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ABSTRACT 

The performance of a novel system that incorporates the UV/Ti02 technology was 

used to examine the heterogeneous oxidation of toluene. Expenments were c&ed out 

using Photo-CREC-Air. a batch system with air recirculation. In Photo-CREC-Air. Ti02 

is supponed on a filter mesh with optimized contacting of near LW light. TiOz, and air. 

In the present study, emphasis was given to the determination of the influence of 

water vapor content, model pollutant concentration, and temperature on the 

photoconversion rate. Runs with and without TiOz and UV were used to demonstrate 

that the photocatalytic conversion of toluene takes place to a significant extent at 100°C. 

At room temperature the extent of photoconversion was very low. Adsorption runs in 

Photo-CREC-Air (light source "off') showed that pollutant adsorption is not significant. 

thus a pseudo homogenous model for kinetics modeling is proposed. 

Results obtained revealed that the initial rates of toluene photodegradation at 

100°C and in the range of mode1 pollutant concentrations and humidity levels studied. are 

0.005-0.05 pmole/(gcat.s). Experirnentai data obtained also showed that the first order is 

suitable and this yields rate constant equal to O.OXM.0 14 (h"). In terms of energy 

efficiency, apparent quantum yields were assessed and found to be as high as 450% at the 

higher toluene concentrations and higher humidity level studied. 
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CHAPTER 1 

INTRODUCTION 

Legislation and environmental acts are placing more emphasis on the removal of 

the undesired organic contaminants from air strearns or at least the reduction of their 

emission. One of the processes that has received attention lately for treating air strearns is 

the assisted photocatalytic oxidation with the help of semi-conductors such as TiO,. - 

Overall, TiO, photocatalytic oxidation seems to be an attractive technique. There 

are still however, key difficulties related to cost and scale up of this technology. Hence, 

improvements and modifications are needed to optimize this process and make it more 

feasible. As a result, intensive research is currently being developed to better understand 

the photocatalytic reactor design including: reactor geometry, configuration. type and size 

of photocatalyst, and finally, light intensity and absorption. 

This thesis deals with the design and development of a novel photocatalytic reactor 

and the optimization of its performance in terms of fluid dynamics, illumination, catalyst 

loading, and quantum yield. This is achieved by studying the photodegradation of a mode1 

pollutant: toluene. 

Potential uses of this device are either in industriai or residential areas where 

significant concentrations of chernical vapors can be found; and this includes: offices, 

buildings. painting shops, car manufacturing industry and coating industry. An application 

of this technology can also be found in refinery plants to treat gaseous streams which 

contain undesirable concentrations of organic chernicais. before they are vented. 



1.1 Treatment of Polluted Air 

1.1.1 Conventional Methods 

Air pollutants of major concem belongs to three main classes: metals. organic and 

inorganic substances. Organic emissions represent a class of chernicals that can be 

produced dunng the incomplete consumption of fuels used for heating and transportation. 

These chernical species can be either totally mineralized or treated by absorption, 

adsorption. incineration, or condensation [Miller et al.. ( 1993)l. The adsorption process 

involves the contact of a polluted gaseous Stream with activated carbon granules, thus 

allowing the organic molecules to adsorb onto the carbon particles resulting in a clean air 

effluent Stream. However, this process does not involve complete destruction of the 

pollutants rather their transfer from the gaseous phase to the solid phase creating a solid 

disposal problem. In addition, this method is limited to streams with relatively low 

concentrations [Miller et al., (1993)]. .As well, carbon particies require regeneration and 

eventual disposa! which represent an extra cost and difficulty to the process. Finally, this 

method does not suit al1 potential organic pollutants since not al1 of them have good 

adsorbability properties on the activated carbon particles. 

Absorption is similar to adsorption in the sense of transfemng the pollutant from 

one phase to another, liquid in this case. without destroying the pollutants Condensation 

is not feasible since its potential use is well outside the limits set for organic pollutant 

concentrations. Finally, incineration whether direct or cataiytic requires either high capital 



or operating cost and this presents an important burden on the users of this technolog 

[Miller rr al.. ( 1993)l. 

On the other hand, total or complete rnineralization of the organic pollutants may 

be achieved naturally or using an oxidation process. Natural organic degradation is 

initiated by sunlight and rnolecular oxygen. which are naturally abundant. However, this 

process is very slow and rnay take years to corne to completion. As a result. new 

technologies are currently considered to speed up these processes using the Advanced 

Oxidation Processes or AOPs. 

1.1.2 Photochernical Processes 

AOPs treatment involve accelerated oxidation of the desired chernicals with the 

help of ultraviolet light and semi-conductors acting as catalysts. Once these processes 

have emerged, continuous improvements have been added to optirnize performance and to 

increase yields. The main principle adopted by this process is the generation of hydroxyl 

radicais('0H). As the 'OH radicals aïe formed, they attack the organic molecules and 

react with the pollutant in one of two ways. One possible path is the abstraction of a H 

atom forming a water molecule and another radical. ho the r  possibility is the addition 

reaction which requires the addition of the 'OH group to the pollutant molecule forming a 

combined pollutant-OH radical. The process continues with a series of reaction steps 

giving water, carbon dioxide and inoganic salts as end products. Examples of the 

abstraction and addition reacrions are reported by Luo and Ollis ( 1996) as follows: 



Abstraction : .OH+CHCl2CCl(O) -> 'CCl2C1(O) + H 2 0  (1-1) 

Addition : 'OA+CCltCHCI --> 'CCltCHCIOH (1-2) 

The AOPs are usually ciassified as homogeneous and heterogeneous processes. In 

the heterogeneous processes the surface of an illuminated serni-conductor acts. at ambient 

temperature. as a catalyst by using band gap light as a source of solid excitation" [Peral 

and OIlis (1992)l. On the other hand. the homogeneous process involves the UV 

photolysis of chemicals such as Hz02 and O;, to produce 'OH radicals which are directly 

involved in the reaction [Bolton et al., ( 1995)]. 

In summary, photocatalytic assisted oxidation requires the presence of oxygen, 

light o f a  specific wavelength and a semi-conductor photocatalyst. In this respect. it can 

be stated that titanium dioxide mineralization of vanous organic contaminants by 

illumination is effective for both the aqueous and the vapor phases. This process has been 

proven effective for the destruction of many classes of chemicals in the vapor phase 

including alcohols [C hilds et al., ( 1 98 1 )], ketones [Sauer and Ollis. ( 1 994)], aromatic 

compounds [Blanco rr al., ( l996)], nitrogen containing substances [Ibuski et al.. ( 1993)l 

and [Anderson et al., (1993)], and halogenated hydrocarbons [Wang et al., (1993)l and 

Pibble rr ai., ( l992)]. 

This technology cm be applied in many areas including: 

eremediation of contarninated soils and groundwater [Yamazaki-Nishida ef  al., 

(1994)J. 



*irnprovement of indoor or closed system air quality [Jacoby r f  01.. ( 1996). Obee 

et ai.. ( 19991. 

mtreatment of industnal process vents. 

Regarding potential chemical pollutants that can be treated by photoreactors, there 

is a class of organic substances named Volatile Organic Cornpounds (VOCs). VOCs are 

characterized by having a boiling point 5 l OO°C andor a vapor pressure > h m  Hg at 25 

O C  [Tchobanoglous and Burton, ( 199 1 )]. These compounds are of major concern because 

when they are in the vapor phase they are very mobile, which make their release to the 

environment more likely; in addition their presence in the atmosphere may cause a public 

health nsk. VOCs are produced in various industnal operations such as paint drying, 

metal degreasinç, printing, and air striping units. VOC effluents cannot be vented directly 

from the industrial and the commercial sites. Hence, photo-oxidation can be applied to 

help in reducing their concentration in the vented streams. 

1.2 Photocatalysis Advantages and Limitations 

The process of UV/Ti02 suffers from several disadvantages that have been 

reported in the technical literature: 

a) Mass transfer limitations. since the process is a heterogeneous reaction. 

b) Rate inhibition due to humidity. 

c) Catalyst deactivation due to the adsorption of intermediate species. 



d) The hole-electron recombination process. Generated holes and electrons can 

recombine and the process of excitation can be reversed leading to ineficiencies 

in terms of wasted energ .  

e) The incomplete photocatalytic oxidation of TCE and other chlorinated 

hydrocarbons. With high gas flow rates. this can produce significant quantities 

of undesirable and toxic byproducts such as phosgene [Milne ri al.. ( l9W)]. 

On the other hand, LIV/Ti02 processes allow the purification of air and water with 

the following advantageous characteristics: 

a) No chemical addition (other than the catalyst). There is no need for additives 

since electrons are strong reductants. Holes are as well strong oxidants. 

b) Catalyst recovery or regeneration is possible. 

c) Energy, parricularly if Sun light is used, is cheap, available. renewable and 

environmentally fi-iendly. 

Given the significance of Ti02/UV technology for air treatmenr. the present study 

proposes a novel Photo-CREC-Air reactor design for pollutant degradation. 



CHAPTER 2 

LITERATURE REVIEW 

The photoactivity of semi-conductors was first described in 1972 by the work of 

Fujishima and Honda who discovered that water "could be split (simultaneously oxidized 

and reduced) upon illuminating a Ti02 single-crystal electrode to which small 

electrochernical bias had been applied". pujishima et al.. ( 1 972)]. Since then. there is a 

growing interest in the organic photoconversion of organic pollutants in both aqueous and 

gaseous phase. 

In order to understand the phciples of photocatalysis, one should consider the 

differences between t hermai reactions and p hotocatalysis reactions as explained by 

Formenti et al., ( 1979). Photocatalysis requires the absorption of a specific wavelength 

radiation by a TiOz molecule promoting the fundamental step of the reaction: the transfer 

of an electron from the valence band to the conduction band producing what is known as 

the electron-hole formation mechanism. On the other hand, thermal processes take place 

under high temperatures with electrons remaining at the ground level. Thus. 

photocatalytic processes have, over themai processes, the advantage of requiring lower 

temperatures usually close to arnbient temperature, which translates into huge savings in 

fuel and hence process cost. 

Until now. the chernistry behind the destruction process of organic pollutants by 

photocatalysis is not fully understood. Many questions still remain unanswered: Does 

photocatalysis really work for al1 classes of pollutants? 1s there a limit on the pollutant 

concentrations? How do cataiyst additives affect selectivity and synergism? 



2.1 Photocatalysts 

Photocatalysts are usually semi-conductor materials that enhance the 

photocatalytic reaction by lowering the required activation energy of the reaction due to 

the special electronic band structure they possess. A wide range of semi-conductors have 

been tested for photocatalytic processes such as: TiOr, ZnO, Fe203, WO;. CdS, and ZnS. 

However, the desirable properties of TiOz in terms of catalytic activity, chemical stability, 

non toxicity, cheapness and availability made it the photocatalyst of choice. 

Photocatalysts, and more specifically the most popular one rioz, possesses a 

special electronic band structure. As a semi-conductor. it contains equally spaced energy 

levels with electrons termed "valence band" In addition. there is another set of equally 

spaced energy levels, at a higher state. which are electron deficient called the "conduction 

band". The separation between these two bands is termed the "band gap". When a 

photocatalyst undergoes illumination by a light source emitting radiation at a specific 

wavelength with an e n e r a  equal to or greater than that of the band gap, it absorbs the 

energy promoting an electron excitation From the valence band, to the conduction band. 

This leaves a fraction of the surface with electron deficiency forming a hole denoted as h-. 

This process is illustrated in Figure 2.1 as well as in the following equation: 



Contluçtion band 

Photon /' / 

Con tluction electron 

Valeme electron 

Figure 2.1: The electronic structure of an excited TiOl atom. 

Ref.: Van Vlack, (1982), pg. 277. 

The above described step lowers the activation energy of the oxidation reaction of 

pollutants with oxygen. The final products of this oxidation reaction are eventudly. in 

most cases, carbon dioxide, water and several other mineral salts. 

Once the step descnbed by eq. (2.1 ) is cornpleted, a number of chemical reactions 

are thought to proceed. as will be described later on in this chapter (Reaction Mechanism 

Section). 

Titanium dioxide is a semi-conductor with a chemical formula of Ti02. It does not 

dissolve in water, which makes it a very good candidate for water treatment processes. 



However. it dissolves in many alcohol and organic solvents such as methanol and acetone. 

TiOz powder is white in color, has no smell and it crystallizes in two forms: anatase and 

rutile. TiOz, under the rutile crystallographic form, is usually used as a pigment in white 

paints and as a base in ccsmetic products. 

Light absorption of TiOz is suitable at the band gap light energy between 230-390 

nm. This region falls in the near ultraviolet spectrum. The anatase form has demonstrated 

great efficiency in terms of photocatalytic activity much more rhan the rutile phase. The 

band gap of the anatase crystal is 3.2 eV [Bolton rr al.. (1995)], and this indicates that 

only photons that have a 290-390 nm wavelength may be absorbed by the crystals. 

2.2 Photoreactor Design 

Several laboratory scale reactors have been built to test and to develop the 

UV/Ti02 technology. On the other hand, few units were built at a large scale, and this is 

due to the relative high cost of lamp powering. lamp replacement, catalyst separation and 

catalyst regeneration. However, novel concepts taking advantage of the use of solar 

energy can also have significant future impact such as the Almeria unit in Spain [Muriel et 

a(., (1  996)]. In general. it is our view that new desiçns with hiçh efficiency promoting 

total pollutant rnineralization should be encouraged [Serrano and de Lasa, ( 1997)]. 

In order to achieve this. careful consideration of the following factors is required: 

selection of W source, reactor configuration, special arrangement for lamp placement. 

catalyst type. size, distribution and impregnation and efficient interaction between the 

light, the catalyst and the reacting Ruid. 



2.2.1 Reactor Configuration 

Regarding possible reactor configurations, there are a significant number of studies 

dealing with different designs, different classes of pollutants. pollutants concentrations. 

and operating under different conditions. These different conditions involve temperature. 

relative humidity, pressure , space time and irradiation time. 

For the specific application of gaseous streams containing organic pollutants solid- 

gas reactors are considered. The TiOz panicles, constituting the solid phase, are held on a 

solid surface in many different ways including: 

A thin film of TiOz coated on the inner surface of the reactor wall [Jacoby et 

a/. , ( 1 W6)]. 

TiOl supported onto a porous fibrous mesh [Perat and Ollis (1992), )], or 

monolith [Blanco el ni., ( 1 W6), Obee et ni., ( 1995)], Honeycomb[Suzuki, 

( 1993)]. 

TiOz entrapped in supponing particles [Dibble et al., (1992). Yamazaki- 

Nishida el al., ( 1 993 ), Yarnazaki-N ishida et of., ( 1 994), and Anderson et a/.  . 

