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Abstract 
.-\ superior parameter estimation approach, based on the Box-Draper 

method of non-linear estimation using all the experimental data. is described 

and compared to the method of initial rates. It is shown that this approach 

results in better and more objective parameter estimates in the Langmuir­

Hinshelwood kinetic models typically applicable to photocatalytic reactions. 

The photocatalytic degradation of tetrahydrofuran. 1.-t-dioxane. and their 

mixture is achieved in near-CV illuminated aqueous titanium dioxide slurries. 

Two different commercial photocatalysts, Degussa P:2.j and HombiI~at 

CV 100. are used to degrade 1 .4-dioxane photocatalytically in an annular 

slurry photoreactor. The optimum photocatalyst loading for Degussa P2.3 

is found to be 1..3 g L - 1 while for Hombikat CV 100. it is between :3.0---t.0 

g L - 1 . The photoactivity of Degussa P2.j is higher than Hombikat at lower 

concentrations whereas it is lower at higher concentrations. The photoactiv­

ity of CV 100 titanium dioxide is found to be twice that of Degussa P:2.j at 

optimum concentrations. Degussa P2.j titanium dioxide with the optimum 

concentration of l..j g L -I is used in the kinetic studies of tetrahydrofuran. 

1.--t-dioxane. and their mixture. 

Csing both gas chromatography/mass spectrometry (GC/~IS) and ion 

chromatography (IC) methods, possible intermediates for the photocatalytic 

degradation of tetrahydrofuran and 1,4-dioxane are identified. 2(:3H)-Furan­

one, dihydro- (;-butyrolactone), succinic acid, acetic acid , formic acid, /3-

hydroxybutyric acid, and glycolic acid are identified as tetrahydrofuran inter­

mediates during its photocatalytic reaction. Similarly, 1,2-ethanediol, difor-
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mate. acetic acid. formic acid. 3-hydroxybutyric acid, and glycolic acid are 

identified as intermediates of the photocatalytic degradation of 1.-t-dioxane. 

Based on the proposed intermediates. reaction mechanism pathways and 

kinetic models for the photocatalytic degradation of tetrahydrofuran, 1.-1-

dioxane. and their mixture are de\·eloped. It is shown that the photocat­

alytic degradation of tetrahydrofuran and the binary system follows a mod­

ified Langmuir-Hinshelwood rate form whereas 1.4-dioxane follows a simple 

Langmuir-Hinshel wood model. 

Finally. a nO\·el tellerette packed bed photoreactor (TPBP) is introduced. 

Stainless steel is used to make the tellerette packings. The experiments reveal 

that mass transfer limitations in this packed bed photoreactor are insignifi­

cant. such that the reaction appears to be kinetically controlled. :-\lso. it is 

shown that the ratio of the surface area of the photocatalyst to the photore­

actor \·olume is adequate and sufficient l"\. light penetrates throughout the 

system. 
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Nomenclature 

RO.\l.-1.Y LETTERS 

.-\ Electron acceptor such as oxygen. see equation (2.9) 

a Specific surface area of the packings. [m2 m-3J 

a Specific surface area of the particles in solution. [m2 m-3] 

.-\; .-\n approximation to the Hessian matrix. see equation ( 4.1.5) 

a.: Titanium dioxide particle area normal to illumination. [m2] 

.-\Diox GC peak area for 1.4-dioxane 

.-\1.s. GC peak area for internal standard 

.-\, GC peak area for the component i 

.-\,._£DD GC peak area ratio for EDD. see equation (.5.6,5) 

.-\.-.i GC peak area ratio 

.-\.-.i The GC peak area ratio for component i 

as Particle surface area. [m2
] 

c the velocity of light, 2.998 x 10-s m s- 1 

C0 Initial concentration or bulk solution concentration of organic species, [~I] or 

[molm-3] 

Ci Concentration of component i, [~I], see equation (2.18), page 19 
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D Diffusion coefficient, [m2 s- 1 J 

D Electron donor. see equation (2.9) 

DAB Diffusivity of A. in very dilute solution in soh-ent 8. [m 2 s- 1 J 

d.P .-\serage particle diameter. [m] 

ct.ire Diameter of wires (packings). [m] 

Da Damkohler number. [dimensionless] 

D F Density Function 
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Ee Conduction band energy. page S 

Et. Valance band energy. page 8 
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e V Electron Volts 

F95%.v, ,,,-i 9-5% confidence limit for F-distribution with v1 and v 2 degrees of freedom 

F.::al. Calculated F-distribution. page 280 

h Planck·s constant (6.62.56 x 10-3
-1 [.Jsphoton- 1]), see equation (2.:3) 

h+ Semiconductor valance band hole 
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fL Hessian matrix. see equation ( 4.14) 

I :\lolar photon flux, [Einsteinm-2 s- 1] 

fr Transmitted :\Iolar photon flux. [Einstein m- 2 s- 1 J 

.f; .Jacobian matrix. see equation (4.18) 

k Reaction rate constant, [M s-1] 

k' .-\dsorption rate constant. [s- 1]. see equation (2.14) 

k" Desorption rate constant. [:\l s- 1]. see equation (2.1-5) 

kL :\lass transfer coefficient. [m s- 1J 

£\"EDD.ads EDD binding constant. see equation (.=5.6-t) 

kEDD.•OH Rate constant when EDD reacts with •OH, see equation (.5.64) 

[\·; .-\pparent binding constant. [:\I]. see equation (2.18), page 19 

k; Reaction rate constant. [:\Is- 1
]. see equation (2.18). page 19 

ks :\lass transfer coefficient at the liquid-solid interface, [m s- 1] 

.\I :\lolar ( mo! L -I) 

.\la :\lolecular weight of solvent, [kg kmoI- 1], see equation (D.2) 

mp Particle concentration in the solution. [kg m-3J 

n Total number of species in the system; Total number of observation data; 

Total number of differential equations for a dynamic model 
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P Lamp power. [k\V] 

pA p1coampere 

Pr Probabilitv 

g_i Gradient \·ector. see equation (-1.16) 

r-i Rate of adsorption. see equation (2.14) 

rd Rate of desorption. see equation (2.1.j) 

r;,:, Initial reaction rate for component i 

R; ith run. page 2i8 

r; Reaction rate for component i. [~Is-1]. see equation (2.18). page 19 

Re Reynolds \'umber. [dimensionless] 

Si Initial concentration of 1.4-dioxane in the slurry photoreactor for the ith run. 

page 2iS 

Sc Schmidt \'umber. [dimensionless] 

Sh Sherwood ~umber, [dimensionless] 

T Temperature, [I{] 

t Time. [s] or [min] 

trn Illumination time or the actual reaction time, [s] or [min], see equation (.5.1) 

lrun Actual run time, [s] or [min], see equation (.j.l) 
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1..:.· Cornriance matrix 

Vi:JlOX Pure DIOX \·olume injected into \'i:m1· L of FD\V [µL]. see equation (8.2). 

page 2,1 

\ FDW The \·olume of filtered deionized water [L]. see equation (B.2). page 2,1 

\.R The volume of the Illumination zone of the photoreactor. [L] 

\. ~ Sample solution \·olume. [mL] 

\rHF Pure THF \·olume injected into \j;-ou· L of FD\\" [1LL]. see equation (8.2). 

page 2,1 
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page :2,1 

\ ;v, Total \·olume of the liquid in the photoreactor. [L] 

X, The vector of values of the independent \·ariables at the ith trial 
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-1 

