using  recirculated reactor water.  For all these experiments, an air flow rate of 3.8 slpm and a catalyst dosage of 30 g Ch-silica-gel (1.0 wt % TiO2-gel, 0.5 wt % Pt-TiO2) were used.  A water flow rate of 330 ml/min was used in the column absorption experiments based on an optimal water/air flow rate previously determined to be close to, but not exceeding, the column flooding point.  Chlorobenzene inlet loadings were 0.37, 0.74, 1.11, and 1.48 mg/min, respectively, for three replicate runs at each condition.  Samples were collected only from Port #1 (refer to Figure 1) for all experiments which did not examine column absorption.  For experiments with column absorption, samples were taken from Port #1, Port #3, and Port #5. 

     Figure 5 compares the chlorobenzene removal for the above specified operating conditions at an inlet loading of 1.48 mg/min.  As can be seen from these data, the vessel absorption curve and photocatalytic degradation curve without the use of column absorption represented minimum and maximum chlorobenzene removal, respectively.  The other three inlet loadings experiments also followed this pattern.  For degradation with the use of column absorption, the three curves derived from Ports #1, #3, and #5 typically fell between the vessel absorption and photocatalytic degradation without the use of column absorption curves.  When chlorobenzene inlet loading increased, the normalized concentration difference between absorption and degradation decreased, i.e. the degradation percentage decreased.  The gas-phase chlorobenzene concentration dramatically decreased when it passed through the working photoreactor.  However, the chlorobenzene removal did not noticeably increase with the help of  column absorption at the different chlorobenzene inlet loadings, regardless of whether the samples were collected from the top (Port #5) or the bottom (Port #1) of the column.  These results indicate that the chlorobenzene oxidative removal processes only took place in the reactor, not within the absorption column.  Considering the short life time of a hydroxyl radical (10-7 - 10-10 second)1, it is unlikely that any hydroxyl radicals had the opportunity to migrate to the absorption column within recirculated water. 

Chlorobenzene Destruction Kinetics
The global disappearance rate of a reactant for two-phase AOP systems has been expressed as the Langmuir-Hinshelwood expression2:

r = - dC/dt =kKC/(1 + KC)



                              (1)

where k is the reaction rate constant, K is the adsorption equilibrium constant, and C is the gas or liquid concentration in the bulk phase.  Integration of Equation 1 yields:

Ln(Co/C) + K(Co - C) = kKt



                              (2)

where Co is the initial reactant concentration.  Equations 1 and 2 have been employed to describe the kinetics of batch reactors with a continuous recirculation mode7, 14.  Zhang et al.6 obtained the same form for a two-phase plug flow reactor via a mass balance approach.

     Unfortunately, neither Equation 1 or 2 fit the data in this study.  In the above model, the reactant concentration within the reactor decreases uniformly with respect to the direction of reactant flow. In this study, the liquid bath in the photoreactor was well stirred and the reactant concentration was presumably the same at any position within the vessel at a given time.  This may be why the integrated Langmuir-Hinshelwood equation failed to explain the data presented in this study.  Furthermore, in the reaction system described herein, gaseous chlorobenzene was externally transported to the reactor vessel to contact the water and the solid catalyst.  This, then, was in effect a three-phase reaction system.  Unlike two-phase systems, there are three mass-transfer processes in a three-phase system: bulk gas to bubble interface; bubble interface to bulk liquid; and bulk liquid to catalyst surface.

     According to Smith20, a global rate constant is given as the three-phase rate expression:

r = koacCg







       (3)

and


(1/koH) = (ac/agkl)+(1/kc)+(1/k)




       (4)

where ko is the apparent reaction constant; k is the reaction constant at the surface of catalyst; kl and kc are the mass-transfer coefficients of the reactant from the bubble interface to the bulk liquid and bulk liquid to catalyst surface, respectively; ac and ag  are the external area of catalyst particles and gas bubble-liquid interfacial area per unit volume of liquid, respectively; H is Henry’s law constant; and Cg is the gas-phase pollutant concentration.  For slightly soluble gases, such as chlorobenzene, kl is much smaller than kc.  In a three-phase reactor absorption study without degradation, it is reasonable to simplify Equation 4 for a mass-transfer coefficient study of gas bubble to liquid (kl):

(1/koH) = (ac/agkl)






       (5)