(1993) 1 

Ti02 coated on an optical fiber bundle. Optical tibers have the advantage of 

direct fiber-photocatalyst radiation transfer and high activated surface area to 

reactor volume. Care has to be taken given the potential catalyst deactivation 

due to heat build up in the fiber optic bundle array [Peill et ni.. (1995), and 

Peill et al., ( 1 996)]. 



Regarding the above mentioned options. most of the work developed in the past 

used either option a) or b). The above mentioned supports for TiOz can be configured in 

reactors of different geometry such as: fluidized beds. fixed powder layer reactors. annular 

reactors, and monolith reactors. 

A bench scale, flat plate fluidized bed was utilized by Dibble et al., ( 1992) to study 

the photocatalytic oxidation of TCE, produced during the air stripping of contaminated 

ground water. Ti@ was supported on silica gel beads. that were 250-450 pm in diameter, 

inside the reactor cavity that was IOmm wide. 60mm high and 4 mm thick. A 4 W Iamp 

was used to emit light with maximum intensity near 390nrn. This design of fluidized bed is 

suited for isothermal operation, large scale, improved heat transfer and reduced mass 

transfer conditions. Catalyst regeneration is also relatively easy to implement. However, 

gas bypass, attrition of the photocatalyst and non-uniform residence time for the solids are 

potential problems of fluidized bed reactors [Ollis, ( 1993 )]. 

In this respect, Formenti er al.. (1976) proposed a reactor with the Ti02 supponed 

on a metallic support to study the photo-oxidation of alkanes. Peral and Ollis (1992) 

employed a reactor with TiOz supponed on a fntted glas  plate for the oxidation of 

vanous aromatics in air. It is argued that powder layer Bxed beds are more suited for 

compact systems having little extent of gas backmixing. In these systems, there is. 

however, limited light distribution and only relatively small air flow rates can be treated 

[Ollis, ( 19931. 

The annular photoreactor is another possible design configuration. The inner 

surface is coated with a thin layer of TiOt with the UV light source placed in the center of 



the cylindrical reactor. Jacoby et al., (1996) made use of this geometry to control the 

VOCs in indoor air. This method has. however. the disadvantage of low area to volume 

ratio. 

Finally. another alternative design uses a coated TiOz monolith. in this respect. 

toluene oxidation was achieved by Blanco et ai. (1996) in a coated monolith. Air streams 

at 150-450°C were contacted with the catalyst in the presence of W light provided by a 

Xenon lamp. In this respect, commercially available monoliths can be operated under low 

pressure with narrow distributions of gas residence times. However. given side 

illumination in these devices, illumination of the photocatalyst is limited and non-uniform 

[Ollis ,( 1993)J. 

2.2.3 Light Absorption and Sources 

Regarding the light absorbed, it is assumed that the light is absorbed by the 

photocatalyst (Ilkat) with no light absorbed by fluid or substrate molecules [Childs and 

Ollis, ( 1 %O)]. Iakai, is influenced by many factors includinç: reactor geornetry, 

wavelength, inhomogeneity of reaction mixture, absorption coefficients and light source. 

The intensity profile of a light source in an absorbing medium can be related to the 

incident light intensity as follows: 

Log(I,lI)=px= Absorbance (2-2) 

with p being the absorbance coefficient of powdered solids, x the penetration depth into 

Ti02 layer, and 1. the incident intensity. 



A typical value of UV light penetration into a TiOz powder is about 2 pm [Childs 

and Ollis. (1980)l. Thus, the range of light penetration for a particle (100 pm) may be 

limited to the 1-2 pm of the TiOz particle outer shell. Anderson et al ( 1993) reports that : 

in a packed bed. UV light is completely absorbed in the first 10- 15 Pm of the Ti02 pellets. 

In surnmary, the use of panicles biçger than 10 microns is largely unwarranted. 

There are many different photoreactor types and light sources which are used for 

the purpose of illuminating the photocatalyst. Besides the solar energy, artificial larnps of 

different kinds can be used. Bolton et al. (1995) classifies and characterizes the vanous 

LJV sources as follows: 

a) Low pressure mercury lamps. They have the charactenstic of having long life 

(-5000 hr), and approximately 80% of the emission is in the 254 nm range. 

b) Medium pressure mercury lamps. This kind of UV lamp is known to have a 

moderate life (-2000 hr) and broad spectral output, not much below 250 nm. 

c) Advanced proprietary medium pressure mercury lamps. These lamps provide a 

strong output below 350 nm, and have long life (-3000 hr). 

The estimation of light absorption may be done by actinometry [Valladares. 

( 1999, Matthews. (1  988)l. The actinometry technique is based on the photochernical 

conversion of Fe (III) to Fe (II) ion. However. sometimes special procedures are required 

to measure the photon flux in the reactor. A good methodology for assessing the light 

ernitted and the iight absorbed by a catalyst mesh is the one proposed by Serrano and de 

Lasa ( 1997) and also described hrther in this thesis. 



Anderson et ni.. ( 1  993) reported that reaction rates showed a first order with 

respect to light inrensities. They also anticipated that the linearity in the relationship 

indicate that mass transfer is not limiting the TCE conversion rate. In their analysis the 

absorbed light intensity was the amount absorbed by the catalyst particles and not by the 

fluid molecules. 

2.3 Reaction Kinetics 

2.3.1 Reaction Pathway and the Limiting Step 

The photocatalytic reaction involves a number of physical and chemical processes 

that take place before the formation of the end products (CO2 and HZO ). In this respect, 

Jacoby et ni., ( 1996) has done some work to identiQ these steps proposing the following 

steps: 

( 1 )  Bulk mass transport of the reactants from the gas phase to the surface of the 

catalyst particle. 

(2) Mass transport of the reactants within the catalyst particles "intraparticle 

difision". 

(3)  Adsorption of the reactants ont0 the catalyst surface. 

(4) Surface chemical reaction. 

Following the surface chemical reaction, two other steps, product desorption and 

mass transport from the catalyst surface to the bulk flowing Stream. take place. Among 

these steps the slowest one in the whole process is the lirniting or the controlling step. 



The mass transfer coefficient for the external resistance, which covers the transfer 

of substrate from the mixing gas Stream in the bulk to the extenor suFface of the catalyst 

pellet (0.3-1.6 mm) in a packed bed. was estimated by Yamazaki et al.. (1993) and 

Anderson et ai., ( 1993) using the Petrovic-Thodos correlation and Chilton-Colburn factor. 

Results indicated that the calculated values for the mass transfer coefficient were several 

orders of magnitude hiçher than the corresponding pseudo-order rate constant. 

Therefore, they concluded that external mass transfer is not controlling the photocatalytic 

reaction rate. 

Another set of experiments was carried by Yamazaki et 01.. ( 1993) to investigate 

the effects of the intemal film resistance using Ti02 particles supported on 0.3-1.6 mm 

pellets. The experirnents were conducted by changing the photocatalyst pellet size (0.3- 

1.6 mm) for a given catalyst weight. Results revealed no effect on the rate of TCE 

degradation. However, Anderson argued that "theoretical calculations " showed that the 

intemal diffision was in the Kundsen regime and its influence on the reacrion rate could be 

important if all the intemal pellet surface was considered to be active. Given UV light is 

completely absorbed on the 10-1 5 pm pellet outer region. it is concluded that intraparticle 

diffision effects are not significant. 

In another report, lacoby et al., (1996) developed additional research with TiOz to 

investigate the relative influence of the different steps and to determine the limiting step. 

They performed a cornprehensive study of the adsorption process to decide if adsorption 

was limiting. Adsorption was examined by conducting experiments using benzene as a 

mode1 pollutant. Experiments were performed by feeding benzene. water vapor. and air to 



an annuiar photocatalytic reactor with Ti02 coated on the inner surface of the outer 

cylinder under various parameters and operating conditions. The different cases studies 

are summarized in Table 2.1 and the results of each case are illustrated in Figure 2.2. 

Table 2.1: Mass transpodadsorption experiments using benzene in air as 

mode1 pollutant as reported by Jacoby et al. (1996). 

Case 

I 

. . 
II 

- -. 
III 

i v 

v 

vi 

Light 

No 

Yes 

No 

Yes 

Yes 

Yes 

Catalyst 

- -  - 

No 

No 

Yes 

Yes 

Yes 

Yes 

Air 

Air 

Air 

N2 

N 2  

Air 

Water Vapor (mtorr) 

Figure 2.2 suggests that the interaction between both the UV light and the TiOz 

panicles is important in the adsorption process. In case i). total absence of both UV 

radiation and catalyst, little benzene was adsorbed on the Pyrex tube. However, this 

amount increased when the UV was turned "on" (case ii). and it almost tripled in the 

presence of a thin TiOz film (case iii). Furthemore, when the catalyst layer was 

illurninated by UV, it led to a large increase in the amount of benzene adsorbed (Cases iv, 

v, and vi). However, the highest increase was achieved with dry air (Case v) which 

confirms that water does affect the adsorption of aromatics on the surface of the 

photocatalyst [Jacoby et al., (1996)l. In addition these authors found that the 



photoreaction occurs at rates much slower than the adsorption process. hence they 

concluded that the surface chemical reaction is the controlling step. 

Figure 2.2: Amount of benzene adsorbed as a function of presence or absence 

of catalyst and near UV irradiation; cases shown in Table 2.1. 

Ref.: Jaco by et al., (1996). 

2.3.2 Kinetics of the Adsorption Reaction 

The adsorption of an organic substrate ont0 the surface of the photocatalyst can be 

predicted by a Langmuir-Hinshelwood type model. Fox and Dulay (1993) have 

incorporated the following assumptions in their adsorption model: 

(1)  At adsorption equilibrium, the number of surface adsorption sites is fixed. 

(2) Only one substrate may bind at each surface site. 



(3) The heat of adsorption by the substrate is identical for each site and is 

independent of surface coverage. 

(4) There is no interaction between adjacent adsorbed molecules. 

(5) The rate of surface adsorption of the substrate is greater than the rate of any 

subsequent chemical reactions. 

( 6 )  No irreversible adsorption of active sites occurs. 

Thus, at adsorption equilibrium the followinç Lanjmuir adsorption isotherm 

equation resuits: 

with 8 being the surface coverage of the reactant, the adsorption equilibrium 

constant which can be measured at the solid-gas interface. and C the initial concentration 

of the reactant. 

Once the Fraction of the adsorbed reactant is deterrnined, one can search for 

evidence of transient formation of the reduction-oxidation intermediates. According to 

Fox ( 1  988) kinetic modeling should allow a distinction between a Langmuir-Hinshelwood 

mechanism. where the primary redox intermediates undergo subsequent thermal reactions 

before desorbing From the surface, and an Eley-Rideal model, where the redox 

intermediate desorbs before undergoing secondary reactions. M e r  Fox( 1988) it is also 

possible to kinetically distinguish a Langmuir model where the surface is considered to be 

srnooth so that adsorption is not dependent on surface coverage and a Freundlich model 

wherein adsorption on a rough surface depends on pre-adsorption of the substrate or CO- 

adsorbates. 



It was suggested by Fox. (1988) that a moditication of the derived rate equation 

based on the Langmuir-Hishelwood fonn is required to accommodate the cornpetitive 

adsorption between more than one species. Under these conditions the modified rate 

equation takes the following form: 

with i refemng to the competitively adsorbed chemical species. 

2.3.3 Kinetics of Surface Reaction 

Studies conceming kinetics of photocatalytic reactions are usually done on fixed 

bed reactors. For good kinetics calculations, designs have been carefully developed to be 

fiee of mass transfer or difisional limitations [Ollis ( 1993)l. 

Pearl et al.. ( 1992). propose the foilowing pseudo hornogeneous mode1 equation 

for a packed bed reactor assuming complete and uniform light absorption. These authors 

utilized a 12.5 cm' flow reactor with a fntted glass plate to support the catalyst and a 200 

W high pressure Hg-Xe lamp or a 100 W black light placed outside shinning through 

quartz window covenng the top of the reactor. A pollutant mass balance yields the 

following: 

with v being a gas superficial velocity, C a gas phase reactant concentration, k(1) an 

intensity dependent apparent rate constant. z the axial distance through the TiOz layer, and 

f(C) a concentration dependent function. 



Note that the k parameter is a function of the light intensity as shown in eq. (2.6) 

below with fi being in the range of O.j<Q<l. The C! value of 0.5 indicates a high 

intensity. while CH .O corresponds to a low intensity In addition. Beer's law provides a 

reiationship between the variation of intensity with distance. hence the k parameter can be 

written in the followinç form: 

with R being a constant. z the axial distance through the TiOz layer. and P the effective 

extinction coefficient of the photocatalyst which in the case of Ti02 is equal to 102 1 1 cm" 

[Luo and Ollis, ( l996)]. 

Note that f(C) is the reactant concentration dependent function that can take 

various mathematical forms. As an example. one can postulate a Langmuir-Hinshelwood 

form for RC): 

f(C)=KC/( 1 +KC) 

Substituting eqs. (3.6) and (2.7) into eq. (2.5), it results: 

Integrating this equation over the cornplete length of the TiOz layer from z=O to 

z=L where L is the depth of the TiOz layer, the integral of equation(2.8) yields: 



According to Formenti et al.. ( 197 1 ), when L> 1 Spm ail light radiation is adsorbed 

in the catalyst layer. as a result the term e(-[lpz) approaches the value of zero. Then 

equaticn (2.9) is simplified to: 

Thus, if the proposed approximation is correct, when [In(CL/Co)]/(Cr-Co) is plotted 

against ( I/(CL-Co)) a straiçht line should result with kJ#(QBv) being the dope and -K the 

intercept. Expenmental values of the dope and the intercept allow the determination of k, 

and K. These parameters were actually determined by Peral and Ollis ( 1 9%). for some 

pollutants including acetone. 1-butanol. and m-xylene. Values are summarized in Table 

2.2. Parameters estimation was also performed by Luo and Ollis (1996) for toluene. 

When comparing the values reported, it appears that acetone. toluene and m-xylene have 

the same order of magnitude of the photo-oxidation rate constant and adsorption constant. 

whereas the 1-butanol has a greater reaction constant indicating a higher potential for 

reactivity. 



Table 2.2: Kinetics constants for selected pollutants as reported in Peral and 

Pollutant 

Acetone 

1 -Butano1 

Toluene 

m-Xylene 

Reference 

Peral and Ollis (1 992) 

Peral and Ollis (1 992) 

Luo and Ollis (1 996) 

Peral and Ollis (1992) 

Ollis (1993), also reponed that for lower UV intensities or slower rates (AC<S%), 

equation(2.10) can be approximated by the following finite difference equation: 

-AC/Co=kW(Qpv)+ KAC (2.11) 

where AC represents the CL -Co difference. 