[ ] Designates concentration, units. or a dimensionless quantity 
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a Proportionality constant, see equation (.5.:39) 

£i Vector of errors 

77 The slope of the calibration curve, i.e., C versus .4.r.i, see equation (3.1) 
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TJEDD Calibration constant for EDD. see equation (-5.6.j) 

>. the wa\·elength of the radiation. [m] or (nm] 

Amax The wa\·elength at which maximum absorbance occurs. (nm]. see Table -5.1 

µ Solution viscosity, (kg m- 1s- 1] 

µJ[ .\[icromolar (µmol L - 1
) 

µS .\[icroSiemens (the unit of conductivity). see Figures .j_l:3 and -5.l'i 

v Frequency of the radiation. [s-1]. see equation (2.:3) 

v.-1 Solute molal volume at normal boiling point. [m3 kmol- 1]. see equation (0.:2) 

~ The step direction(\·ector). see equation (-Ll:2) 

vP Particle rnlume. (m3] 

6 . .\ssociation factor for soh·ent (=2.26 for water as solvent). see equation (0.:2) 

o Objective function. see equation ( 4.11) 

PDIOX DIOX density ( 1.034 mg 1,L - 1
) 

Pi The step size (scalar), see equation (4.12) 

PP Density of the particles. [kgm-3] 

PTHF THF density (0.8892 mgµL- 1
) 

PTOL Toluene density (0.866 mgµL- 1) 
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O" Standard deviation 

0" 2 \'ariance 

O"o Standard deviation for data 

O"b Variance of data 

O"R Standard deviation for runs 

2 f O"R \·ariance o runs 

0 Fraction of the catalyst surface co,·ered by molecules (see Chapter 2) .. -\lso. 

the parameters in a dynamic model in Chapter -L 

~- \·ector of true parameter ,·alues 

SCBSCRIPTS 

+ and - Refers to the forward and backward reactions. for example. see equation 

(-5.:3:3). page 1:30 

v Xumber of observations. see equation (-l.6) 

v1 . v2 Degrees of freedom in F-distribution, page 280 

a Adsorption 

ads Adsorbed organic species on the photocatalyst particles 

Arabic numbers Refers to the equation numbers, for example, see equation (.5.3:3) 

D Data 
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d Desorption 

z The ith trial: also ith component in the reaction rate equations 

w Initial condition for component i 

ma.r :\Iaximum 

o Initial condition 

P Photocatalyst 

p X umber of parameters or Particles 

R Reactor 

R Runs 

run Run Time. see equation (-5.1) 

s Sample 

std Standard solution 

tot Tota: 

SCPERSCRIPTS 

* Designates true values of the parameters 

ACRO.VYMS 

ANOVA Analysis of Variance 
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CAS Chemical Abstract Sen·ice 

DCA Dichloroacetate 

D F Degree of Freedom 

DIOX 1.--t-Dioxane 

DO Dissolved Oxygen 

EDD 1.2-Ethanediol. diformate 
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FD"\,V Filtered Deionized \\"ater. page :3--t 

FID Flame Ionization Detector 

GAC Granular ..\cti,·ated Carbon 

GBL 1-Butyrolactone 

GC Gas Chromatography 
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LCL Lower Control Limit 

LH Langmuir-Hinshelwood 

LWL Lower \Varning Limit 

MEK .\Iethylethyl ketone 

MISA \Iunicipal / Industrial Strategy for .-\batement 

MS \lass Spectrometry 

MS \lean Square 

PCE Perchloroethylene 

PZC Point of Zero Charge. page 1s:3 

sa111ple avg Sample Average 

SEM Scanning Electron \Iicroscope 

SofS Sum of Squares 

SPME Solid Phase \IicroExtraction 

THF Tetrahydrofuran 

TIC Total Inorganic Carbon 

TLV Threshold Limit Value 
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TPBP Tellerette Packed Bed Photoreactor 

UCL C pper Control Limit 

UV l"ltraviolet 
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Chapter 1 

INTRODUCTION 

The presence of organic pollutants in drinking water. as well as in the 

waste waters of many industrial plants around the world. endangers human 

and animal health. i.e .. the quality of the environment. Pollution in ground­

water. streams. and lakes has manifold causes. The major sources are those 

from domestic and industrial discharges. chemical spills. and large scale ap­

plications of pesticides and herbicides . 

.\!any of the organic pollutants are so toxic that even a trace amount of 

them could be enough to cause health problems among humans and animals. 

For example. PCBs enter the food chain and affect human health through 

bioaccumulation [l:J.5, 222]. Therefore. in the public mind, the management 

of toxic chemicals is becoming one of the most important issues facing any 

society. For instance, the Canadian gO\·ernment has a number of activities 

and responsibilities related to the control of toxic compounds. In this regard. 

many directives, such as the Environment Contaminant Act, the Clean Air 
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.-\ct. the Pollution Provisions of the Fisheries .-\ct, and the Ocean Dumping 

Control .-\ct, all address these toxic components. In addition. a number of 

other federal departments and agencies ha\·e legislation and programs that 

address toxic chemicals and their control [60]. Generally speaking, Environ­

ment Canada has been developing a new federal environmental protection 

policy which will put forward the need for new federal legislation to protect 

the em·ironment and human health against toxic chemicals and their hazards . 

. -\s a result. on .-\pril 2-5, 1989. the Ontario :\Iinistry of the Environment made 

the Effluent :\Ionitoring Regulation for the Organic Chemical :\Ianufacturing 

Sector as la,v [i0]. In this regard, :\IISA (:\Iunicipal / Industrial Strategy 

for .-\batement) formulated an abatement regulation which requires chemical 

plants to reduce toxic discharges to levels attainable by the best available 

pollution control technology that is economically achievable. The Ontario 

Environment Protection Act [,O] has prm·ided the enforcement of the regu­

lation by which violators face fines of up to S-50.000 per day. Hence. :\IIS.-\ ·s 

ultimate goal is the virtual elimination of persistent toxic chemicals from 

discharges to Ontario waterways [i0. 71. 1 i-5]. Consequently, we see that 

mineralization and complete degradation of all organic contaminants from 

water and wastewater is very desirable. 

:\Iany inorganic impurities are removed by conventional unit operations 

such as filtration, ion exchange, precipitation, flocculation / agglomeration, 

etc. which are not destructive. On the other hand, organic removal is often 

achieved by in-situ degradation of the substrates rather than by separation 

which would require further processing steps. Also, many organic pollutants 
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are resistant to biodegradation, such that their biodegradation reactions take 

much time. Photocatalysis, an advanced oxidation process (.-\OP). shows 

promise as a route to destroy organic pollutants completely to CO2 and inor­

ganic compounds. In photocatalysis. illuminated titanium dioxide produces 

hydroxyl and superoxide radicals which oxidize organic molecules at the solid 

surface of the catalyst. Therefore. of all processes for purification of water 

and wastewater. advanced oxidation processes offer an effective way to de­

grade them completely. Photocatalysis alone is not the only photoprocess 

capable of mineralizing organics. Other :-\OP·s. capable of destroying many 

organics in water and wastewater. are CV/O2 , CV/H2O 2 . and CY/O3 (for 

example see [:31. 46, 9:3, 1661). 

While numerous publications in photocatalysis deal with some organics 

in water and wastewater. few studies have been carried out on multicompo­

nent systems. Tetrahydrofuran and 1.4-dioxane are two organic pollutants 

which are. for example, found in the landfill groundwater in the southern 

portion of the Ottawa . .\irport, Gloucester, Ontario, Canada . .\Ioralejo [1.56] 

reported that this land. which is about twelve hectares. was used as a mu­

nicipal dumpsite for the municipality of Gloucester between 19.5, and 19,4. 