     Equation 3 and 5 were substituted into a mass balance on a slurry plug-flow reactor, resulting in the following expressions:

(Co- Ct)/Co = (1- e-α) exp(-Kot)




       (6)

and


Ko =  -kl ag  (1- e-α)/α






       (7)

where Co is inlet reactant concentration; Ct is exhaust reactant concentration at reaction time t; α is a dimensionless parameter dependent on operating conditions20; and Ko is apparent mass-transfer coefficient.  This kinetic model suggests that exhaust gas concentration versus time data should yield a straight line on a semi-logarithmic plot with a slope of Ko.  Figure 6 contrasts absorption and photocatalytic degradation versus time at various inlet loadings.

     The chlorobenzene reactor vessel absorption data (with no column absorption, UV off), as described earlier, were analyzed using the above kinetic model to study the chlorobenzene absorption mass-transfer coefficients.  As shown in Figure 7, the absorption data were well fitted  at different chlorobenzene inlet loadings.  The obtained apparent mass-transfer coefficients are  provided in Table 1.

     Comparing with previous photoreactors and kinetic models, the main difference in this study is that only the reactant concentrations in the exhaust gas (outside of the reactor), not the reactant concentrations inside the reactor, were investigated.  Actually, the chlorobenzene absorption mass-transfer coefficient from these data (no column absorption) may be described as an "appearance" coefficient for chlorobenzene in the exhaust air.  Table 1 indicates that when chlorobenzene inlet loading increased the absorption mass-transfer coefficient increased.

     Apparent rate constants were also developed for system operation when photocatalysis was initiated.  As shown in Figure 8, the degradation data for the initial period (2 to 25 min) were also well fitted using the above model.  After 25 minutes, the combined degradation/absorption processes gradually came to steady state and the curves tended to flatten.  The apparent degradation mass-transfer coefficients are also provided in Table 1. 

     Table 1 shows that when inlet chlorobenzene loading increased, the apparent degradation mass-transfer coefficient also increased similar to absorption only runs.  When chlorobenzene inlet loading was low, a greater percentage of chlorobenzene was degraded and the experiment came to steady state more quickly.  Referring back to Figure 6, the degradation data after 25 minutes were approximately horizontal.  When the chlorobenzene inlet loading was high, a lower percentage of chlorobenzene was degraded.  The degradation curves looked more like absorption curves.  The absorption data after 25 minutes slightly diverge from a linear trend. 

     A good linear correlation was found between inlet loadings and absorption mass-transfer coefficients and the degradation mass-transfer coefficients (see Figure 9).  The coefficients of degradation were always less than that of absorption at the same inlet loading, since some of the chlorobenzene has been absorbed.  In addition, when chlorobenzene inlet loading increased, the degradation mass-transfer coefficients increased more sharply than the absorption coefficients.  Larger inlet loadings resulted in a smaller relative percent degradations; hence, the degradation mass-transfer coefficients became closer to the value of the absorption mass-transfer coefficients.

     Equation 6 suggests that when t is zero, the regression analysis for Figures 7 and 8 should produce an intercept of k* (where k* = 1- eα).  Following Smith20, constant system operating conditions should produce a constant α for both the absorption and degradation experiments.  Thus, k* should also be a constant.  The empirical values of k* for each regression analysis are listed in Table 2.  The average k* values of absorption (0.75) and degradation (0.71) may be considered equivalent considering typical experimental errors.  These results provide strong support for the feasibility of the kinetic model used in this study.

CONCLUSIONS
Highly active silica-supported, platinized photocatalysts were developed and promising options were identified.  Even though these substrates were not evaluated for optimum dosage and composition, they showed a faster degradation rate than slurry titania catalyst which was used at previously reported optimum conditions. Supported catalyst made through a sol-gel chemical process demonstrated excellent abrasion resistance to loss of titania from its support substrate.  During three months of experimentation, its degradation potential was not found to diminish.

     The integral absorption column on the top of photoreactor did not show assistance to the steady-state chlorobenzene degradation rates.  This result verified that the active oxidation species hydroxyl radicals could only exist on the surface of photocatalyst and did not reside within the recirculated water due to its short half-life.  No degradation took place in the absorption column.