In this case the values of k. and K are evaluated by plotting AC/C. versus AC. 

Note that the i2 value was determined on the basis of eq. (2.6) by plotting the logarithm of 

the reaction rate versus the logarithm of the incident irradiation. A straight line was 

obtained with R as a slope. Peral and Ollis ( 1992) found that this slope was 0.7 which 

was an intermediate value between the two extremes 0.5 and 1. 

Another example of a suitable reaction rate equation is the one developed for 

toluene oxidation by Luo and Ollis (1996). It was found that below 160 mg/m3 the 

reaction rate can be approximated with a first order expression, while in the r a n g  of 160- 



550 mg/m3 the reaction falls between zero and first order. Consistent with this, the 

followins rate equation was proposed: 

Rate = 3162 C io1/(1+0.00463 Ci,[) (2. t 2 )  

2.3.4 Reaction Mechanism 

The detailed mechanism of serni-conductor assisted photoreactions is still not fully 

understood. A suçgested mechanism representing initial reaction steps is the one 

proposed by Peral and Ollis ( 1992): 

and 

Thus, once the process is initiated by the promotion of electrons in the TiOz 

catalyst by the near UV light to a higher energy band (conduction band), holes are lefi 

behind (eq. 2.13). Electrons are trapped by ~ i - "  (eq. 2.15) or adsorb oxygen molecule 



(OZId.) yielding either two adsorbed oxygen ions O,&- (eqs. 2.17 and 2.18) or an adsorbed 

oxygen molecular ion Ob&- (eq. 2.1 6). On the other hand. the generated holes adsorb 

hydroxyl ions ( 0K)or  water molecules creating hydroxyl radicals ('OH) which react with 

an adsorbed pollutant molecules initiating the degradation process. 

As it was described above. the main products of the Ti02 conduction band 

electrons are adsorbed or and/or adsorbed hydroxyl radicais from the 

generated fioles in the valence band. Anderson et d. ( 1993 ) were able to show that O*&& 

radicals contributed to additional 'OH radical formation through the following reaction 

sequence: 

Note that these extra 'OH radicals can also be involved in the photoconversion reaction, 

2.3.5 Influence of Water Vapor on Kinetics 

Water vapor content has different effects on contaminant degradation rates and 

this depends on its concentration and the pollutant's structure. It was found that water 



vapor strongly inhibits the oxidation of iso-propanol [Bickley et ni.. ( 1973) 1, TCE at high 

concentration [Dibble rr al., ( 1992), Bickley ei al.. ( 1 973)J and acetone [Peral and Ollis 

( l992)]. Water vapor enhances however, toluene oxidation [Peral and Ollis. ( l992)], has 

no effect on 1-butanol oxidation and increases m-xylene oxidation rate up to 1500 rng/m3 

and decreases the rate thereafier [Peral and Ollis, (1991)l. Furthemore. for a low TCE 

inlet concentration (6 ppm) the reaction rate was not intluenced by the water 

concentration [Dibble et ni.. ( IWZ)]. 

These differences due to water content were explained by Peral and Ollis ( 1992) as 

due to relative "adsorption cornpetition". These authors stated that acetone appeared to 

be Iess strongly adsorbed into the TiOz than 1-butanol. Thus, water could displace 

surface-adsorbed acetone but not the latter. As a result, the variable role of water in m- 

xylene photo-oxidation may follow that of TCE. where traces of water are required for 

activity. but excess water is inhibitory [Peral and Ollis ( 1997). ~ 5 6 3 1 .  

Muradov et al.. (1996) disagreed, however, with the above results and stated that 

water vapor in the inlet air Stream increases the oxidation yields of acetone and ethanol by 

5.6% and 133%. respectively. This was explained arguing that an increased water vapor 

enhances hydroxyl radical formation and this outweighs the inhibiting effects caused by 

water adsorption on the available active sites on the TiOt surface. 

Moreover, in a recent study by Luo and Ollis (1996) it was found that toluene 

oxidation rate was higher in the presence of water up to 23-40 % relative humidity(2000- 

3000 mg/m3). Inhibition was significant at 60% relative humidity (6 100mg/m'). These 

authors postulated a formula applicable for water contaminants below 6000mg/m~. This 



formula relates the surface photochernical reaction rate of toluene with water 

concentration as fotlows: 

r=710.7[CHzo J/[l+S.325* 104 [ ~ ~ ~ ~ 1 + 1 . 9 2 4 1 *  L O - ' ( [ C ~ ~ ~  J)'] 

where [CHZO] is in mg/m3 and r is in rng/(m3.min). 

It has to be mentioned that Luo and Ollis's results (1996) are consistent with 

Ibusuki and Takeuchi ( 1986), who studied the photo-oxidation of toluene and found that 

the relative humidity in an air Stream increases toluene photo-oxidation. Their findings 

were explained by the following sequence of steps as proposed by Bickley et al.. ( 1973): 

As it has been pointed out earlier in this thesis. the excitation of a TiOz molecule 

by UV light produces a hole and an electron. Once the hole is trapped with OH-=&, the 

electron prornotes O2 adsorption on the TiOz surface. The more water molecules 

available, the more OH;& will be available, allowing even hrther adsorption of oxygen 

molecules. Since both -OHad, and 'OZ;& have the potential to oxidize the intermediate 

products resultinç from the oxidation of toluene. it is postulated that higher rates of 

oxidation are achieved with Little or no intermediates being detected. 



2.3.6 The Influence of Temperature on the Kinetics of the Reaction 

Temperature is a significant parameter that often influences reaction rates. In general. 

temperature was found to have a minimal effect on the photo-oxidation process. 

However. temperature had some influence on the oxidation of ethanol, acetone and 

nitroglycerine [Muradov rr ai., (1996)]. In this case, as temperature was increased. the 

rate of photodegradation was decreaced. It has to be mentioned that the observed 

temperature effect was mainly due to the adsorption-desorption dynamic process. 

Pollutant adsorption is an exothermic process overall. Thus, increasing the temperature 

shifts the overall adsorption process towards a dominant desorption . In the case of 

acetone, the reduction of the photodegradation rate was clear since acetone was less 

adsorbed on TiO, - surface than the other compounds. 

Anderson rr of., ( 1993) found that when increasing the temperature between 23OC and 

62"C, the reaction rate for TCE degradation remained essentially constant meaning that 

there was no significant energ  barrier for the initial reaction steps to take place. 

Thus, photocatalytic reactions are not dramatically influenced by temperature. Fox el 

al., (1993) and Fox rl ai., (1988) argued that this results because the excitation energy is 

generally much larger than the energ  required to overcome ground state activation 

energy barriers. 



2.4 Review of the Previous Toluene Studies 

Reports in the technical literature address many aspects related to the engineering 

of the photocatalytic process. kinetic constant determination and problems associated with 

cost, scale up and commercialization. Several patents and increasing numbers of papers 

are being published dealing with different reactor configurations and mode1 pollutants. 

TCE photo-oxidation has been broadly evaluated Wang et al., ( 1993); (Dibble el 

al., 1990); and Yarnazaki er al., ( 1994)], because of its high photocatalytic quantum yield 

[Luo and Ollis (1996)l. Toluene is frequently used, given it is a typical pollutant From 

several chernical industries and the largest constituent of arornatic hydrocarbon 

anthropogenic ernissions [Lonneman et t d . .  ( 1974) ]and [Heuss el a/.. ( 1 974) 1. Toluene 

oxidation has been studied as a single pollutant and in mixtures to detemine the selectivity 

behavior of the photocatalytic reaction. 

Blanco ri a/.  (1996), investigated the oxidation of toluene (3000-6000ppm) on 

monolithic catalysts. These monoliths were based on titania dispersed on a fibrous silicate 

and irradiated with a 4000W Xenon lamp (average flux reaching the surface=8~/cm~) at 

temperatures of 130-450 T. Runs below 130 OC were avoided due to potential toluene 

condensation, as well as nins above 500°C due to catalyst properties changes. Reactions 

with 96% conversion rates were achieved. It is worth noting that this set-up did not have 

a very efficient lamp, since 0.2 Oh of the actual supplied power reached the catalyst 

surface. 



tnitially Sumki et al. ( 199 1 )  studied the photo-oxidation deodorization of air with 

low pollutant concentration including toluene (80 ppm) in a 8 x 6 x 2 cm' box with a 500 

W UV larnp. These authors proposed a pseudo-first order reaction for al1 compounds 

including toiuene which degraded in 60 min achieving a 9ooh conversion with a rate 

constant of 0.059 min-! Based on this expenmental work. Suzuki ( 1993) developed a 70 

% efficient purifier that can fit new and existing cars. 

Luo and Ollis ( 1996) studied the kinetics and the time-dependent catalyst activity 

for both individu1 and in-mixture oxidation of toluene and TCE. Toluene oxidation in the 

range of 80-550 mg/m3 and relative humidity of 20% was tested in a bed flow reactor 

designed by Peral and Ollis. This study revealed Langmuir-Hinshelwood rates with 30-8% 

conversion for 80 mg/m3 and 550 mgm' respectively, no intermediate products detection 

and a reaction rate constant and an adsorption constant of k=3.14 &.min and 

KaQ=0.00463 m2/mg, respectively. 

Another interesting study of toluene was conducted by Obee et al.. ( 1995) who 

proposed a Langmuir-Hinshelwood reaction rate for a bimolecular surface reaction of the 

following form: 

where r is the oxidation rate (yrn01.cm~~h"). k, is the constant of proportionality (pmol. 

h"), Ki, Kz. KI, and Ki are the Langmuir adsorption equilibrium constants (ppmv-'). 



C,, C, are the gas phase concentrations of the pollutant and water vapor, respectively. and 

Fp and Fw are the competitive adsorption for the pollutant and the water on the same 

active sites. Experiments were conducted at roorn temperature and 40 % relative 

hurnidity. Values for the Langmuir adsorption equilibrium constants and the rate constant 

were found to be: Ki=?. 02. K2=.000727. K3=2.02, ICI=. OOO7Z and k 3 . 8 3 .  These 

authors explain that in the case of high toluene concentration (>60 ppm), the L-H rate 

equation will be first order in water concentration. 

Studies of toluene in mixtures were also conducted by several researchers. 

Aicimoto et al., (1978) investigated the photo-oxidation of toluene-NOz-Nz and /or Oz as 

a hnction of reactant concentrations and they proposed mechanisrns and possible 

pathways for the reaction. Atkinson et al.. ( 1980) tested similar systems involving 

toluene/NO,/air. toluene/berilaldehyde/NOY/air and cresoi/NOJair. Besemer ef  d.. ( 1982) 

describes the products resulting from the photochernical oxidation of toluene and toluene/ 

14 C in a smog charnber. Shepson et al. (1984) reviewed the photo-oxidation of toluene 

and O-xyiene in the CHI.ONOMOlair system and extensively explained the mechanisms 

involved for product formation. 

2.5 Conclusions 

This chapter reports progress on the understanding of the tùndamental aspects of 

photocatalysis with Ti02. This includes mechanistic insights as well as kinetic modeling of 

airbome pollutant photo-oxidation. There is also a review of the influence of the 

important parameters such as irradiation intensity, temperature, mode1 pollutant 



concentration and water concentration. Finally, a review of current photoreactors for air 

treatment is provided with the goal of advancement through design irnprovernents. as 

proposed in Photo-CREC-Air. 



CHAPTER 3 

SCOPE OF THE RESEARCH 

The primary objectives of the present research were: 

1. to design, build and operate a novel photoreactor, Photo-CREC-Air, for air 

purification utililing TiOÎ/LIV photo-oxidation technology This reactor inciudes 

with special features in tems of geometric configuration. TiOz catalyst loading. 

and light distribution to yield optimal reactor configuration and high quantum 

yields. For achieving this a novel design is considered accounting for various 

physico-chemical reactions and engineering aspects of the technology. 

2. to evaluate the performance of the prototype developed in the course of this 

research. Performance evaluation also involves qualitative and quantitative 

analysis of intermediate species and end products. 

3 .  to examine the effects of water vapor content. temperature. pollutant 

concentration on the photocatalytic oxidation rate and use these data to establish 

a photodegradation rate model. 

it is worth mentioning that the medium t e m  goal for this research is to establish a 

laboratory scale photocatalytic unit for testing the photodegradation of airbome 

contaminants. This entails the construction of a unit with speciai features such as high 

catalyst loading, unifom air flow, good reactor illumination, high quantum and chernical 

yields. 

The long term intents of this work are to provide results that can be the basis for 

scaling up and the transfer of the technology to an industriaVresidentia1 site. 



CHAPTER 4 

PHOTO-CREC-AIR DESIGN 

There is a lack of proper design procedures and technical data for photocatalytic 

reactors. The newly proposed reactor, Photo-CREC-Air, [de Lasa. (1997), de Lasa and 

Ibrahim, (1998)] is designed for optimal operation taking into account the need to it.~lfill 

the requirements of good rnixing, high mass and heat transfer, high quantum efficiency and 

optimum operation. Other factors that influence reactor performance and mode1 pollutant 

conversion rate include intensity of the light source, air mixing and flow patterns. 

interaction between phases, choice of the material of construction. choice of 

photocatalyst, choice of photocatalyst support, choice of photocatalyst imrnobilization or 

impregnation rnethod, and illumination arrangement. This chapter summanzes the main 

Photo-CREC-Air geometrical features and its associated internai cornponents. 

4.1 Photo-CREC-Air General Design 

Photo-CREC-Air was designed with special features to achieve high quantum 

efficiency, quantum yield and chemicai yield. As part of this research a first prototype 

Photo-CREC-Air was designed, manufactured, and assembled at the C R E C - W O  

laboratories. A schematic flow sheet of the batch circulating photoreactor with its main 

components is shown in Figure 4.1. A more detailed representation of the Venturi 

section, where the larnps are placed. will be shown later on in this chapter. 



Figure 4.1: Schematic representrtion of Photo-CREC-Air and its associated 

interna1 components. 

The Photo-CREC-Air developed. in the contefl of this study. has a capacity of 

0.065 rn'. This unit was constructed to handle an air flow of 0.066 m3/s (at room 

temperature and a static pressure of 1 inch of water), and a maximum gauge pressure of 

44.4 kPa. Changes in the reactor cross section were calculated to provide air velocities of 

18 mis at the throat and 3.6 mis elsewhere. 