:-\lso this land was used to dump chemical wastes from various government 

agencies and laboratories between 1969 and 1980. The groundwater beneath 

this land contains many organic pollutants, ,vhich all cause serious health 

concerns. .\Ioreover, tetrahydrofuran and 1,4-dioxane have been found in 

industrial vvastewater. So far, there is virtually no work on the photocat­

alytic degradation of tetrahydrofuran (THF), 1,4-dioxane (DIOX), and their 
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mixture. 

Furthermore. most of the studies ha\·e focused on the photocatalytic 

degradation of target contaminants in water and wastewater. However. in 

the real world there are some non-target components which may compete 

with oxidation reactions. For instance, the existence of carbonate and bicar­

bonate ions in the matrix may consume unacceptable amounts of hydroxyl 

radicals which are primarily responsible for the photocatalytic destruction of 

organics. 

Regarding the importance of the destruction of toxic organics from water 

and wastewater. the objectives of this study are as follows: 

1. Xonlinear modelling and parameter estimation of a dynamic model in 

photocatalysis: 

To soh-e a set of non-linear differential equations for a dynamic model 

in photocatalytic reactions. a statistical approach based on the Box­

Draper method is developed. This methodology will be used to solve 

non-linear dynamic models for the photocatalytic degradation of choice 

in the next part of this thesis. 

The method of initial rates has been the customary approach to esti­

mate the parameters in a photocatalytic reaction model. \Vhen there 

is more than one compound present in the system as well as some in­

termediates, the method of initial rate fails. One of the objectives of 

this study is to develop a robust method of parameter estimation for 

a dynamic model and explain the drawbacks of the method of initial 

rates. 
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2. fnt·esligale the photocatalytic de.gradation of te.trahydrofuran. 1.4-dio.rane.. 

and the.ir mi.rture.: 

I{inetic models which describe the time course of photocatalytic reac­

tions are necessary to design photocatalytic reactors. Exploring pos­

sible intermediates. reaction mechanism pathways. and kinetic models 

for the photocatalytic degradation of tetrahydrofuran. 1.-1-dioxane. and 

their mixture is the main objective of this study. 

Another goal is to im·estigate the photoacti\·ity of two a\·ailable tita­

nium dioxide photocatalysts, Degussa P:2-5 and Hombikat CY 100. 

In addition. studying the effects of carbonate and bicarbonate ions on 

the photocatalytic degradation of the mixture of tetrahydrofuran and 

1.4-dioxane, is another objecti\·e of this study. 

:3. De.sign and e..ramine a noed packed be.d photore.actor in order to rn­

hance. mass transfer be.t1retn the liquid and photocatalyst surface.s 1chile 

maintaining sufficient light pene.tration throughout the. bed: 

1.4-Dioxane was chosen as a model compound to evaluate this photore­

actor design. 

The second chapter of this thesis summarizes the literature survey rel­

ernnt to this study. Chapter 3 explains the materials and methods used 

in this study as well as the techniques involved in the experimental setup. 

Chapter 4 outlines a robust nonlinear parameter estimation method for a set 

of nonlinear differential equations. In Chapter 5, the experimental results 

for the degradation of tetrahydrofuran and L4-dioxane are discussed. Also, 
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possible intermediates. reaction mechanism pathways, and kinetic models for 

the photocatalytic degradation of these compounds are proposed. Chapter 6 

explains the design of a novel packed bed photoreactor. Conclusions and 

recommendations for future work are presented in the last chapter of this 

thesis. 
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Chapter 2 

LITERATURE REVIEW 

In this chapter a general overview of photocatalysis and its fundamentals. 

mechanisms. and applications are re\·iewed. The literature related to the 

objectives of this thesis is given particular emphasis. 

2.1 Photocatalysis and its Fundamental 

Concepts 

A catalyst accelerates a reaction without being consumed. The catalyst 

can be organic or inorganic in transformation of redox-induced reactions. As 

long as the catalyst does not participate in bonding with the final products, 

the chemical nature of the catalyst is immaterial. ~lost catalysts are acti­

vated by heat and hence are called thermal catalysts [:33, 72]. :\ photocatalyst 

is activated by photons rather than heat with the main chemical reactions oc­

curring on the surface. In heterogeneous photocatalysis, light and a catalyst 



are essential to initiate or enhance the rate of a chemical reaction [llS]. 

Because of the unique electronic characteristics of semiconductors. they 

have been widely used as photocatalysts. Bandgap energy is one of the most 

important characteristics of semiconductors. Its magnitude is the difference 

between valence band and conduction band energies, Eb9 =E~,-Ec- The valence 

band is the upper of the filled bands while the conduction band is the lower 

of the unfilled bands. The strength of the chemical bonds strongly affects 

the £1,9 [177]. 

There are some semiconductors which have been used in photocataly­

sis. :\ semiconductor used in photocatalysis must have the following general 

characteristics for pollution abatement technologies, that is, to be 

1. photoactive when illuminated by radiation with energies greater than 

or equal to the bandgap energy 

·) .• -· non-toxic 

:3. photostable 

4. long-lived 

.j, inexpensive 

Slight photoactivity for In2 O3 , SrTiO3 , ZrO 2 , and \V03 has been re­

ported [138, 192]. To date, titanium dioxide, cadmium sulfide, and zinc oxide 

have been the most commonly used semiconductor photocatalysts. Hmvever, 

CdS and ZnO, which have been used widely in photocatalysis, are not stable 

because of self-oxidation photocorrosion reactions [73, 96, 173]: 
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(2.1) 

---· Cd2+ + S (2.2) 

These reactions lead to the destruction of the photocatalyst as well as 

the production of some hazardous metal ions in solution. Due to the lack of 

photostability of ZnO and CdS. their photocatalytic applications are severely 

hampered. 

To date. then-type semiconductor titanium dioxide is the most commonly 

used photocatalyst in photocatalytic treatment of water and wastewater. 

TiO2 has the following characteristics [12. 101. l.j:3]: it is 

1. photoactive 

·J capable of utilizing CV light (absorbs CV light below -100 nm) 

:J. chemically and biologically inert: i.e .. innocuous 

4. photostable 

.j_ inexpensi,,e 

6. free of chemical additives 

, . capable of total degradation for many organic pollutants 

:\natase, rutile, and brookite are the crystalline forms of titanium dioxide. 

Brookite is not commonly available and rutile is totally inactive. Anatase 
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is the only photoactive crystalline form of titanium dioxide. Although there 

are different sources of titanium dioxide, Degussa P25 TiO2 has effectively 

become a research standard because of its well-defined nature and reason­

ably high photoactivity. It has a BET surface area of .3.3 ± 1.3 m 2 g- 1 with 

an average primary particle size of :JO nm. Also. Degussa P2.j TiO2 has a 

substantially higher photocatalytic acti\·ity than most of the other available 

samples of TiO2 [,.3]. Degussa P2.j TiO2 contains TO% anatase and :JO% 

rutile (see Table :J.l). 

2.2 Mechanism of Photocatalysis 

. .\s mentioned previously. in a semiconductor there is a bandgap energy 

between the highest occupied and the lowest unoccupied energy bands .. .\s 

Figure 2.1 depicts. a semiconductor is acti\·ated through the absorption of 

a photon of ultra-bandgap energy (69]. This results in the promotion of an 

electron. e-. from the \·alence band into the conduction band generating a 

hole. h+. in the rnlence band. as shown in Reaction (2.:3) [,-L 8-3. 91. 128. 