     Moderate degradation of chlorobenzene was achieved in this photocatalytic apparatus. Chlorobenzene residence time in the photoreactor had significant effect on its degradation and mineralization rates.  With an estimated residence time of 1.3 seconds with a catalyst dosage of 1.0 wt% TiO2-gel and 1.0 wt% Pt-TiO2, about 50 percent of the chlorobenzene was degraded and about 37 percent was mineralized to CO2 when its inlet concentration was 0.37 mg/min (21.2 ppm).  When chlorobenzene inlet loading increased, its degradation and mineralization percent decreased.  The degradation and mineralization percent decreased to 39 and 24 percent, respectively, when chlorobenzene inlet loading was  0.93 mg/min.

     At lower platinizations (0.5 wt% Pt-TiO2) the overall reductions were slightly lower.  These conditions, which were used during the bulk of the absorption/degradation studies, found degradation percents of 39% to 14% for inlet loadings of 0.37 to 1.48 mg/min, respectively (see Table 3).  Using a gas-phase, fluidized bed photoreactor, Dibble and Raupp3, found maximum trichloroethylene destruction rates on the order of 0.8 µmol TCE (g of catalyst)-1 min-1.  As shown in Table 3, the chlorobenzene degradation rate increased from 0.72 to 1.00 µmol (g of catalyst)-1 min-1 when the inlet increased from 0.37 to 0.74 mg/min.  When the inlet loading increased beyond 0.74 mg/min the degradation rate did not increase.  This seemingly indicates that around 1.0 µmol chlorobenzene (g of catalyst)-1 min-1 is the maximum degradation rate for the tested conditions.

     A predictive reactor model was developed using first-order degradation kinetics and a chlorobenzene mass balance equation applicable to the reactor.  The simple model was used to quantify the absorption and degradation mass-transfer parameters of chlorobenzene.  When chlorobenzene inlet loading increased, both the absorption and degradation mass-transfer coefficients increased.  A linear correlation exists between the chlorobenzene inlet loading and the absorption or degradation mass-transfer coefficient.  The constant air flow rate used in the kinetic study produced a constant intercept in the regression analysis of the kinetic model for both the absorption and degradation experiments.  However, the model needs additional verification for a wider variety of compounds in order to be considered for general use with three-phase photocatalytic reactors.

FUTURE WORK
The silica-supported photocatalyst made through the chemical method with its superior abrasion-resistance property should be further investigated concerning its optimum composition.  Degradation mechanisms need to be examined by qualitative and quantitative analysis of degradation intermediates.  Other chlorinated compounds should be used to study key mechanisms and to help understand the general routine of this photocatalysis process.  A larger target sample concentration range should be used to determine the kinetic coefficients and observe their parameter dependency.  Compounds that have an increased apparent adsorption tendency should be tested in this system.  Quantum yield is an important parameter in photocatalysis process.  Key variables, such as UV radiation intensity, need to be investigated and the quantum yield quantified for the photoreactor design.  Lastly, overall chlorobenzene degradation was restricted by the short photoreactor residence time.  A redesign to achieve longer residence time should be explored.
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Table 1.  Chlorobenzene Absorption and Degradation Mass-Transfer Coefficients (Ko).

	Chlorobenzene Inlet

Loading (mg/min)
	Absorption Mass-Transfer

Coefficient (min-1)
	Degradation Mass-Transfer

Coefficient (min-1)

	0.37
	0.039 (r2 = 0.99)
	0.015 (r2 = 0.97)

	0.74
	0.044 (r2 = 0.98)
	0.023 (r2 = 0.96)

	1.11
	0.049 (r2 = 0.98)
	0.036 (r2 = 0.99)

	1.48
	0.057 (r2 = 0.99)
	0.041 (r2 = 0.99)


Table 2.  Regression analysis intercept (k*).

	Chlorobenzene Inlet

Loading (mg/min)
	k*
(Absorption)
	k*
(Degradation)

	0.37
	0.74
	0.70

	0.74
	0.69
	0.68

	1.11
	0.72
	0.73

	1.48
	0.83
	0.74

	
	average = 0.75
	average = 0.71


Table 3.  Chlorobenzene Degradation Percents and Rates.

	Chlorobenzene Inlet

Loading (mg/min)
	Degradation

Percent
	Degradation Rate

µmol (g catalyst)-1 min-1

	0.37
	39
	0.72

	0.74
	28
	1.00

	1.11
	17
	0.94

	1.48
	14
	0.99