Air was introduced to the systern through the inlet port and its recirculation was 

dnven by a 0.152 m diameter in-line fan supplied by Slade-Eng. Systems Limited 

(Cambridge. Ont.). As the gaseous Stream reached the Venturi, its velocity was increased 

to a maximum at the throat. Then it decreased progressively through the divergent 

section, where the mesh was illuminated by two Pen Ray@ UV lamps. tt was at this 



divergent section where most of the pressure drop was recovered. At the exit of the 

Venturi , air passed through a perforated heated plate, before it was recirculated in the 

loop of the reacting vessel. 

The reactor was illuminated extemally through the plexijlass windows. Rubber 

gaskets were used between ilanges and were very effective in preventing air leakage to the 

surroundings. The desired arnount of pollutants was injected through the injection port 

which was a heated block with a septum. Organic compounds were introduced to the 

system by means of a syringe. In t ems  of safety. the reactor was totally contained in a 

plywood enclosure with a fan in the upper section to achieve good ventilation. 

The following special characteristics were incorporated in the design of Photo- 

CREC-Air as to fulfill the criteria required: 

a) Venturi section. 

b) Windows with focused illumination. 

c) bfesh section. 

d) Heating plate. 

While these features along with others are reviewed in more detail in the following 

sections, the main achievements with Photo-CREC-Air are to provide: uniform gas 

distribution while in contact with the mesh, good TiOrlight interaction, firm attachment of 

Ti02 on the fibrous mesh with high loading. 



4.2 Construction Materials 

The main body of Photo-CREC-Air was made of straight exhaust pipe 0.152 m in 

diameter connected by four zinc plated elbows. This choice was made so as to provide a 

material which would be able to withstand the operating conditions in tems of 

temperature and pressure. At the same tirne. consrmction materials for the reactor were 

selected to have a good resistance to corrosion to prevent rust particle formation. 

The Venturi section was constructed out of stainless steel tubing given it is easier 

to weld and it has better thermal resistance than the exhaust tubing. The windows in the 

divergent section of the Venturi were made of plexiglass. The edges and the different 

parts of the photoreactor were sealed using welds and white silicone closed ce11 sponge 

gaskets. Clear transparent Silicone sealant was also used to properly seal the fan and 

some other sections of the reactors. 

For the proposed Photo-CREC-Air, the TiOz used was "TiOî P25" manufactured 

and supplied by Degussa Corporation (Ridgefield, NJ.). The Ti02 batch used had a BET 

surface area of 35-65 m21g . average primary particle size 2 1 nm, and a specific gravity of 

3.7. 

In order to test which support would more efficientiy and tightly hold the Ti02 

particles. three different supports were tested in this project: a) Filtrete TM, b) 3M Blue 

Pleated Filter. and c) Bionaire Filter. The 3M Blue Pleated Filter mesh was found to be a 



good candidate for this type of application due to its cheapness. light weight, convenience 

of handling, transparency to light in the desired range, inettness to gases, possession of a 

fibrous porous structure and sufficient thermal resistance. The porous structure of the X4 

Blue Pleated Filter was desirable since it minimized pressure drop. provided high surface 

area, good light transmittance, did not plug. and allowed maximum catalyst loading. 

4.4 Venturi Section 

A Venturi section was incorporated into the Photo-CREC-Air design to provide 

good mass transfer without excessive pressure drop and to establish a "self-cleansing" 

system. Air flow pattern at the Venturi throat showed, as expected, the lowest measured 

pressure in the reactor and the highest velocity. This was good to prevent the particles 

From sticking to the windows which might affect light transmission to the tarseted filter. 

The use of the Venturi also eliminated the need for windows cleaning As the air stream 

was approaching the throat of the Venturi. it increased its velocity reducing the pressure 

and smoothly changing its flow direction. with minimum 80w disturbance. The stream 

exiting the Venturi impinged on the mesh with the high velocity required for the high mass 

transfer condition. The incorporation of the Venturi section allowed the lamps to be 

placed in such an orientation that close to 100% illumination of the Ti02 loaded in the 

mesh was achieved. Dimensions of the Venturi section were chosen as to meet specific 

pressure drops, thus ailowing for good sas-mesh contacting (Figure 4.2). 



Figure 4.2: Schematic representation of the Venturi section (dimensions in cm). 

In order to optimize the main design parameters, a Fortran program ( Appendix A) 

was written to help in relating the length of the Venturi. the diameter of the throat and the 

pressure drop through it. 

Figure 4.2 illustrates the dimensions of the constructed Venturi section. Figures 

4.3 and 4.4 show different sections of the Venturi for visualization assistance. The 

Venturi was 62 cm in length and was made up of three parts: convergent section (2 km), 

straight section (6.8cm). and divergent section (34.2cm). The upstream cone angle was 

1 l 0  and the downstream cone angle was 7 O .  The latter was constructed out of four flat 

surfaces to assist in placing the windows, through which the UV radiation illuminated the 

mesh. Note that the windows' construction will be discussed in more detail in the coming 

section. 
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Figure 4.3: Cross section of the Venturi, section A-A. 

Figure 4.4:Cross section of the Venturi, section B-B. 



The pressure drop across the Venturi was caiculated using the following equation 

as noted in McCabe et cd., ( 1993): 

where: 

Vz: average fluid velocity at the throat of the Venturi ( d s ) .  

C,: Venturi coefficient which is empirically determined and is about 0.98 for a well 

designed Venturi of pipe diameter 2-8 inches (-). 

Y: dimensionless expansion factor. for the flow of compressible fluid (-). 

s: dimensional constant (32.17 lb tt/lbfs2). If SI units are used then g = l  . 

pl:  fluid pressure under upstream conditions (Pa). 

pz: fluid pressure at the throat conditions (Pa). 

pi: density of the fluid under upstream conditions (kg/m3). 

p: ratio of diameter of the Venturi throat to diameter of pipe (-). 

Note that the dimensionless factor, Y is equal to unity for non-compressible fluid 

flow and it can be evaluated for a compressible fluid by eq. (4.2). [Perry's et al., 19841: 

with k parameter being the specific heat ratio CdC, and r the ratio of the pressure at the 

throat to the inlet pressure. Values of Y were calculated and presented in a form of a 



graph in Perry et a/., 1984 pg 5- 12, Note that, in the Photo-CREC-Air case. calculations 

showed that Y is approximately 0.99. 

4.5 Windows 

Windows can to be cut of any chemicalIy stable transparent solid media. Different 

types of glass could have been used including: plexiglass, quartz glass, Pyrex glass or 

stove glass. With an increasing cost as well as light transmission efficiency, they were 

ranked as follow: stove glass provided 40%, plexiglass 50%, Pyrex@ 80%, and quartz 90 

%. In the present study, windows were manufactured fiom plexiglass. 

Moreover, the shape of the windows conformed, to the shape of the rnetallic frame 

of the reactor to provide uniform illumination of the coated filter placed transverse to the 

flow. It is planned in future designs to cut windows from Pyrex@ glass having an 

absorption of 20 % of the incident radiation instead of 50 O h  for the plexiglass. 

Window sealing represented a significant challenge. First window sealing was 

attempted using Silicone ( a clear, transparent adhesive material) with windows beinz 

glued to the rnetallic fiame of the reactor from the outside. However. this did not prevent 

air leakage. As an alternative solution, windows were fixed fiom the inside of the unit so 

air was pushed against the Frame. While this provided extra sealing, it only worked for 

several mns. Finally, and to have an acceptable sealing, windows were fixed fiom the 

outside of the reactor came using studs which formed a mesh with studs spaced about 1.5 

cm from each other al1 around the window. 
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Selected plexiglass windows were 5 mm thick and had a trapezoidal shape with the 

parallel sides being of 4.5 and 8.5 cm in length (Figure 4.5). 

Figure 4.5: Photo-CREC-Air windows' dimensions. 

Initially. four plexiglass windows were used. but to minimize light losses and 

maximize its transmission two of them were replaced by mirrors of the same shape and 

size to directly focus the incident and scattered light rays on the impregnated mesh (the 

target). 

4.6 Light Sources 

UV sources for the unit can in pnnciple be any conventional lamp as long as it 

provides the required energy for the photoconversion reaction . Different types of W 

light sources exist including: low pressure mercury lamp, medium pressure mercury lamp 

and advanced propnetary medium pressure mercury lamp. Each of them has specific 

characteristics and features suitable for the different applications (refer to section 2.2.;). 



These lamps differ in t e m s  of energy density. emission range. life and electrical to photon 

energy eficiency. 

Irradiation specifications including: wavelength, intensity and operating life are 

crucial factors in the photocatalytic processes. These factors depend mainly on the 

catalyst used. concentration of the pollutants, and lamp employed. As far as TiOl is 

concerned, ultraviolet light with wavelength 23 SOnm [Sauer and Ollis, ( 1994) ] and 

<385nm [Sczechowski et al., (1995)l and [Zhang et al., (1994)], is necessary to provide 

the band gap energy required to yield an electron-hole combination for the initiation of the 

photoconversion process. 

As for the light intensity, this is a major factor that influences the photoconversion 

rate (refer to section 2.2.3). In the Photo-CREC-Air two ultraviolet lamps with an output 

in the range of 365 nm and an electrical output of 4Wnamp were used. These lamps were 

supplied by UVP (Upland, CA.) and they were termed the Pen-Ray@ lamps. 

These porrable miniature Pen-Ray@ were utilized due to their srnall size that can 

be fitted in the Photo-CREC-Air reflectors. hccording to the specifications provided by 

UVP. manufacturer and supplier. these low pressure, mercury gaseous discharge lamps 

were constructed of double bore quartz with a tubular filter. These lamps were designed 

for stable, low noise operation, and had a rated larnp life of 5000 h with an exponential 

intensity decay of 20% in the first 1000 h and another 70% over the following 1000 

operational hours. A decay cunre was prepared (Figure 4.6) to estimate the lamp power 

decay with time of utilization. Corrections were introduced to the calculated kinetic 



constants and apparent quantum yields according to this decay curve (Sections 7.2.5 and 

7.2.6). 

The Pen Ray Field lamps were supplied with DC power supplies (9V batte-) and 

were 12.07cm in length . with a lighted length of 5.72 cm and an outside tube diameter of 

0.95 cm. Their peak emission was at 365 nm. 

The intensity of the UV light was measured using a UVX radiometer manufactured 

and supplied by LNP (Upland. CA.). The UVX radiometer was a digital radiometer that 

works in conjunction with a specific sensor that measure the wavelength in the desired 

range up to 20 rnw/cm2 with an accuracy of t 5% (UVP). The radiometer is calibrated 

using standards of the National lnstitute of Standards and Technology (NIST) and U W  's 

published standards. The radiometer provided three ranges of readings: 0-200 p~/crn ' ,  O- 

2000 p ~ / c m ' .  and 0-20 mw/cm2. 

The treated filter mesh was illuminated externally from outside the windows. Note 

that larnps in Photo-CREC-Air were riot immersed into the fluid to avoid particle 

deposition and flow disturbance. 
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Figure 4.6: Intensity decay curve for the UV lamps used. 

4.7 Reflectors 

Photo-CREC-Air reflectors were designed to optimize the utilization of the 

emitted light. The reflectors (Figure 4.7) were parabolic in shape with an elliptical cross 

section with the following design equation: 

These reflectors were manufactured from aluminum in the WO-Machine S hop 

with the following dimensions: length of 7.7 cm, width: 7.2 cm fi-om the bottom and 5.5 

cm from top. Reflectors were equipped with side slots to hold the UV lamps. The Photo- 

CREC-Air reflector fbnction was complernented with mirrors, covenng the section of the 

windows not covered by the reflector, and helped focus most of the light on the target 

mesh. 



Figure 4.7: Details of Photo-CREC-Air reflector. 

4.8 Perforated Plate 

A perforated plate was incorporated in the design as an extra support for the 

impregnated mesh and also to secure uniform distribution of fluid when in contact with the 

mesh. The plate was heated to ensure that the mesh was free of water. since it has been 

reported that water has a potential effect on the photoreaction rate. 

The perforated plate was made of stainless steel to prevent any mst particles fiom 

entering the gas Stream. The plate had a 22 cm diameter and a 0.83 cm thickness with 144 

holes, each having a 0.83 cm diameter (Figure 4.8). Four 150 W cartridge heaters were 

symmetncally inserted in the plate and connected to a variable voltage power supply. This 

supplied the required energy to maintain the plate at the desired temperature. The heaters 

were 3.8  cm in length and 0.9 cm in diameter. 



Figure 4.8: Mechanical drawing of the perforated plate. 

Temperatures were measured by type K thermocouples connected to digital 

thennometers supplied by Omega Engineenng (Stamford. CT.). The thermocouples were 

1 5.5 cm in lençth and 1 . 5  mm in diameter. The thermocouples were also supplied by 

Omega Engineenng. 

Pressure drop across the plate was considered as a major aspect in its design, since 

proper values should ensure uniform contacting between the gas Stream and the supported 

mesh. The pressure drop across the perforated plate was approximated using Van 

Winkle's equation , [Perry et ai., (1984)l. This equation applies for the flow of gases 

through peerforated plates with square-edged holes on an equilateral triangular spacing for 

hole Reynolds number range of 400-20.000 and hole pitchlhole diameter ratio of 2-5: 



with W being the mass flow rate, Co the orifice coefficient. Af the total free area of holes. 

4 the total sectional area of the perforated plate. Y dimensionless expansion factor for the 

flow of a compressible fluid, g, a gravity dimensional constant, pl the fluid density at the 

upstream conditions, and Ap the pressure drop across the plate. 

It has to be mentioned that the pressure drop calculated using this equation is just 

an approximation since the perforated plate holes in Photo-CREC-Air were not on an 

equilateral triangle pitch. In addition. the perforated plate had rounded punched holes. 

Thus expected Co coefficients should be slightly larger than the ones for the square-edged 

holes per ry  et al., pg5-3 7, ( 19S4)I. Co was approximated from Figure 5-4 1 in Perry et 

ai., 1954, (Figure 4.9). This figure provides the perforated plate orifice coefficient as a 

function of the hole Reynolds number and the physical characteristics of the plate. 

Y was approxirnated using the following correlation: 

Y was found ro be approxirnately equal to unity. This is expected since the 

pressure drop through the plate is rnoderate (124 Pa) and still adequate to secure uniform 

flow distribution. 
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Figure 4.9: Perforated plate orifice coefficient versus hole Reynolds num ber 

and physical characteristics of plate. 

Ref.: Perry et al., ( 1984), pg.5-37. 

4.9 Injection Port 

The injection port was made from a stainless steel block. A canndge heater of 120 

W power was inserted into the block to raise the temperature and keep it at around 120 

O C .  Under this condition the mode1 pollutant (e-g. toluene) was injected and evaporated in 

the air Stream. 