141. 16-3. 19:3]. 

where h = Planck's constant (6.62-56 x 10-34 [J s photon- 1 ]); 

v = the frequency of radiation, [s-1]. 

(2.:3) 

A photon has no mass but it has a specific energy. Planck's equation 

relates the energy of a photon to the frequency of the radiation, v, as follows: 



~ ~o 
o~v 

AOX 
~~ 

Cl 
Cl 0 
0 ·a ·= • Cl 
Cl :a hv>Ebg :a c c 0 
0 

~ 8 - - - -a:: 

I .. 
c 

Dred 
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~ i;,:i 

~-
~ 
~-1; 
~ 

Figure 2.1: Schematic diagram of an illuminated semiconductor photocata­
lyst particle along with the oxidation and reduction reactions, adopted from 
Turchi (21:3]. 
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E = hv ( 2.-l) 

The electromagnetic radiation is described in terms of the frequency. the 

wavelength. and the velocity of light as follows: 

C = AV 

where c = 2.998 x 10-s m s- 1 is the velocity of light: 

>.. = the wa\·elength of the radiation. [m] or [nm]. 

By substituting Equation (2.4) into Equation (2.5). the wa\·elength of a 

photon may be defined as follows: 

(2.6) 

:-\natase titanium dioxide has a bandgap energy of :J.2 e\· [84]. By us­

ing Equation (2.6). photons with wavelength of :387.5 nm have :3.2 eV en­

ergy. Hence. the initiating step in photocatalysis is Reaction (2.:3). which 

requires radiation sufficiently energetic(>.. < :387 .. j nm for anatase) to gener­

ate electron-hole pairs. :-\s Figure 2.1 shows, some of the generated electrons 

and holes react in the bulk of the particle as well as at the surface. These 

undesired reactions, Reactions (2.i) and (2.8), reduce the photoactivity of 

the semiconductor. 

(•) -) -·' 
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at surface ) heat (2.8) 

To prevent the recombination of electrons and holes, a sacrificial oxidant 

must be adsorbed on the photocatalyst surface. Its presence on the surface 

consumes electrons. thereby maintaining sufficient holes in the system to 

facilitate the oxidation reactions. Reaction (2.9) shows the reduction in which 

.-\ is an electron acceptor such as oxygen. hydrogen peroxide, ozone. etc. On 

the other hand. Reaction (2.10) presents the general oxidation reaction in 

which D is the electron donor. 

1 + at surface 1 . 1 -
.-i E ' -i (2.9) 

D + 1i+ at surface> D+ (2.10) 

As mentioned before. the final goal of the photocatalytic process is to 

destroy organic pollutants completely, not just to remove them. The overall 

process in photocatalytic degradation of organic pollutants is as follows (153]: 

Organic Pollutants + Sacrificial Oxidant Semiconductor ) 
(Cltra Bandgap Light) 

(2.11) 

As Equation (2.11) shows, the organic pollutants are degraded completely 

to CO2 and some mineral acids, which depend on the kinds of organics. 
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\Vhen the semiconductor photocatalyst is continuously illuminated with 

an ultra bandgap light (Ebg=3.2 eV for TiO2), the solid surface can oxidize 

large populations of hydroxide ions to hydroxyl radicals. These hydroxyl 

radicals are primarily responsible for oxidizing the majority of organics to 

CO2. water. and inorganic compounds [32. 137, 183, 206]. 

The general pattern of the organic destruction in photocatalysis and any 

other advanced oxidation technology can be summarized in Equation (2.12) [:31]: 

Organic Pollutants :\ldehydes and Alcohols 

Carboxylic Acids --- CO2 (2.12) 

The last step in Reaction (2.12) is somehow slower than the other steps 

(for example see [5:3, 137]). Consequently. after degradation of the parent 

compounds, there are still some intermediates in solution that have to be 

taken into account. The total organic carbon (TOC) analysis can \'erify the 

existence of these intermediates in the system. \Vhile parent compounds 

disappear, there is still some TOC in the system. 

2.3 Kinetic Studies of Heterogeneous 

Photocatalytic Degradation of Water 

Pollutants 

In this section, a general overview of the photocatalytic kinetics is re­

viewed. The general background and the methods of reaction rate modelling 
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in photocatalysis are discussed. 

2.3.1 General Background 

Heterogeneous photocatalytic degradation of water and wastewater pol­

lutants is a young technology which has only been investigated in the last 

couple of decades. In 1972. Fujishima and Honda [82] showed that water 

could be split (simultaneously oxidized and reduced) through illumination of 

titanium dioxide. In 1980, Childs and Ollis [-:58] through their paper came 

to the question ··Is photocatalysis catalytic?-. They not only demonstrated 

that photocatalytic reactions are indeed catalytic but also that their rates 

are comparable to biological and other reactions. 

Ollis and co-workers [110. 178] showed that semiconductor photocatalysis 

can be used as a method of water purification. Since that time. photocatalytic 

reactions for different organic pollutants found in water and wastewater haw 

been investigated. :\lost of the work to date has been focused on single 

component aqueous systems. 

:-\ sequence of steps occurs in heterogeneous catalysis in order to com·ert 

the reactants to products [10,. 122, 202]: 

1. transport of reactants from the bulk of the fluid to the exterior surface 

of the catalyst 

2. intraparticle transport of reactants into the catalyst particle 

3. adsorption of reactants 

4. surface reactions 
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-5. desorption of products 

6. intraparticle transport of products to the exterior surface of the catalyst 

i. transport of products from the surface of the catalyst to the bulk of 

the fluid 

Heterogeneous photocatalysis can also be described na the following 

steps: 

I. photogeneration of electron-hole pairs by inducing an ultra-bandgap 

light on a semiconductor photocatalyst 

II. electron-hole pair separation by traps 

III. redox reaction 

IV. product e\·olution 

Obviously steps 1 and i of the catalytic process must also occur in pho­

tocatalysis. Step IV of the photocatalytic process includes steps -5. 6, and i 

of the catalytic process. The only additional complexity contributed by the 

photocatalytic process is the surface reaction, step 4, which develops accord­

ing to steps I, II, and III. Consequently, a photocatalytic process is the same 

as catalytic process except that the surface redox reaction occurs through a 

separated electron-hole, photogenerated by inducing a semiconductor photo­

catalyst. 
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Although it is commonly assumed that titanium dioxide is initiated at the 

liquid - solid interface, the exact mechanisms of photocatalysis and the loca­

tion of the subsequent steps remains unclear. Literature shows that the reac­

tion rates of most water pollutants. which have been photocatalytically de­

graded, follow the Langmuir-Hinshelwood (LH) isotherm form [,.5. 160. 161. 

162. 164. 167. 168]. For instance. the reaction rates of benzene. perchloro­

ethylene [212]. dichloromethane [110]. dichloroethane. dichloroacetic acid. 

and monochloroacetic acid [16:3] obey the Langmuir-Hinshelwood isotherm. 

2.3.2 Conventional Langmuir-Hinshelwood (LH) 

isotherm 

In the Langmuir-Hinshelwood isotherm. the reaction rate is proportional 

to the surface co\·ered by adsorbed molecules. If 0 is the fraction of surface 

which is covered by adsorbed molecules. we have: 

rate= k0 (2.1:3) 

where k is the rate constant. 0 can be obtained using rate of adsorption and 

desorption. For adsorption: 

r a = k' C ( 1 - 0) (2.14) 

and for desorption: 

(2.15) 
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By equating r,z and r,1. the amount adsorbed at equilibrium can be obtained. 