The heater was 3.8 cm in length and 0.6 cm in diameter. A thennocouple was 

introduced in injector block to monitor the temperature. This thennocouple was 15.5 cm 

in length and 1.5 mm in diameter and was connected to a digital themorneter supplied by 

Omega Engineering. 

The injection port was equipped with a septum through which the desired amount 

of toluene, supplied by Caledon Laboratones Ltd. (Georgetown, Ont.), was fed to the 



reacting vessel. To prevent septum damage or back flow of the injected sample out of the 

system, an on-off valve was used. 

4.10 Mode of Operation 

The detemination of the Photo-CREC-Air performance is a crucial aspect of the 

present study. While different modes of operation may include batch. semi batch or 

continuous system, the current trsting was developed in a batch system with high gas 

recirculation çiven vanous safety issues. Moreover. this mode of operation may simulate 

the treatment of a confined volume of gas (building, painting shop) being continuously 

treated in a Photo-CREC-Air reactor. 

4.11 Conclusions 

The special geometrical features of the designed Photo-CREC-Air was 

demonstrated in this section of the study. Thus, it is expected that Photo-CREC-Air 

configuration will allow and lead to optimal photocatalytic performance and high 

photoconversion yields. 



CHAPTER 5 

FILTER IMPUEGNATION AND CHARACTERIZATION 

The objective of the mesh impregnation with TiOz is to achieve high loading of 

TiOz on the fibrous mesh, firm attachment of the particles and efficient operation during 

the experimental runs. Ideaily, the impregnation process must keep the TiOz crystals in 

their original crystalline fom without any deformation, thermal shocks or changes. In 

addition, strong bonding and attachment of the TiOz crystals to the mesh is required in 

order to prevent any crystal washout or crystal detachment during operation. Crystal 

detachment can result in TiOî losses either in the air stream or inside the reactor. Finally. 

uniform distribution of the catalyst particles across the surface area of the mesh is 

necessary to allow equal contacting between the phases and to allow uniform catalyst 

irradiation by UV. 

5.1 Catalyst Support 

Several types of filters were tested to find an efficient support where particles can 

bond firmly in order to minimize losses of any appreciable quantities inside the reactor or 

in the air stream. Filters were tested as well for their ability to provide good light 

transrnittance and high t hemal resistance in the O perating condition range. 

With this goal, three filters were tested in the present study for compatibility with 

Photo-CREC-Air including: 

a) FiltreteTM Filter. This is a white pleated fiber with a supporting metallic mesh 

made and supplied by 3M (London, Ont.). FiltreteTM air filter is constituted by 



electrostaticall y-c harged fi bers. These fibers attract and retain micro particles 

strongIy. 

b) 3M Blue Pleated Filter. This poly-olefin based filter has a similar structure to 

the FiltreteTM ; however it is not electrostatically charged. This filter develops, 

however. charges with air flow. This filter was made and supplied by 3M 

(London, Ont. )- 

c) Bionaire Electrostaticall~ Charged Filter This filter has a flat construction and 

is designed of fibrous matetial covered by a thin layer of another fibrous 

material. 

While only some bulk properties are available for these filters, they were tested in 

this study to reveal their overall performance in terms of catalyst loading (the TiOz 

amount that the filter can hold on a mass basis), light transmittance before and afier 

impregnation. thermal resistance. and water desorption. Details of the tests performed are 

discussed in the following sections. Table 5.1 sumrnarizes the main findings. 

Table 5.1: Properties of the différent filters tested. 

- -- 
Test FiltreteTM 3M Blue Pleated Filter Bionaire 

catalyst loading high(50%) high(5 0%) low (weak attachment) 

light transmittance hig h hig h low 

Thermal resistance Iow high moderate 

Water desorption good good good 



Results revealed that the Blue Pleated Filter was the one with the best combination 

of the required properties of high catalyst loading, high light transmittance. high thermal 

resistance and good water desorption. Consequently this was the filter selected for further 

utilization. 

5.2 Photocatalyst Impregnation Techniques 

A number of different impregnation methods were developed to compare the 

results in tenns of attachment strength and catalyst loading. None of the considered 

methods required treatment of the mesh pt-ior to the TiOz loading process. These methods 

can be classified as wet, in which a suspension of 21 nm Ti02 particles is prepared, and 

dry, in which the catalyst is utilized as a dry powder. 

A first method (Method 1) involved preparing a suspension of Ti02 in a water- 

methanol mixture. It is worth noting that the mixture contained 30% methanol to 70% 

water and 5 g per liter of TiOz. Methanol addition was found to enhance the attachment 

of TiOz particies to the filter as reported in Valladares (1995). A piece of filter was fixed 

by a hose clamp, to prevent its movement, on a specially designed plexiglass ring with four 

openings From the bottom, to allow the circulation of the water (Figure 5.1). 

The solution was placed in a glass container along with a stirrer that provided 

adequate mixing to keep the Ti02 particles in suspension. Mixing was allowed for 5 min 

before inserting the plexiglass ring with the filter, and the suspension was forced through 

the mesh for about 20 min. Unfortunately, low and non-uniform TiOz loading was 

achieved. 



Figure 5.1: Impregnation system in which the mesh wrs fixed on a plexiglass 

ring, inserted in a methanol-water-Ti02 mixture. 

A second irnpregnation technique (Method 2) utilized an methanol-water solution 

of the same composition as in Method 1 and a special unit, (Figure 5 3 ,  made mainly of 

plexiglass and a stainless steel mesh supporting the filter. A submerged pump was used to 

pump the Ti02 suspension from one end to the other. In a typical experimental run. the 

solution was pumped through the mesh for about 40 min. This technique gave a quite 

non-uniform distribution of Ti02 panicles on the mesh. Particles tended to settle and 

concentrate on the center while there were few particles on the filter sides (edges). 

.4nother approach (Method 3)  considered supporting the filter by a hose clamp on 

a metallic ring, spraying the top surface with an methanol-water solution of the same 

composition as in Method 1 and leave it to dry for 30 min before spraying a second 

coating. Analysis did not show any significant Ti02 loading. 



Figure 5.2: Filter impregnation system that involved pumping a methanol- 

wrter-TiOZ mixture to a plexiglass unit supporting the mesh. 

The next attempt (Method 4) was a dry method using a small fluidized bed. TiOz 

was poured into the bed and the filter was fixed in the upper section. Air was introduced 

from the bottorn allowing the TiOz to fluidize and reach the surface of  the filter. 

Unfonunately, the TiOz powder (being very fine) did not fluidize very well and panicles 

tended to fly through the porous structure of the filter. 

Finally. a process (Method 5 )  which involved applying a pre-weighted amount of 

TiOz powder, 2-2Sg, on a pre-weighted rnesh, 6-8.5g. using a sofi painting bmsh. was 

practiced and adopted. Care was taken to proceed gently in order not to affect the filter 

surface structure. Acetone was sprayed to attach the particles to the upper surface and 



transport them into the fibrous mesh. The impregnation procedure is illustrated in Figure 

5.3. About five coatings were perfonned before the desired TiOz amount was loaded on 

the mesh. This exercise Save loadings on the filter of up to 50% (g of catalystf~ of fibrous 

mesh. 

Figure 5.3: Steps followed in the adopted impregnation technique (Method 5): 

(1 )  Weigh 2-2.5 g of the catalyst in a glass plate; 

(2) Apply some of the catalyst on the mesh surface; 

(3) Gently spread the catalyst with a soft painting brush; 

(4) Spray acetone on the surface and leave to dry for 25 min and; 

(5) Repeat the steps until catalyst is al1 on surface. 



5.3 Light Transmittance Measurernent 

Light transmittance through the filter before and after treatment is a very important 

property of the mesh to ensure efficient light penetration throughout the filter layer. Light 

transmittance of the specific wavelength (365 nm) was measured using a PU 8625 

U V M S  Spectrop hotometer supplied by Philips. 

In a typical measurement, a srnaIl piece of the filter was cut and placed in a 

specially designed ce11 made of plexiçlass. This ceIl was inserted in the spectrophotorneter 

after re-zeroing it with respect to the bare untreated filter. A reading was taken which 

corresponded to the optical or the decadic density. Then the fraction of focused light 

beam that made its way through the filter piece was approxirnated as: 

Optical density = log (IJI)=log ( 1 / ~ )  

with T being the fraction of light transmitted through the filter piece. 

Analysis revealed that light transmittance of the FiltreteTM and 3M Blue Pleated 

Filter were approximately ( 1 -4)% and ( 1-2 5)%. respectively afler treatment with Ti02 

and acetone. The readings for the bare untreated filters were ( 12 %) and ( 1.3-2.8)0/0 for 

the FiltreteTM and 3M Blue Pleated Filter, respectively. Thus, it was concluded that the 

addition of TiOz in the 3M Blue Pleated Filter did not affect the desired near UV light 

(365 nrn) transmission properties. 



5.4 Temperature Programmed Desorption (TPD) 

This analysis was performed in order to estimate the temperature at which the filter 

will be essentially water Free. Temperature programmed desorption was performed in a 

Micromentics TPD/TPR 2900 machine. A small wet piece of the filter was inserted into a 

U tube and was treated continuously with helium as a carrier gas. Programmed desorption 

began by raising the temperature linearly with time to 140" C with a rate cf lS°C/rnin 

while a constant stream of helium was passing over the sample. At a certain 

temperature( 102 OC), the heat overcame the activation energy, therefore the bond between 

the adsorbate and adsorbent broke. The desorbed water molecules entered the stream of 

the inert carrier gas and were swept to the detector. A typical TPD for the filter is 

illustrated in Figure 5.4 

TCD 
-Po'"= 

1 

Figure 5.4: TPD of the 3M Blue Pleated Filter. The full line represents the 

water desorption from the mesh. The dashed line is the adopted temperature 

program. 



According to the results. al1 three filters had good water desorption properties. 

with the water being fully desorbed from the filter at around 100 OC, the temperature at 

which a peak was observed. Hence, the temperature of the plate was raised as high as 100 

O C  during the experiments to ensure that the filter operated free of water. 

5.5 Particle Attachment to the Filter 

TiOz loaded filters were studied under Scanning Electron Microscopy (SEM) 

(Figures 5.5  and 5.6). This helped in the assessrnent of Ti02 distribution and it aiso 

proved that the particles were actually attached to the fibrous strands and not loosely held 

in the spaces of the porous structure. SEM photos of different regions revealed that 3M 

Blue Pleated Filter is good in retaining the TiOz panicles. Samples of the analysis are 

çhown below in Figures 5 .  Sand 5.6. SEM photos show, however. the presence of multiple 

uniformly distributed aggregates of well anchored Ti02 t hroughout the rnesh fibers. 

Figure 5.6 shows the mesh fibers (having typically 15 pm diameter) holding particle 

aggregates of about 2 pm. 



Figure 5.5: SEM photo of a treated 3M Blue PIeated Fiiter. 

Figure 5.6: Close up picture of Figure 5.5 showing a singli 

strand and T i 9  attrched to it firmly. 

treated 



5.6 Electrostatic Charges 

The bonding of the TiOt particles to the sufice of the fibrous mesh is influenced 

to a significant degree by electrostatic forces. Electrostatic filters have inherent 

electrostatic charges generated by the "electret" fibers from which they are made. As a 

Stream of fluid is circulating through the filter. the amount of charges increases and holds 

the particles more firmly and strongly. This property was used to assess the strength of 

particles bonding to the fibrous mesh. 

The electrostatic charges induced or found on the different tested suppons were 

measured using a Faraday Pail provided by the Applied Electrostatic Research Center 

(AERC) at M O .  This test was camed out to measure the strength of bonding between 

the catalyst particles and the rnesh. A Faraday Pail consists of two pails placed one inside 

the other and connected by a wire to an electrometer A sketch of the system is shown 

below in Figure 5.7. 

Using this technique it was possible to show that both FiltreteTM and the Bionaire 

filters were electrostatically charged compared to the neutral 3M Blue Pleated Filter. 

Measurements revealed that the white FiltreteTM possessed neçative charges, about one 

order of magnitude larger than that of the 3M Blue Pleated Filter. Unfortunately. the 

utilized set-up from AERC provided measurernents with a large uncertainty of roughly 

fifiy percent. Thus, measurements with the Faraday Pail were only good for relative 

charge readings but not absolute values. 



Figure 5.7: Schematic representation of Faraday Pail. 

Conclusions 

In summary, the final seiection of the filter involved several factors including: 

a)catalyst loading, c) thermal resistance, c) water desoprtion, d) light transmittance and, e )  

electrostatic charges, and t) strençth of particles attachment . These vanous analytical 

techniques revealed that 3M Blue Pleated Filter was the best choice for the application in 

Photo-CREC Air. 



CHAPTER 6 

EXPERIMENTAL METHODS 

Once the Photo-CREC-Air unit was debugged. the filter irnpregnation technique 

was established and the prelirninary characterization of the system was accomplished, an 

experimentai program was initiated to test the performance of the unit. The main goal 

was to study the influence of the different operational parameters on the initial photo- 

oxidation rate of toluene. This c hapter summanzes the anaiytical techniques emp 10 yed 

dunng the course of experimentation. 

6.1 Analysis of Reactor Samples 

Gaseous samples contairing unreacted chernicals along with the end products and 

intermediates were analyzed quantitatively and qualitatively using 5890 Hewlett Packard 

gas chromatograph (GC). This unit is equipped with a Hewlett Packard 3393A integrator 

which allows the reporting of the different peaks along with their retention tirnes and 

integrated areas. The peak for a given compound is propotional to the nurnber of moles of 

that compound passing through the detector. The relationship between the number of 

moles of each species (CO2, toluene and water ) was determined by making a series of 

calibration injections (Refer to Appendix B). 

To cornplete the various analytical tasks. two GCs were used. One was equipped 

with a Porapak Q packing column 1.83 rn long and 0.3 18 cm in diameter in conjunction 

with a thermal conductivity detector (TCD). The other one was operated with a 25m- 

0.33 pm HP- 1 capillary column associated with a flame ionization detector (Fm). Both 



GCs used helium as the camer gas. In the case of the packed column. a 2.5 mL sample 

was injected at an oven temperature of 30°C and was held there for about 0.5 min before 

its temperature was raised to 200°C at a rate of 45"C/min and remained there for 8 min. 

This allowed good separation and identification of the collected mixture components. The 

temperature progam is shown in Figure 6.1. 

1 10.5 min at 30" C 1 

Figure 6.1: Temperature program adopted for the Poropak Q packed column. 

Identification of intermediate products was camed out by injecting a 2.5 m .  

sample into the capillary column at 30°C. Temperature was held at 30" C for 3 min. 

ramped up to 90°C at a rate of 1 S°C/min and held there for 2 min before it was brought 

back to 30°C. This temperature program is illustrated in Figure 6.2. 

Figure 6.2: Temperature program adopted for the capillary column. 



Experiments were carried out in the Photo-CREC-Air reactor. The geometry and 

the interna1 components of this unit were reviewed in Chapter 4. 

6.3 Experimental Procedure 

Dry air gas supplied from BOC (Toronto. Ont.), was used during the experimental 

program. The reactor was filled with air bringing the final gauge pressure up to 13.78 

kPa. This over-pressure provided an adequate interna1 pressure as for taking enough 

samples over the experimental time. Following this. the heaters were tumed "on" until the 

desired temperature (50-100" C) was attained. At the sarne tirne the heater of the 

injection pon was turned "on" to reach 1 1  20°C. a temperature hiçh enough to completely 

vaporize the toluene sample. The reactor contents were allowed to circulate and were 

recycled for about half an hour before any sarnples were taken. In the case of high 

humidity level experiments, water was also injected into the reactor about half an hour 

before the toluene injection. 

Note that during the first four hours the UV light was not tumed on, allowing the 

toluene to be adsorbed ont0 the TiOz particles. Mer  that, light was turned on for 20-22 

h. Samples were taken every 0.5-1 h. Note also that samples were not injected on-line in 

the GC. 



Reaction samples were collected in a vinyl tubing from the sampline port to a IL 

Tedlar bag. Later on, gas samples were injected rnanudly into the GC using a 7SmL 

synnge. Figure 6.3 provides a detailed drawing of the Tedlar sampling bag port. M e r  

the experimental time was elapsed. the system was purged with air 

Eventually, a new mesh was set before a new experiment was initiated. 

for an hour. 

Figure 6.3: Detailed drawing of the Tedlrr sampling bag port. 

Toluene concentrations of 5.2-13 pg/cm3 were used during the testing. These 

concentrations were achieved by injecting samples of 0.4 -1.0 mL of toluene into the 

reactor volume. In addition, four temperatures over the range of 20- 100 OC were used in 

the heating plate supporting the mesh. The investigation also included two hurnidity 



levels: high and low The low concentration level corresponded to the one with no water 

addition and the high water concentration level was equivalent to 32 pg/cm'. 

6.4 Interna1 Standard Procedure 

An internal standard procedure was implemented in this study and this to reduce 

the uncenainty related to variable gas samples injected into the GC. Given air was 

essentiall y unaffected by the p hotoconversion. oxygen consumption was negligible, hence 

the air peak was taken as a reference value. Thus, the ratio of toluenehir was used to 

monitor the rate of toluene disappearance with time on-stream and this to account for the 

potential combined effects of leaking, adsorption, condensation and reaction. To illustrate 

the internal standard procedure Figure 6.4 provides a typical reporting on the evolution of 

the tolueneiair fraction during a run. 
----p. - 
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Figure 6.4: Toluenehir ratio versus time, the internal standard used in the 

experimental run. 



6.5 Mass Balances 

Regarding mass balances, they were performed using both carbon and hydrogen. 

Results are shown in Appendix C. The actual amounts of the various components were 

detennined from the GC calibration curves (Appendix B ) prepared for carbon dioxide. 

water and toluene. shown in Figures B 1, B2. and B3 respectively . The elemental balance 

for hydrogen closed within kl3% On the other hand the elernental balance for carbon 

was always below 100%. the worst closure beinç 57%. 

A possible explanation for this is the characteristic of the mechanism involved. 

Water is a product that is being formed during the different steps of the reaction, whereas 

carbon dioxide is an end reaction product. As a result, the hydrogen balances. strongly 

relying on water formed, shouid close much better than the carbon balances significantly 

affected by carbon dioxide. Moreover, carbon may also exist in the fonn of oxidized 

intermediate species. However. given that the level of these species cannot be detected 

individually, closing of the carbon balance involves intrinsic inaccuracies and this is 

particularly true for conversions in the low level. It is also wonh noting that the color of 

the Ti02 changed from white to yellow afier experimentation. This is an indicator of 

adsorbed intermediates or toluene at the surface of the TiOz mesh a possible cause of the 

lack of closing of the carbon balance. Note that this change in the catalyst color was also 

observed by Ibusuki and Takeuchi (1986). 



Note that hydrogen mass balances for runs at low temperatures (20-75°C) did not 

close as well as for runs at 100°C. This problem was assigned to some water 

condensation at the lower temperatures. 

6.6 Reproducibility of the Results 

Several mns (5) were carried out for each experimental condition to ensure the 

reproducibility of the data. In addition to this, repeats were also carried with the same 

catalyst to record potential catalyst deactivation and to be able to predict the eventual 

influence of the catalyst deactivation on the reaction rate. It is notewonhy that each 

experimental point on the results graph is actually the average of two or three readinçs 

(injections) of the same sample. 

6.7 Conclusions 

This chapter describes the different analytical techniques that were used in the 

present study in the areas of collecting and analyzing samples, setting an analytical method 

based on an intemal standard and developing mass balances. While both hydrogen and 

carbon balances were attempted, the hydrogen balances appeared to provide satisfactory 

results at 100" C. 



CHAPTER 7 

RESULTS AND DISCUSSION 

7.1 Systern Characterization 

Testing of the Photo-CREC-Air system performance was developed in terrns of 

pressure profiles, velocity profiles at both room and elevated ternperatures. UV intensity 

profiles across the filter surface at several positions, and W intensity decay profiles. 

7.1.1 Pressure Profile 

Pressure was rneasured at several points along the reactor length usinç a water 

manometer. The position of the seven pressure taps are shown in Figure7.1. 

Figure 7.1: Schematic of the pressure taps locations:Pl, P2, P3, P4, P5, P6, 

and P7. 



Figure 7.2 provides detail of a typical pressure profile dong Photo-CREC-Air. 

Positive gauge pressure was only observed aller the fan (tap 1 ). It is worth noting that this 

profile was taken with the fan running at room temperature and with the system sealed and 

at O gauge pressure. Another interesting observation was given by the fact that the lowest 

pressure in the system was observed at P6 which corresponds to the neck of the Venturi 

and this was expected given the Venturi fluid-dynamics where velocity increases 

considerably and pressure is reduced at this particular section. 

Atmosphenc pressure 
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Figure 7.2: Typical pressure profile of Photo-CREC-Air. 

7.1.2 Velocity Profile 

Velocity profiles in Photo-CREC-Air were measured irnmediately after the 

perforated plate (P4). Measurements were made using a Pitot tube supponed with a 

holder allowing measurements at different radial positions. The two profiles were 



recorded (Figures 7.3 and 7.4) when the heating plate was at room and elevated 

temperatures (97OC), respectively. 

From this data, it is apparent that there is a sharp velocity change in the outer area 

of the mesh ( r X  and 6 - 6 )  with velocity changes becomins less pronounced in the core of 

the stream(-6<r<6). While this trend of relatively uniform gas velocity was observed at 

both room temperature and 97' C. in the case of the higher temperature, the gas velocities 

were more uniform and provided a more symmetric velocity profile. 

Figure 7.3: Velocity profile at 25 O C .  Average superficial velocity 2.83 m/s. 



Figure 7.4: Average velocity profile at 97OC. Average superficial gas velocity 

7.1.3 UV Intensity Profile 

The intensity of the ultraviolet Iight was measured at the location where the 

impregnated supponed mesh was placed. As well, UV intensity was measured at different 

circumferential positions: O degrees, 45 degrees, 90 degrees, and l 35  degrees ( the vanous 

positions are shown in Figure 7.5). Light flux enterinç the reactor and reachinç the filter 

area was measured with the radiometer. The observed irradiated profile was almost 

syrnmetnc in shape, flat at the middle bending somewhat at the edges. .Average radiation 

received was 40 p ~ / c m 2 .  While received radiation tended to change across the filter 



surface, most of the filter was illuminated (Refer to Figure 7.5) with close to 55 yw/crn2. 

There was a relatively small outer annulus with radiation levels below 50 pw/cm2. 

- 

70 1. 3 

Figure 7.5: UV intensity profile across the filter sectional area with r=O 

representing the center of the filter. Position 1: O degrees, Position 2: 45 degrees, 

arees. Position 3 :90 degrees, Position 4: 135 de, 

A radiometer equipped with a 365nm sensor, which was moved in the direction of 

the arrows indicated in the figure, was used with a specially designed rotating plate, that 

allowed the UV intensity measurement at the different positions. 

The UV lamp power decay with time of utilization was estimated by measuring the 

intensity profile at the mesh location along position 1 indicated in Figure 7.5 for 3 h. it 

was observed that there was a consistent power decay (Figure 7.6). For instance afier 190 

min at the radial position of 5 cm the irradiation observed was 4 2 . 4 ~ ~ k r n '  instead of 



44.4p~lcrn' representing 5% decay in about 3 h. Note that this decay in the intensity was 

calculated (Figure 4.6) and its eEect was included in the kinetic constants calculations 

performed later on in this thesis. 
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Figure 7.6: Radial UV intensity decay profile across the mesh with r=O 

representing the center of the mesh. 

7.2 Photocatalytic Conversion Experiments 

Photocataiytic degradation of pollutants carried in a gas Stream involves three main 

components: catalyst, radiation and oxygen. In order to assess the various effects in 

addition to the actual reaction runs, blank runs were developed. Results of both the blank 

runs and the reaction expenments are presented in this section. This section also reviews 

the values of the kinetic constant as well as the apparent quantum yields obtained. 



Toluene was chosen as the modei pollutant for several reasons: (a) it is a 

compound that can be used safely given its relatively high safety threshold concentration 

value (50 ppm). This is particularly relevant when cornpanng the toluene threshold value 

with the ones for other chemical species such as benzene (0.5 ppm), (b) toluene has been 

studied already by other researchers which provides a useful basis for cornparison, and (c) 

toluene photo-oxidation does not reveal formation of any significant amount of harmful 

intermediates (e.g. phosgene is a typical intermediate of the photo-oxidation of chlorinated 

cornpounds). 

7.2.1 Blan k runs 

As stated above. blank runs are important to establish the potential effect of the 

various factors outside the photocatalytic reaction. Two types of blank experiments were 

conducted: type 1 mns were performed with no W illumination and with no TiOz catalyst 

particles or mesh at two temperatures: 20° C and 100° C; type 2 runs were carried out in 

the presence of the TiOz mesh at high temperature ( 100°C). Results of the first type of 

blank runs at the low (70°C) and the high (IOO°C) temperatures are illustrated in Figures 

7.7 and 7.8, respectively. Figure 7.7 shows that at low temperature. there is about 12% 

concentration drop with respect to the initial toluene concentration over a period of 9 h. 

This toluene gas phase concentration drop was similar to the one observed during a 

reaction mn (W larnp on and TiOz particles in rnesh) for the sarne reactor time-on- 

Stream. This showed that no or very little toluene photo-oxidation took place at 20°C. 

Therefore, given the above mentioned uncenainty. reaction runs at 20°C were not 

considered funher when assessing kinetic constants and apparent quantum yields. 
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Figure 7.7: Results of the blank runs in Photo-CREC-Air without TiOi mesh 
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Figure 7.8: Results of the blank runs in Photo-CREC-Air without Ti02 mesh 

and with no UV irradiation at 100°C. 



Regarding toluene concentration changes at 20°C. these toluene concentration 

drops were assiged to condensation- Even if initial calculations using HYSIM 

thermodynarnic package suggest no toluene condensation at the concentrations and 

temperatures under study, condensation appears to take place at 30°C. Condensation is a 

phenomenon also reported for concentrations in the same range by Blanco et al. ( 1996). 

Regarding the potential influence of toluene condensation at higher temperatures, 

it can be stated that condensation was steadily reduced while increasing the temperature of 

the heating plate supponing the mesh fkom 20°C to 100°C. Given that a 9% drop (blank 

runs) is relatively a smaller concentration drop versus the toluene drop (25-50%) observed 

at 100°C under reaction conditions. it was concluded that at higher temperatures the 

photocatalytic oxidation was the dominant phenomenon. Therefore. these data were the 

ones considered to have relevance for kinetic parameter estimation. 

In order to confinn that toluene drops during the " non-reaction period" were 

limited, extended blank runs with Ti02 mesh and no UV Iight were also conducted at high 

temperature(lOOO C) and for about 16 h. These experirnents revealed that after 4-6 h of 

operation, there was an insiçnificant chanse in the toluene concentration (3% extra) and 

no change in the carbon dioxide level (Figure 7.9). This Figure also depicts the 

photocatalytic effect one would expect under the same conditions of operation. 

Therefore, it was concluded that steady state was reached in the unit after 4-6 h and 

subsequent concentration changes with the lamp "on" could only be explained as a result 

of the photocatalytic reaction. Note that adsorption does not seem to occur to any 



significant degree, since -3% extra toluene concentration drop was observed in the case 

0 1 2 3 4 5 6 7 8 9 10 11 1 2 1 3  14 15 16 17 
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Figure 7.9: Concentration changes of both carbon dioxide and toluene during 

an extended blank run in the presence of Ti02 mesh and UV lamp turned off 

(maximum deviations - 4% and 2% for toluene and carbon dioxide, respectively). 

7.2.2 Typical Experimental Run 

Following the blank runs. a nurnber of reaction runs were developed. Figure 7.10 

reports a typical plot of the observed changes of mode1 pollutant and product 



concentration as a function of tirne-on-stream and with the mesh temperature held at 

100°C. 
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Figure 7.10: Typical experimental curves showing changes of reactant and 

product concentration as a function of time-on-stream with toluene concentration 

being 10.4 pg/crn3 and heating plate at T=lOO°C. 

This figure shows a consistent toluene concentration decrease and a simultaneous 

water and carbon dioxide increase. An interesting observation was given by the fact that 

change in toluene as well as carbon dioxide concentrations were quite regular while there 

was some higher dispersion of the water concentrations measured. This higher dispersion 

on water concentration measurements was linked to the higher inaccuracies related to 

water measurement S. 

Regarding these expenmental results, it should be stated that at 100 O C  the toluene 

concentration drop dunng the first four hours (light off) was very mild and this was a 

potential indication of condensation and/or adsorption. However. given that condensation 



was already estimated as 9 %(refer to section 72.1). it was concluded that adsorption in 

the context of Photo-CREC-Air reaction mns was not significant. Thus on this basis, the 

potentiai applicability of a pseudo-homogeneous mode1 (no adsorption of pollutants on the 

TiOz mesh) for kinetics modeling should be strongly considered. 