Therefore. 

k'C 
f) = -

k" + k1C 
(2.16) 

where[\. ( = k' / k") is a binding constant. By substituting f) in equation (2. 1:3 ). 

the rate of reaction is: 

rate= ---
1 + h·c 

(2.l'i) 

2.3.3 Langmuir-Hinshelwood (LH) isotherm for 

a Multicomponent System in Photocatalysis 

In the real world. water and wastewater are usually polluted with more 

than one contaminant. £\·en though the exact mechanisms of the photocat­

alytic reactions are not always clear and little information on multicomponent 

systems is available. the literature indicates that the Langmuir-Hinshelwood 

rate equation can predict the rate of reaction for component i which is ad­

sorbed competitively with other species [.5. 10:3. 146. 161. 211. 212). In other 

words. the following expression has been suggested to account for reactions 

in which there are some competitive adsorbing species such as reactants and 

intermediates for a single adsorption site [164): 

(2.18) 
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where ki - the rate constant. a function of catalytic properties. reactants. 

sacrificial oxidant. and light intensity: 

[\·, the apparent binding constant. which is a function of the catalyst 

surface. reactants, and soh·ent properties: 

n = number of competing species. 

In 1990. Turchi and Ollis [212]. by studying a mixture of benzene and 

perchloroethylene, showed that the degradation obeyed the Langmuir - Hin­

shelwood form considering two significant intermediates for benzene. De­

berry et al. [6:3] showed qualitatively that photocatalysis has the ability 

to treat real wastewater including propanol. pyridine. methylethyl ketone 

(:\IEh'.). 1.2,:3-trichloropropane, and methanol. 

2.3.4 Langmuir-Hinshelwood (LH) Model in 

Photocatalysis 

Although. the conventional LH model is the most probable form of the 

photocatalytic reaction mechanisms. the parameters in this model have dif­

ferent meanings. Turchi and Ollis [212. 21:3] demonstrated that there are four 

possible routes in which hydroxyl radicals attack organics in photocatalysis 

process. These possible mechanisms are as follows: 

1. The reactions take place between the adsorbed organic pollutants and 

hydroxyl radicals on the photocatalyst surface. 

2. Adsorbed organic pollutants react with the free hydroxyl radicals. 

3. Free organic pollutants react with the adsorbed hydroxyl radicals. 
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4. Both organic pollutants and hydroxyl radicals react in the bulk phase . 

. -\fter deri,·ing the LH form with all four possible mechanisms, all models are 

similar in the general form of Equation (2.18). These results have been used 

to develop the models for the photocatalytic destruction of 1.4-dioxane and 

tetrahydrofuran in Chapter 5. 

There is also evidence that direct oxidation of organics by holes occurs. 

as well as direct reduction by electrons for some compounds such as tetra­

chloride [10-5]. 

2.3.5 Photocatalysis and Effective Parameters 

Sacrificial oxidants, usually oxygen. have an important role in the rate of 

photocatalytic reactions. Okamoto et al. [160, 161] studied the role of oxygen 

in degradation of phenol over TiO 2 powder. They found that photocatalytic 

reaction rates depend on the light irradiance and the oxygen concentration 

in the solution . 

.-\nother factor which may affect TiO2 is pH [42, 67, ,.5. ";"6, 80. 90. 9';". 101. 

1.5:3, 186, 188. 189]. Literature shows that degradation rates of reactions for 

some organics are high at low pH whereas for others at high pH. Xe,·ertheless, 

there are small changes, often less than one order of magnitude, for the 

photocatalytic activity from one end of the pH range to the other [i-5]. To 

determine the influence of pH on the reaction rate, the reagents used to 

adjust the pH must contain co-ions which have no effect on the rate. ~aOH, 

HNO3 , and buffer solutions are typically used to adjust the pH in various 

ranges. 
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Temperature and pressure are two other factors which usually affect the 

rate of the reaction. One advantage of photocatalytic water and wastewater 

purification is that operation takes place at ambient temperature and pres­

sure. Studies show that by increasing temperature up to i0°C, the photocat­

alytic reaction rate increases [6]. On the other hand, at higher temperatures 

(> i0°C). the photocatalytic reaction rate decreases and therefore. the ac­

tivation energy becomes negative and the adsorption of organics onto the 

surface of the photocatalyst becomes the rate limiting step [l i6]. It has been 

reported that the activation energy in photocatalysis processes is small (.5-16 

kJ mo1- 1
) [99. 15:3]. This is due to the fact that the photocatalysis processes 

are acti\·ated by photons. The working temperature for photocatalytic reac­

tions is between 20 to 80°C [99]. Therefore. appropriate commercial reactor 

design must allow for suitable temperature control. In some studies. Arrhe­

nius behavior was observed in the photodetoxification of phenol and salicylic 

acid [1-l-l. 161] although a linear dependence of reaction rate on temperature 

in photocatalyzed degradation of chloroform has been reported [18]. There­

fore, operation at ambient temperature and atmospheric pressure is one of 

the advantages of photocatalysis. 

2.4 Effects of Carbonate and Bicarbonate Ions 

on Photocatalysis 

The presence of some inorganic impurities may affect the photocatalytic 

destruction of organics in water or wastewater. It is believed that these anions 
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scavenge hydroxyl radicals [2:3, 87, 88. 119, 207, 218], which are responsible 

for attacking organics. To date there is little information regarding the effects 

of these impurities on photocatalysis. Although there are some studies which 

include the effects of these ions in ad \·anced oxidation processes ( .-\0 P) [2:3. 

Si, 88, 119. 20,, 218], these effects are neglected in photocatalysis. Therefore. 

this can be an area which needs to be addressed. 

Bicarbonate and carbonate ions are commonly found in surface waters. 

groundwaters, or wastewaters. For instance. the bicarbonate ions in the 

Gloucester landfill groundwater are about I.j0-:300 mg L - 1 ( ~2 .. j-.j m:\[) [1.56]. 

Due to the fact that these anions are hydroxyl radical sca\·engers. their effects 

on the photocatalytic degradation of organics should be explored. 

2.5 Tetrahydrofuran and 1,4-Dioxane: Their 

Environmental Fate and Physical 

Properties 

Tetrahydrofuran (THF) and 1,-4-dioxane (DIOX) are two kinds of water 

pollutants which are used in large quantities as solvents and chemical bulk 

products. The existence of these contaminants in water may cause severe 

health problems. Tetrahydrofuran and 1,4-dioxane are industrial solvents 

used for dyes, oils, waxes. resins, cellulosic esters and ethers, and polyvinyl 

polymers [4,j, 98, 203, 204]. These compounds are also found in some con­

taminant groundwaters [156]. Painter and I{ing [170] reported that tetrahy­

drofuran is classified as a chemical which is not readily biodegradable. Bern-
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hardt and Diekmann [2-5] also confirmed that the biodegradation of these 

pollutants is very slow or they are not biodegradable. The aqueous aerobic 

half-life of D IOX biodegradation is 672--1:320 h, which is based on unac­

climated aerobic aqueous screening test data with confirmed resistance to 

biodegradation [109. 116. 191]. In addition. its aqueous anaerobic half-life is 

2688-1,280 h, which is based on estimated aqueous aerobic biodegradation 

half-life [109]. 