It has to be stressed that experiments were performed with the light source "off' 

during the first period of the experiment (< 4 h). This first period of the experiment 

allowed the determination of the condensed/adsorbed amount of toluene on the TiOz mesh 

surface. Following ths. the lamp was tumed on. Typical runs lasted 22-24 h having the 

mesh-TiOz about 18-20 h under UV radiation. 

Figures 7.1 1 and 7.12 depict typical chrornatograrns of injected samples for both 

the TCD and the FID, respectively. Examination of these figures along with Figure 7.10 

reveal the following: 

1 .  Main producrs from toluene photo-oxidation are water and carbon dioxide. 

2 .  No intermediate products are observed, 

3 .  There is a substantial increase in both carbon dioxide and water while the run is 

progressing. 

It has to be pointed out that the first observation was consistent throughout a11 the 

experiments carried out. While both detectors (FLD and TCD) were used for product 

quantification, the FJD detector was used specifically to help identifjmg potential 

intermediate species. 



Figure 7.11: TCD chromatogram of an injected sample. Different 

ccmpounds forming the sample mixture are shown: (a) air, (b)carbon dioxide, (c) 

water, (d) toluene, 
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Figure 7.12: FID chrornatogram of an injected sample indicating the 

presence of toluene as the only hydrocarbon without any intermediate species. 



Results suggest that there are no chemical species other than water and carbon 

dioxide formed or at least if individual intermediate species exist in the gas phase they are 

in negligible amounts (below the detectable limits). This observation is a very important 

one given intermediate species cm represent a potentiai hazard in some cases with toxicity 

larger than the original pollutant. 

Note that this expenmental observation of a negligible amount of intermediate 

species was consistent throughout ail the experimental runs. This was also supported by 

the findings of Luo and Ollis ( 1996) and Ibusuki and Takeuchi.. (1986). These authors 

reported very low levels of benzaldehyde (C2ppm) besides carbon dioxide durhg toluene 

photocatalytic oxidation. 

7.2.3 Kinetic Parameters Estimation 

One of the goals of the present study was to establish the kinetics of toluene 

photo-oxidation under UV illumination. With this end, initial photo-oxidation rates were 

measured and values obtained were in the 0 .OO5-O.O5 pmole/(gcat. s). 

While several kinetic models have been proposed in the literature[Luo and Ollis, 

(1996). Obee ri al. (1995)], an attempt was undertaken to model the experimental data 

with a first order pseudo-homogeneous model. This approach was chosen given the 

negligible adsorption effect observed (refer to Section 7.2.1). Adsorption effects nomally 

translate in the need for a Hinshelwood-Langmuir model with an overall order between O 

and 1. 



Given the condition of negligible adsorption and the assumption of uniform 

concentration in Photo-CREC-Air as a result of the intense air recirculation, the following 

balance equation applies for toluene: 

with V being the total gas hold up, W the weight of the catalyst utilized, CT toluene 

concentration at time t. and r~ is the rate of toluene photo-oxidation. The latter can be 

formulated using the following first order equation: 

with k, is the intrinsic rate constant. Substituting eq. (7.2) into eq. (7. l), 

An integral f o m  of eq. (7.3) yields the following: 

Kinetic constants (k) were evaluated in a two step process. In the first step, In 

CT/CTo was plotted versus tirne for each individuril run to produce a straight line with a 

slope equal in value to the kinetic constant k (eq. 7.5). Kinetic constants obtained were 

found to be in the range of 0.009-0.027 (h-'). Results are reported in Table 7 1. Once the 

k values were established, they were corrected for the decay of the UV lamp intensity 



using the correlation suggested by Ollis ( 1993). Luo and Ollis ( 1996) and Peral and Ollis 

( 1992): 

k = k. (VI.)n 

with n = 1 .O for the low light intensity used in Photo-CREC-Ar. 

Table7.1: Summary of the calculated parameters of the different 

experimental runs. 

Y 

# m l  kglcm" Yield (9.5) (%) (pmole1gcat.s) 

Experiment 1 m k 1 I Apparent Quantum ~ T O  



Corrected k values are reported in Table 7 1 .  With the only exception of the mns 

at the lower toluene initial concentration (5.2 Iig/cm'), the k value is found to equal 

0.OXM.O 14 h - ' (~ i~u re  7.13) Kinetic constants at the high humidity level (32  pg/cm') 

were also in the same range. 
-- - -- -- - 

A Low humûity 

Figure 7.13: Kinetics constants for the different initial toluene concentration. 

On this basis, the following can be postulated: a) the first order is adequate for the 

reaction of toluene photoconversion and this is consistent with the applicability of a 

pseudo-homogeneous mode1 at 100° C. b) the humidity level does not appear to influence 

either positively or negatively the performance of Photo-CREC-Air and this is in 

agreement with the designed conditions of the unit: a heating plate preventing water 

adsorption on the mesh. 



7.2.4 Influence of the Different Parameters 

In order to clan@ the influence of the different operating parameters. an 

experimental program was developed wit h systematic changes of toluene concentrations. 

temperatures. and humidity levels. The different experimental conditions are given in 

Table 7.2. 

Table7.2: Surnmary of the different experimental conditions. 

'late Temp. 
(OC) 
1 O0 
1 O0 
1 O0 
1 O0 

100 
100 
1 O0 
100 

Humidity 
pgîcm3 

~ 2 5  
~ 2 5  
<25 
c25 

c25 
c25 
c25 
<25 

Mesh # Experirnental Timc 
(hl  



7.2.4.1 Effect of Toluene Concentration 

Experiments with four different concentrations ranging between 5 2 @cm'- 13 

Cig/cm' were camed out. Model pollutant concentrations were obtained by injecting 

different amounts of totuene of a volume between 0,4 and 1 .O mL into the reactor vessel, 

The order of experiments was randomized to eliminate any source of systematic errors 

related to the order of the mns. 

Figures 7.14-7.21 depict the increase in the carbon dioxide level, as well as the 

natural logarithm of the dimensionless toluene concentration, [ln (CT/Cro)] at vanous t* [t* 

= t(I/I.)] for four repeat mns for each of the four concentrations examined. 

Note that figures of In (CT/&) versus the corrected time correct for the decay in 

the lamp intensity by bringing replicates to the same condition of lamp time of utilization 

(tg =40 h with an estimated light power of 50 p ~ / c m '  reaching the mesh): 

I~(CT/CT.)=-~. t ' 

with t being the time elapsed from the instant the lamp was tumed on. 
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Figure 7.14: Carbon dioxide level during experhnental runs with Photo- 

CREC-Air: initial toluene concentration=5.2 J L ~ I C ~ ' ,  temperature=100 O C ,  water 

level below 25 pg/cm3. 

Figure 7.15: Ln (CT/CTo) versus the corrected time ( t ' = a  t)  during 

experimental runs with Photo-CREC-Air: initial toluene concentration=5.2 pg/cm3, 

temperature=lOO OC, water level below 25 pg/cm3. 
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Figure 7.16: Carbon dioxide level during experimental runs with Photo- 

CREC-Air: initial toluene concentration=7.8 pg/cm3, ternperature=lOO OC, water 

level below 25 pg/cm3. 

Figure 7.17: Ln (CT/CTo) versus the corrected time ( t ' = ~ .  t) during 

experirnental runs with Photo-CREC-Air: initial toluene concentration=7.8 pg/cm3, 

temperature=100 OC, water level below 25 pg/cm3. 
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Figure 7.18: Carbon dioxide level during experimental runs with Photo- 

CREC-Air: initial toiuene concentration=l0.4 vg/cm3, ternperature=100 OC, water 

level below 25 pg/cm3. 

Figure 7.19: Ln (CT/CT.) versus the corrected time (t'=VI, t )  during 

experimental runs with Photo-CREC-Air: initial toluene concentration=IO.J j~~lcrn', 

temperature=100 OC, water level below 25 pg/cm3. 
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Figure 7.20: Carbon dioxide level during experimental runs with Photo- 

CREC-Air: initial toluene concentration=13 J L ~ / c ~ ' ,  temperature=100 OC, water 

level below 25 pg/cm3. 
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Figure 7.21: Ln (C*/C-ro) versus the corrected time (t'=ID, t) during 

experimental runs with Photo-CREC-Air: initial toluene concentration=13 pg/cm3, 

temperature=100 O C ,  water level below 25 pg/cm3. 



It can be observed in Figures 4.14, 7.16. 7.18. 7.20. that throughout the mns at 

different concentrations, a consistent increase in the carbon dioxide level provides support 

that there is a photocatalytic effect dunng the penod where Ti02 was illuminated. 

Furthemore, the reporting of the ln C r / & ,  versus t* demonstrated that once the power of 

the lamp was corrected for power decay, the vanous repeat runs fa11 al1 in a single straight 

line and this is a strong indication of the first order kinetics and of the reproducibility of 

the data obtained. 

7.2.4.2 Influence of Temperature 

Temperature effect on the operation of Photo-CREC-Air over the 20- 100°C range 

was investigated as part of the present study. Initially, it appeared that increasing the 

temperature was not going to bring a significant enhancement of toluene photo-oxidation. 

However, once the problem of toluene condensation on the reactor walls was well 

established, it was realized that a detailed analysis of the effect of temperature was of 

particular importance. Therefore, runs with the heating plate at ?O0, 50°, 75". and 100" C 

were conducted. It was observed that only the runs at 100" C provided adequate 

conditions to minimize toluene condensation and were appropriate for kinetic constant 

calculations. 

In summary, the expenments developed with the heatinç plate at 100° C provided 

conditions of minimum toluene condensation as well as good removal of adsorbed water 

fiom the mesh surface. 



7.2.4.3 Effect of Water Content 

When similar experiments were repeated in the presence of higher water contents 

(32 pJcrn3), the value of the kinetic constant calculated were found to be slightly higher 

than the ones for the mns at low water concentration. This indicates the importance of the 

heating plate in rernoving the water off the Ti02 mesh surface and hence reducing its effect 

on the photocatalytic reaction. Data of carbon dioxide increase and toluene decrease are 

surnrnarized in Figures 7.12 and 7.23. 
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Figure 7.22: Carbon dioxide level during experimental runs with Photo- 

CREC-Air: initial toluene concentration=l0.4 pg/cm3, temperature=100 OC, water 

about 32 pg/cm3. 



Figure 7.23: Ln (CT/CTU) versus the corrected time (~'=III. t) during 

experimental runs with Photo-CREC-Air: initiai toluene concentration=5.2 &cm3, 

temperature=lOO OC, water level32 pg/crn3. 

Conceming the important effect of water. it is Our view that this has to be 

investigated hrther. A wider humidity level range is strongly advised. This type of 

experimentation would allow a more carehl analysis of postulations such as the ones of 

Luo and Ollis (1996). Ibusuki and Takeuchi (1986) who reported that no reaction proceed 

in the total absence of water. Thus, while some water has to be provided to allow the 

photo-oxidation reaction to take place, on the other hand too much water can tum as 

detrimental blocking catalyst sites. 

7.2.5 Conversion 

After 18-20 h of UV irradiation, typical conversions achieved were in the 8-40 % 

range. Conversion values are summanzed in Table 7.1. It should be noted that these 

values do not include the 9% decrease in the toluene level that resulted tiom condensation 



during the first four hours. tt has to be mentioned also that pollutant concentrations used 

in the present study (5.2-13 pg/cm3) were one order of magnitude larger than typical 

levels in indoor air pollution or considered by other researchers [Luo and Ollis (1996). 

(Obee et a / .  (1995) and Ibusuki and Takeuchi (1986)l. For exarnple. Luo and Ollis 

(1996) obtained conversions of 5 2 0 %  for 0.550-0.080 pJcmi toluene concentration. 

respectively . 

While reviewing the toluene conversions and the performance achieved in Photo- 

CREC-Ar, one has to consider the light power and the rate of photoconversion achieved. 

As it will be shown in the next section. Photo- CREC-Air shows very good prospects in 

ail these respects given the high apparent quantum yields obtained. 

7.2.6 Apparent Quantum Yield 

The quantum yield is a parameter that needs to be detemined in photocatalytic 

reactions to establish the overall photon utilization eficiency. The apparent quantum veld 

is frequently defined as the number of moles of pollutant degraded pet- photon being 

provided to the system. In the present study. it was preferred to define the apparent 

quantum yield on the basis of photons absorbed by the TiOz on the mesh. Thus. the 

following equation was employed for the apparent quantum yield (9) calculation: 

where: 

[rm,,,o]m,: rate of mode1 pollutant destruction based on the corrected kinetic 

constants and gas phase toluene concentration light was turned on. 



V: total gas hold up. 

N,.,: Avogadro number (6.023 x 10" rnolecules/mole). 

h: Plank7s constant (6.62 x 1 0"' J.s). 

C speed of light in vacuum (3.997 x 1 O1'cm/s). 

h: wavelength (nm). 

Q rate of light energy absorbed by the Ti02 mesh in the photocatalytic reactor 

(J.s) at 40 h of larnp operation (50 p ~ / c m 2  ). 

As presented in Table 7.1. the apparent quantum yields obtained were in the range 

of the 60-450 Oh range. Figure 7.24 depicts the increase in the apparent quantum yield 

with the initial toluene concentration. It should be noted that when calculating the 

apparent quantum yields corrections were introduced for the UV intensity decay and the 

average borrcslcd value was also used in this calculation. 

Apparent quantum yields obtained were consistently, except to the lowest toluene 

concentration, bigger than 100%. and this confirms the special character of the 

photocatalytic oxidation reaction of air pollutants where one photon appears to be 

involved in more than one photocatalytic event suggesting a chain mechanisrn in the 

decomposition path. This finding is consistent with Luo and Ollis (1996) who quoted 

quantum yields as high as 4 (400%) and Berman and Dong (1994) who reported 

photoefficiencies of 590% for TCE, 220% for perchloroethylene. 920 % for methanol and 

190% for ethanol. Note that Jacoby el al., ( 1995) mentioned the possibility of quantum 

yields up to 4000 % again with a chain reaction mechanism. The high Ievels of apparent 



quantum yields obtained in Photo-CREC-Air point towards the good performance of 

Photo-CREC-Air under the conditions selected for its design and operation. 
-- -- 

Figure7.24: Apparent quantum yields assessed for the different toluene initial 

concentrations studied. 

7.2.7 Kinetic Modeling-Reaction Mechanisrn 

Kinetics modeling and the insights on the reaction mechanisms was another 

important aspect of the present study. The basis of the analysis is a senes reaction 

mechanism where toluene is oxidized to intermediates (oxidized species) and these 

intemediates species are later on convened to carbon dioxide and water: 

k Z  
Toluene " > Oxidized Intermediates > CO2 + H z 0  



Given that intermediates could not be detected(i.e. were below detectable limits) a 

possible quantification of the phenornena was achieved by increasing the kinetic constant 

kz, and leaving the kinetic constant kl unchanged for the following reaction network: 

Details about the Fortran program used are given in Appendix D. For exarnple, it 

is shown in Figure 7.25 that having ki of a similar order of magnitude as kz yields oxidized 

intermediates concentrations above the detectable limits. Thus, in order that the oxidized 

intermediates be just at detectable limits kz has to be increased to about 7 times ki (Figure 

7 .26 ) .  Therefore, under these conditions it can be estimated that the first step is the 

slowest step controlling the photo-oxidation process. Given that the in actual experiments 

inrennediates were not detectable (refer to Section7.2.2) it is likely that ki<<k2 and that 

the first oxidation step is the controlling one for the complete photo-oxidation process. 

It is also worth noting that in the case where one desires to achieve a faster 

photoconversion, a higher QJb. (absorbed light power) should be provided. For instance, 

with 10 times bigger QIbs (Figure 7-27), 60% conversion is achieved in 3 h only. It is 

assumed, in this caiculation, that both constants kl and kz are equally affected by the light 

power increase. As well, this calculation assumes that the increase of the kinetic constants 

is directly proportional to the power increase (Section 7 - 3 3 ) .  



Note that this Qab. increase can be achieved in Photo-CREC-Air by increasing the 

number of UV lamps used, the power o f  each lamp. usine Pyrex glass to mavimize light 

transmittance through windows. or by a concurrent change o f  the factors mentioned. 
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Figure 7.25: Simulated chemical species distribution for the following set of constants 

and operating conditions: kl=0.03(h-'), k2=0.03(h-l), and Co=18 pg/crn3 (5000pprn). 
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Figure 7.26: Simulated chemical species distribution for the following set of constants 

and operating conditions: ki=0.03 (h-'1, k2=0.22 (h"), and Co= 18pg/~m'(5000~~rn).  
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Figure 7.27: Simulated chernical species distribution for the following set of constants 

and operating conditions: kl=0.3 (h"), kz=2.2 (h-'), and C,,= 18 pg/cm3(5000ppm). 



7.2.8 Catalyst Activity and Catalyst Activity Decay 

There are some concems in the photocatalytic literature about catalyst activity and 

eventual changes with time-on-stream [Luo and Ollis ( 1996). Jacoby el al.. ( 1 W6), and 

Peral and Ollis ( 1992)J. In the context of the present work. catalyst activity was examined 

by repeating experiments using a new filter mesh in each experiment. This was done for 

the first 16 experiments of the series at 100" C (refer to Table 7.3) .  However, to monitor 

catalyst activity decay, runs 29 to 32 were conducted with the same mesh which arnounted 

to a filter being used for 90 h. Conversion remained at a steady level (15-20%). and on 

this basis it was concluded that there was no deactivation of the TiOz panicles dunng the 

90 h of utilization. 

As well, as described in Section (7.2.4.3), the water effect on the catalytic activity 

in the context of the present study was tested It was found that the values of the kinetic 

constant for toluene photo-oxidation at the high water concentration (mns 20-32) are 

slightly higher than the ones for the runs at low water concentration (mns 1-16). Thus, it 

was demonstrated that in Photo-CREC-Air. with a plate heating the mesh minimizing 

water adsorption, there was no negative effect of water on the catalytic activity. 

7.2.9 Error Analysis 

An error analysis was deveioped as to allow the estimation of the propagation of 

errors in the kinetic constant which is related directly to the following measured quantities: 

toluene concentration, time, and light intensity. Method followed was described in 

Mickley et al., ( 1957). Error calculations associated with the kinetic constant were 



performed assurning a maximum of 7% error associated with toluene concentration 

rneasurements, 1 % on the experimental tirne and 10% on the measured W light intensity. 

A Qbasic program, Appendix E, helped in analyzing 40 samples with errors randornized 

with respect to toluene concentration measurernents, experimentaf time as weil as the 

measured bV light. Typical standard error in the kinetic constant as calculated in the 

present study is 1 5% ( Figure 7.28). 

Note that the potential sources of errors as identified in the experirnental runs were 

associated with the following: ( i )  imperfect injection of samples into the GC, (i i )  difision 

of the sampling bags contents to the atmosphere, and (iii) eventual toluene condensation 

when warm samples were cooled to room temperature after being stored in the bags for a 

couple of hours. 

Experiment number 

Figure 7.28:Estimated errors of the kinetic parameter associated with the 

different measured variables 



7.3 Conclusions 

Systematic mns developed in Photo-CREC-Air prototype demonstrated the 

excellent performance of the unit while performing runs with the heating plate at 100" C. 

The heating plate supporting the Ti02 mesh, minimizes condensatiodadsorption on the 

TiOz mesh surface and eliminates the potential influence of water content on catalytic 

activity. 

Under these conditions it was found that first order kinetics (based on a pseudo- 

homogeneous mode1 of the photoreaction with low/minimum adsorption of poilutants) is 

adequate for the description of the reaction data. Using the kinetic constants and the light 

absorbed by the mesh, apparent quantum yields in the 60-450 % range were obtained and 

this confirmed the special character of the photoconversion in Photo-CREC-Air, where 

every photon is involved in more than one photoconversion event. 



CHAPTEX 8 

CONCLUSIONS AND RECOMMENDATIONS 

The following are the conclusions of the present study: 

Photo-CREC-Air is designed with unique features such as the Venturi section. 

the heating plate supporting the Ti02 mesh, and the focused illumination 

section. Al1 of these characteristics optimized the unit performance in tems  of 

fluid dynamic characteristics, Ti02 mesh loading, illumination and quantum 

yieId. 

Photo-CREC-Air displays high energy efficiency (high apparent quantum 

yields) being able to photoconvert significant amounts of pollutants with 

minimum light power. 

On the basis of the reported data  it is demonstrated that Photo-CREC-Air 

provides vaiuabie performance in terms of toluene photodegradation in the 

range of concentration studied using minimum light power. 

Carbon dioxide and water were the only products observed £tom the 

photodegradation of toluene under the conditions studied. tnterrnediate 

species were below the detectable limits. 

It was dernonstrated that a perforated heating plate supporting the TiOz mesh. 

a special Photo-CREC-Air feature, was very effective in minimizing water 

adsorption and condensation at 100" C. Under those conditions no catalyst 

activity decay was observed. 



It was found that pollutant adsorption at 100' C was not very significant. and 

on this basis a first order pseudo homogeneous mode1 rate was considered. 

This mode1 was adequate for representing the photo-oxidation rate of toluene 

under the experimental conditions tested. 

Apparent quantum yields assessed. in the course of study, were very 

promising. Values obtained were as high as 450% indicating the involvement 

of one photon in more than one photocatalytic event. 

From the preceding conclusions and results. the following recommendations can be 

advanced : 

In Photo-CREC-Air reactor insulation is needed for better performance of the 

heating plate and the complete system. This will minimize heat losses around 

the plate section and heat removal to the surrounding environment. In 

addition, better insulation will keep the air enclosed in the recirculation loop at 

higher temperature minimizing toluene condensation. 

In Photo-CREC-Air, rate of pollutant photodegradation can be greatly 

improved including increasing the number of lamps, increasing the lamps 

power and changing the windows to Pyrex glass. 

Future experimentation of the existing photoreactor should incorporate an on- 

line GC injection for samples analysis. This will greatly reduce the inaccuracy 

in samples collection and data measurements. 



A more comprehensive study of the adsorption phenomena at 100" C and 

higher temperatures is needed for better assessrnent of the rate equations and 

this wiil provide more accurate kinetic modeling of the photo-oxidation rate. 

Evaluation of the heat of formation of the 'OH and/or other potentially 

involved radicals in the photocatalytic process is required to ailow further 

application of the thermodynamic principles for energy efficiencies. 

A more detailed study of apparent quantum yields. found as described here 

almost in al1 cases above 100%. and its connection with the photocatalytic 

reaction mechanism is very much needed. 
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APPENDICES 



APPENDIX A: Fortran Program to Calculate the Venturi Length as a 

Function of Pressure Drop Across its Length 

C This program was wrïtten as to aid in calculating the total length of the Venturi 

C as a fùnction of the total pressure drop across it and the throat to the pipe 

C diameter. Variables definition is as follows: 

C V2 is the velocity of the fluid at the throat, Dp is the pressure drop through the 

C Venturi. LI  is the length of the up Stream cone. L I  is the length of the 

C downstream cone. Ltotal is the total length of Venturi including the straight 

C section between the two cones, Al is the upstream cone angle. A2 is the 

C downstream cone angle. and B is the ratio of the inlet duct diameter to the 

C diameter of the throat. 

C234567 

lMPLlCIT NONE 

REAL V2,Dp.L 1 .L3.Ltotal,B.A 1 ,A? 

PEUNT*, "Please enter B. A l ,  A3" 

READ*,B,AI ,A2 

V2=. 152**2*3.6/(0.1 52*%)**2 

Dp=-(V2/0.98)**2*(1.2*(1-B**4)/2) 

Ll=(l5.2-15.2*B)/(3*TAN(AI)) 

L2=( 15.2- 15.2*B)/(2*TAN(A2)) 

Ltotal=L 1 +L2+B 

PRiNT* V3,Dp.Ll ,L3,Ltotal 

END 



APPENDIX B: GC Calibration Cuwes 

GC calibration curves were prepared to help in assessing the actual amount of  the 

reactant and product. Linear fits were adequate for toluene and carbon dioxide. whereas a 

quadratic fit was needed for water. 

3000 

2500 

2000 

1 SOO 

Area 

1000 

500 

0 

Fit is: 
Area=1663.3 (Vo1)+187.29 

R ~ = .  99 

O 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 

Volume (pl) 
-- -- -- 

Figure B. 1: Calibration curve of carbon dioxide. 



Fit is: 

~rea=5~6(Vol) '+l  O6829(Vol)+ 1 124 

~~=0.996 

O 0.02 0.04 0.06 0.08 O. 1 

Volume (pl) 

Figure B.2: Calibration curve o f  water. 



Fit is : 

Volume 
-- - - - - -  -A  A A- - - - - - -  - - - - - -  

Figure B.3: Calibration curve of toluene. 



APPENDIX C: Carbon and Hydrogen Mass Balances 

This appendix gives a listing of typical carbon and hydrogen mass balances. 

Temperature (OC) 100 75 50 20 100 

Concentration (pg/cm3) 5.2 7.78 10.4 13 10.4 10.4 10.4 10 4 

water vapor (pg/cm3) (25 c25 c2S c25 c25 c2S ~ 2 5  >25 

Before 

After 

CO2 (g) 

water (g) 

toluene (g) 

Net CO-, increase (g) i .3E-07 7.9E-08 1.5E-07 1 -6E-07 7E-08 7.9E-08 5.3E-08 5.3E-08 

Net Water increase (g) 3.6E-06 4.9E-06 4.1 E-06 1 .2E-05 -1 -4E-06 -1.6E-06 -2.7E-06 6.8E-06 

Net toluene decrease (g) 4.3E-ûô 7.8E-06 8.9E-06 1.4E-05 9.6E-06 9.2E-06 7.7E-06 7.8E-06 

Net hydrogen balance (g) -2.6E-08 1.4E-07 3.2E-07 -1.2E-07 9.9E-07 9.8E-07 9.7E-07 -8.2E-08 

Net carbon balance(g) 3.9E-06 7.1 E-06 8.1 E-06 1.3E-05 8.7E-06 8.4E-06 7E-06 7.1 E-06 

Net hydrogen balance ( O h )  -2.1 931 3 8.02662 12.6962 -4.23708 43.8897 43.8034 50.9451 -3.23985 

Net Carbon balance (%) 31 -7444 39.21 72 30.9963 43.8522 36.7423 35.6746 35.121 1 26.8936 



APPENDIX D: Fortran Program for Data Simulation 

C This program was written as help in providing some simulated data reçarding 

C the intermediates level that can be detected and the expenmental time required 

C under the different operating conditions Variables definition is as follows: 

C T is the time. DT is the change in tirne. CA is the concentration of reactant A 

C CB is the concentration of intermediate B. CC is the concentration of product C, 

C DCA is the change in the reactant concentration. DCB is the change in the 

intermediate C concentration. and DCC is the change in the product concentration. 

K 1 is the reaction rate constant for the reactant .A reaction, K2 is the reaction rate 

C constant for the intermediate B reaction. 

IMPLICIT NONE 

REAL T,DT.CA)ZB.CC.K 1 ,K'>.DC&DCB,DCC 

CA=5000 

CB=O 

CC=O 

K 1 =.2 

m=20 

T=O 

DT=0.05 

OPEN(UNIT= 1, FILE='OUTPUTS1) 



10 T=T+DT 

iF (T.GT.24) GO TO 20 

DCA=-K1 *CA*DT 

DCB=Kl *CA*DT-U*CB*DT 

DCC=K2*CB*DT 

CA=CA+DCA 

CB=CB+DCB 

CC=CC+DCC 

WRITE (1.90 1) T,CA,CB,CC 

PRINT*, T,CA,CB,CC 

901 F0RMAT(4(5X7F8.3)) 

GO TO 10 

20 CONTINUE 

CLOSE (UNIT= 1 ) 

END 



APPENDIX E: Qbasic Program for the Calculation of the Error lnvolved in 

the Kinetic Constant Estimation as a Result of the Error Associated with 

the Measured Variables 

This QBASIC program was written to help in estimatinç the propagation of errors 

of the measurable variable on the kinetic parameter estimation. Variables 

definition is as follows: T is the experimental time, DT is the maximum error 

associated with the time measurement, DC is the maximum error associated with 

the toluene concentration measurement, DI is the maximum error associated with 

the UV intensity measurement, 1, is the incident W light intensity, Z l  22 and 2 3  

are generate randorn numbers for the purpose of testing the different errors 

associated with the measured variables, and k, kinetic constant. The main equation 

in the program was denved from the classical error propagation analysis as 

described in Mickely ( 1 95 7): 

k=f(C.t. I)=(IA/I) In(Cl'/C~o)/t (E. 1) 

d t = 6  f/6C dC + 6 f16t dt + 6 f/6I dI (E. 2 )  

aka/ko< (1~1ti6) ac/c y, - (IJ) ~ t / t  Yz - (rd) AM y3 ( ~ - 3 )  

where y,, y?, and y; are random error functions oscillating between - 1 and 1 .  

OPEN "A", #1, "ERROR" 

T = 24 

Ko = 0.03 



PLUNT #1, 1, 2 1 .  22, 23. Kerror 

NEXT 1 

CLOSE # 1  
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