It can be seen that the biodegradation of these pollutants is very slow 

and an additional process may be necessary to degrade these contaminants. 

:-\s an advanced oxidation process. photocatalysis is capable of destroying 

organic pollutants in less time. 

The chemical structures of tetrahydrofuran and 1.4-dioxane are illustrated 

in Figure 2.2. :\lso. physical properties of these compounds are summarized 

in Table 2.1. 

C) 
Tetrahydrofuran (THF) 1.4-Dioxane (DIOX) 

Figure 2.2: Chemical structures of tetrahydrofuran and 1,4-dioxane. 
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2.6 Photoreactor Design in Photocatalysis 

Although there is substantial research in the area of photocatalysis. most 

of it deals with the kinetics of a variety of organics. On the other hand. 

information is scarce regarding photoreactor configuration, design. and scale­

up. This area of research has been a matter of great attention in recent years. 

2.6.1 Photoreactors and Their Configurations 

There are two major categories of photoreactors. which have been de­

signed. built. and eventually used on at least a laboratory scale: 

I. Slurry photoreactors: In this typP. of photoreactor, the photocat­

alyst particles are dispersed into slurry solutions. \Vhile slurry pho­

toreactors ha\·e the advantage of high efficiency, high mass transfer. 

are well mixed and simple to make, they suffer from a major drawback 

in industrial applications. The solid particles must be separated in 

the downstream photocatalytic processes, making them cost ineffective. 

However, these photoreactors are the best choice for kinetic studies in 

photocatalysis. Slurry photoreactors have been designed with differ­

ent geometries on the laboratory scale. Tubular slurry photoreactors, 

annular slurry photoreactor, and beakers are among the configurations 

which have been used (for example see [7, 22, 29, 151, 206, 211]). uV 

sources are inserted into the center and/or around the outer walls of 

the photoreactors. 



2. Immobilized photoreactors: In the second category of photoreac­

tors. the photocatalyst. usually titanium dioxide, is immobilized onto 

the surface of a support as a stationary phase. There is no need to 

separate the solid particles in the downstream process, which is the 

main advantage of these photoreactors. 

Different reactor configurations with various supports have been used 

in immobilized photoreactors. The supports used for the immobiliza­

tion of titanium dioxide on their surface are listed in Table 2.2. Ta­

ble 2.:3 lists some examples of immobilized photoreactors with different 

configurations which ha\·e been pre\·iously studied. Although differ­

ent configurations ha\·e been considered in the design of photoreactors. 

they suffer from potential mass transfer limitations, low surface area­

to-rnlume ratios. and inefficiencies caused by absorption and scattering 

of light by the reaction medium [10-3]. Therefore. there is still much 

to inn~stigate and learn about different photoreactor configurations in 

order to establish a design which maintains both high mass transfer 

and sufficient light penetration. 

2.6.2 Photoreactor Modelling 

In the last decade, there has been a great attention to photocatalysis and 

its kinetics. However, there is scarce work done on photoreactor modelling. 

There are at least two phases in a photoreactor, liquid and solid. In photore­

actors, it is sometimes necessary to introduce a gas phase such as oxygen or 

air into the system, and in such cases, there are three phases involved in the 
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Table 2.2: Summary of different supports on which titanium dioxide was 
immobilized. 

SCPPORT .\IATERIALS REFERE~CES 

glass mesh Valladares et al. [21.j] 
:3-4 mm glass beads Serpone et al. [198] 

Low and .\Iatthews [129]. 
inside tubes of either Teflon or glass ;\latt hews et al. [ 143], 

.\Iatthews [144] 
silica gel .\Iatthews [140] 
fiberglass .-\l-Ekabi et al. [4], .\Iatthews [145] 
fused silica glass fibers Hofstadler et al. [106] 
cellulose and polyester membranes Bellobono et al. [24] 
glass walls Sabate et al. [187. 188] 
woven mesh .\Iurabayashi et al. [l.j7], 

Robertson and Henderson [184] 
porous alumina-silica ceramic I~ato et al. [11.5] 
activated carbon 't"oneyama et al. [22.j] 
alumina Fuj ishima[ii] 
ceramic tile Anderson [11], Fujishima [77] 
sand Lee [121], .\fatthews [142] 

\Vilkinson [220], 
stainless steel Ha and Anderson [94], 

This study 
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Table 2.3: Examples of different immobilized photoreactor configurations 
studied previously. 

PHOTORE.-\CTOR CY LIGHT REFEREXCES 
POSITION 

packed bed ( 1 % Pt-TiO2 1 cm from outside Crittenden et al. (61] 
supported on silica gel) 

above Bockelmann and 
fixed bed falling film (solar or artificial) Bahnemann [28]. 

Puma and \'ue [1,9] 
annular packed bed center Raupp et al. [180] 
packed bed (glass beads) outside Serpone et al. [198] 
flat plate above, solar Augugliaro et al. [15], 

\Vilkinson (220] 
fluidized bed inside or outside Haarstrick et al. [9.5]. 

Lee [121] 
flat fluidized bed outside Brucato et al. [44], 

Iatridis et al. (111] 
series conical basket center Valladares [216] 
spiral glass tube center Ylatthews [139] 
packed bed end Hofstadler et al. [106] 
(fiber optic bundles) 
monolithic (TiO2 coated external Suzuki [208] 
on honeycomb support) 

28 



photoreactor. To model a photoreactor. the following formulations must be 

developed [228]: 

l. mass balance equations 

2. kinetic equations 

:3. radiation equations 

Depending on the number of species present in the system. reactor con­

figuration. and particular hydrodynamic beha,·ior including momentum bal­

ances. the mass balance equations are set up. The kinetic equations are 

found experimentally as a function of concentrations. Finally. the radiant 

energy conservation equations which are the ,·ital key to the modelling of a 

photoreactor should be formulated. The radiation equation depends on the 

following factors [226]: 

l. reactor geometry 

2. optical thickness 

:3. [\" source type and position in the photoreactor 

4. wa,·elengths of irradiation 

.5. mixing characteristics and hydrodynamic behavior of the system 

To design a proper photoreactor. the equations for mass. momentum, 

energy, and radiation energy balances. as well as the kinetic equations, should 

be coupled together and solved simultaneously. 
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2. 7 Photocatalysis Applications 

During the past decade. photocatalysis has been examined for potential 

applications in various fields. Howe\·er. the actual number of applications 

to date is small. Although the primary goal of photocatalysis is mineraliza­

tion of organics in water and wastewater. it has other significant potential 

applications as summarized below: 

• Complete mineralization of a \·ariety of organics in air and water to 

CO2 • H20. and associated inorganic components such as HCI. HBr. 

so~-. :\'03. etc. have been reported in \·arious technical reports and 

publications [-5. 19. 2,. 29. ,5. 10-5. 1-51. 15:3. 15-5. 164. 20.5. 212]. The 

complete lists of organic pollutants that ha\·e been im·estigated by var­

ious research groups are summarized in re\·iew papers [101. 10-5. 1.5:3]. 

• In addition to organic species. a wide \·ariety of inorganic compounds 

have been the subject of great attention for photocatalysis processes. 

Sensitivity of inorganic species to photocatalysis processes has created 

significant potential applications in the field of metal recO\·ery for either 

\·aluable or toxic metals. 

Borgarello et al. [3-L :3.5_ 197] and also other researchers [8, 20, 83, 

112, 199, 221] have shown that gold (Au3+) could be recovered by 

titanium dioxide photocatalysis using methanol as a hole scavenger 

in the presence of cyanide. Also, Herrmann et al. [100] investigated 

the recO\·ery of silver ( . ..\g+ ). RecO\·ery of other inorganic species such 

as copper [26. --1,. 1,4]. iron [4,, 1,1], platinum (34, 102, 1:36, 199]. 
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cyanide [41. 1-52, 200], manganese [4,, 130], rhodium [:36. 199]. and 

sulfur [6.5] are also among others which have been reported. ..\fter 

the photocatalysis process in which the metals are photochemically 

being plated onto the titanium dioxide surface. the metals could be 

recovered by subsequent acid wash. As a promising route. the remo\·al 

of toxic metals such as mercury. arsenic. cadmium. and lead usmg 

photocatalysis has been reported in the literature [196. 199]. 

• To produce ultrapure water for pharmaceutical and electronic indus-

t • [·n-J nes __ , . 

• To convert solar to chemical energy [114]. 

• To com·ert light to electricity [158]. 

• Photoelectrochemical detector ( photocurrent measured) for flow injec­

tion analysis and liquid chromatography [4:3]. 

• Photocatalytic oxidation system for total organic carbon analysis [1-t:3]. 

• Photodeodorizer for li\·ing em·ironment such as office room. under­

ground market. inside of \·ehicle, etc. [81]. 

• Decolorization of wastewater dyes [62, 124]. 

• Regeneration of spent adsorbents such as granular activated carbon 

( GAC) is another interesting application of photocatalysis [159]. Due 

to the air and water pollution, the conventional methods of disposal by 

incineration or landfill are not desirable. 
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• Cai et al. [-19 .. jQ_ .jl] and Fujishima et al. [,S. ,9] demonstrated another 

interesting application of photocatalysis in killing cancer cells in both 

\"itro and \·irn. By using photoexcited titanium dioxide. a large cell 

killing effect was observed not only in vitro but also in vi\·o. Hopefully. 

this method can be applied as one of the possible anti-cancer modalities 

due to the strong ability of illuminated TiO2 to oxidize cancerous cells 

in both \·itro and vi\·o. .-\!though the light with :300--100 nm used in 

this type of research cannot penetrate the human body deeply. this 

possible modality could be used for the treatment of superficial tumors 

in an organ appropriate for light exposure such as skin. oral cavity. 

trachea, and urinary bladder. If a fiber-transmitted laser is used as a 

light source. the fiber can be inserted into subcutaneous tumor tissues. 

and irradiation of light can be carried out frequently without surgical 

opening of the skin. Therefore. it is possible to apply this modality to 

several tumors of other organs . 

. -\lthough these may be the main applications of photocatalysis, the use 

of photocatalysis has been increasing in different areas. Since photocatalysis 

is a young teclrnology. most of its applications have been investigated only 

in the laboratories around the world. 

2.8 Concluding Remarks 

.-\ review of the literature concludes that a number of insights into photo­

catalysis have been obtained. yet some important unresolved issues need to 

32 



be im·estigated. There is a lack of information for some of the water pollu­

tants which may degrade easily by photocatalysis. For instance. few studies 

are found for the photocatalytic degradation of THF and DIOX. Further­

more. most of studies have been carried out using a single component system. 

Hence. the photocatalytic destruction of multicomponent systems and their 

kinetic modelling is an area which is worthy of investigation. In addition. 

there are few studies examining the effects of carbonate and bicarbonate ions 

on photocatalysis. These anions. which are hydroxyl radical sca,·engers. are 

found in most of the waters and may affect the photocatalytic reaction rates. 

Since photocatalysis is a relatively new technology. there are some unsoh·ed 

problems such as unclear mechanisms of photocatalytic reactions. photore­

actor design and scale-up. and kinetic studies for multicomponent systems 

which need to be i11\'estigatecl .. -\!though there are other unresoh-ed issues in 

photocatalysis. this study will focus on these problems mentioned abO\·e. 
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Chapter 3 

MATERIALS AND 

METHODS 

In this chapter. materials and methods used in this study are explained 

in detail. The experimental setup for the slurry photoreactor. the packed 

bed photoreactor. the immobilization of titanium dioxide on the tellerette 

packings, and the analytical techniques are also explained. 

3 .1 Materials 

The materials used in this study are described as follows: 

• The water used for the whole sets of the experiments was filtered deion­

ized water (FD\V) . The deionized water provided in the lab entered 

into three column ion exchange cartridges consecutively. The dispos­
TM 

able columns were Bion Exchanger model made by PIERCE Chem-
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ical Company. Rockford. IL.. LS . ...\. Their model numbers were 19,10. 

19,20. and 19,20. respecti\·eiy. 

• The test water samples with different concentrations were prepared in 

the lab using organic materials purchased directly from Sigma Chemical 

Company (St. Louis . .\IO). The organic materials used without anv 

further prepurificatiou are listed as follows: 

1. Tetrahyclrofuran ( THF) was HPLC grade with the purity of 99-;-<,,{. 

Its C.-\S number was 109-99-9. 

·J 1.4-Dioxane (1.4-DIOX) was HPLC grade with the purity of 99.91/c. 

Its C.-\S number was 12:3-91-1. 

:3. Gamma-Butyrolactone (GBL) was also HPLC grade with the pu­

rity of 99+9c. Its C.-\S number was 96-48-0. 

• Two different types of photocatalysts were used in this study. P2-5 tita­

nium dioxide and Hombikat CV 100. P2-5 titanium dioxide. C...\S num­

ber 1:3-16:3-67-7. was provided by Degussa Corporation (...\kron. OH). 

The other photocatalyst used in this study was titanium dioxide Hom­

bikat l~\· 100 prO\·ided by Sachtleben Chemie GmbH (Duisburg. Ger­

many). They were used without any further prepurifications. The 

properties and supplemental information of these two different photo­

catalysts are shown in Table :J.l. 



Table :3.1: Physical properties and supplemental information for two different 
photocatalysts. titanium dioxide. used in this work. This information was 
provided by the suppliers. 

PROPERTIES DEG l"SS.-\ P2.j HO:\IBII~.-\T l.\. 100 
TIT.-\XIL":\I DIOXIDE TIT.-\XIC:\I DIOXIDE 

TiO2 Content > 99 .. jo/c > 999c 

Composition 709c .-\ natase 1009c .-\ natase 
:309( Rutile 

Primary Particle Size 21 nm <l0nm 

Specific Surface .-\rea '36 6- 2 -I . - .) mg > 250 m 2 g- 1 

Density ·3 8 - 3 .. gem ·3 9 - 3 .. gem 

Solubility in \Vater Insoluble 0.01 gL- 1 
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3.2 Slurry Photoreactor Setup 

It is preferable for a kinetic study to be carried out under conditions 

such that mass transfer and other complicating effects are absent [18.j]_ The 

major type of photoreactor used for kinetic studies has been a stirred slurry 

photoreactor. Howe\·er, to study the destruction of \·olatile organics, the 

photoreactor should be completely sealed . .\Ioreover. since oxygen plays an 

important role in photocatalysis and the reaction rate is dependent on the 

dissoh·ed oxygen concentration in the system. a suitable photoreactor must 

be designed to maintain dissoh·ed oxygen concentration constant. .-\mongst 

the photoreactors used in kinetic studies. a recirculating annular batch pho­

toreactor similar to that used previously by Pruden and Ollis [178] and Turchi 

and Ollis [211] is believed to be the most suitable. 

To achieve the goals of this work. an annular slurry photoreactor setup 

was designed and built. In this manner. a true and intrinsic kinetic reaction 

has been carried out in the slurry photoreactor. The schematic diagram of 

the experimental setup is shown in Figure :3.1. 

Among the µhotoreactors used in kinetic studies. this type of reactor is 

preferable because of the following advantages. i.e., it offers 

1. high mass transfer between liquid phase and solid particles 

2. high catalyst surface area 

:3. potentially high reaction rates per unit volume of the reactor 

4. excess oxygen availability in the headspace 

3i 



.j_ the use of higher light irradiance 

6. uniform concentrations of compounds throughout the system due to 

m1xmg 

,. enhancement of mixing due to the tangential entrance flow 

The slurry photoreactor was made annular by two concentric borosilicate 

glass tubes. The outer glass cylinder had 10-5 mm internal diameter (ID) 

and the internal glass cylinder had -18 mm outer diameter and 44 mm inner 

diameter. The total \·olume of the reactor including the reserYoir and the 

tubes was approximately 9.0 L. The rnlume of the reactor zone was :J.8 L. 

.-\s discussed in Chapter 2. dissolved oxygen (DO) is a common sacrificial 

oxidant used in photocatalysis to capture the electrons from the valence band. 

Therefore. by lea\·ing a headspace ( ~2 L). a resen·oir was made to provide 

the required oxygen. 

The tubing used in this setup was C-FLEX. provided by Cole-Parmer. 

Based on the information pro\·ided by the manufacturer. it has an excellent 

chemical resistance against weak and strong acids and bases. The tubing 

used had 1/2 inches ID, :J/4 inches OD with a wall thickness of 1/8 inches. 

In this photoreactor, the slurry was recirculated through the system using 

a 1/3 hp, :34,50 rpm, magnetic drive pump (Fluids Control Division, Hamden. 

Connecticut, US.-\). 
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The temperature throughout the experiments was kept at 2,5 ± 2°C with 

a circulating water bath (~ESLAB RTE 111). The reservoir section of the 

setup was put in a water container. The water surrounding the reservoir 

\Vas recirculated through two water pumps that were already installed inside 

the water bath. The water bath controlled the water temperature around 

the resen·oir; therefore. the temperature of the liquid inside the system was 

controlled. Due to heat transfer between the water in the container and the 

ambient, the temperature of the water inside the bath remained constant at 

12 ± 2°c. 

Light was provided by a CV lamp inside and six CV lamps around the 

photoreactor. These tubular low-pressure mercury-vapour fluorescent lamps 

emitting long-\vave ultra\'iolet radiation were provided by Philips. The l"\" 

lamps used were type ·TL· 20 \\"j09 ~ with a nominal wattage of 20 watts 

each and a current of 0.:3, ampere. The CV lamps were 61 cm in length and 

:JS mm in diameter. They emit highly concentrated radiation between :320 

and :390 nm with a maximum peak at :3.50 nm .. -\ccording to the manufac­

turer information. these[\' lamps are also branded CV-A in which the ratio 

of CV-8/C\"-A is lower than 1:200. Also, no radiation with a wavelength 

below :300 nm was emitted. The light irradiance was measured using a Spec­

troline Digital Radiometer (DRC-100:X.) with a 320-380 nm electromagnetic 

wavelength sensor ( D IX-36-5). 

The liquid in the reservoir was stirred magnetically to increase the mass 

transfer between the headspace and the liquid as well to provide a homoge­

neous system. 
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Before starting each run. the water was aerated to a saturation level using 

the air line provided in the lab. :\. gas filter was installed in order to filter 

the air. 

Dissoh·ed oxygen (00) was measured with a dissolved oxygen meter '{SI 

model .j, ('fellow Springs Instrument Company. Ohio). The DO probe was 

mounted in the reservoir on line in order to monitor dissolved oxygen during 

the runs. The dissolved oxygen meter was calibrated by air saturated water 

before initiating each run. :\ volume of -300 mL water was stirred while it 

was aerated. The DO probe was placed in the water sample in a relatively 

constant temperature for about 1-3 min until the dissoh·ed oxygen concen­

tration no longer changed. The calibration was made by considering the 

local altitude. i.e .. the atmospheric pressure reported by the \\'eather Bu­

reau. Depending on the atmospheric pressure, a correction factor was used 

to calibrate the DO probe [194]. The DO was recorded using a recorder on 

line. 

The pH was monitored using a pH meter manufactured by Barnant Com­

pany in Barrington. IL. The pH was monitored on line by placing the pH 

probe in the resen·oir. The pH probe was also calibrated before each run 

using three different buffer solutions of pH 4. i, and 10. The monitored pH 

was recorded using a recorder on line. 

Samples were periodically taken from the sample ports for analysis. The 

samples were collected in the 2 mL headspace-free vials. Prior to testing, the 

liquid samples were centrifuged by Centrifuge IEC Centra-HX (International 

Equipment Company) at about 4-500 rpm. The samples were then analyzed 
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through a -5890 Series II Gas Chromatograph (GC). The total inorganic and 

organic carbon (TIC/TOC) were measured with an . .\stro .\Iodel 2001 System 

2 . .\nalyzer. The analytical techniques are discussed in detail in Section :J .. 5. 

3.3 Photoreactor Operation 

The aim of this section is to explain the photoreactor operation method 

for all experimental runs . ..\ stock solution for the purpose of the runs was 

prepared using pure organic compounds based on a method described in 

:\ppendix 8. For instance. a stock solution with pure tetrahydrofuran was 

prepared and it was used when tetrahydrofuran was needed in the runs. 

These stock solutions were prepared from time to time on demand. Filtered 

deionized water was used for all stock solution preparations. Prior to each 

run the photoreactor was cleaned by circulating deionized water. Also. after 

finishing each run. water was also recirculated through the photoreactor for 

about a half hour while a small amount of detergent was added in order to 

clean the equipment properly. Then the photoreactor was rinsed with deion­

ized water for another half hour in order to remove any possible detergent or 

material attached to the equipment. In the stage of rinsing the equipment. 

water was passed through the system continuously. 

For the purpose of kinetic runs, i.0 L of filtered deionized water was 

fed to the photoreactor. Oxygen is one of the important elements in any 

photocatalysis process. As shown in Section 2.3 of Chapter 2, oxygen was 

used as a sacrificial oxidant in photocatalysis in order to capture electrons. 

Therefore, the water was aerated for half an hour using bench air while the 
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water was recirculating in the system . .-\n air filter was installed in the air 

line to ensure that the air was free of impurities (see Figure :3.1 ). During this 

period. all CV lights were turned on in order to clear any possible trace of 

organic background either left from the previous runs or present in the filtered 

deionized water. Then a certain amount of titanium dioxide, for instance. 

10 .. j grams Degussa P2.j in the case of most kinetic runs. was added to the 

photoreactor. The system was sealed completely by the caps installed on 

the reservoir. The slurry was then recirculated for another l,j min while 

the C\" lights remained on. During this time. the slurry was homogenized. 

and it was also possible to remove any trace of organics as a result of the 

photocatalysis process. Then the lights were turned off and depending on 

the initial concentration needed in the system. a certain amount of stock 

solution prepared for the runs was injected into the system using a gas­

tight microliter syringe (Hamilton ~Iicroliter® Syringe). Safety precautions 

during the experimental runs were considered. For instance, the solutions 

were prepared in the fumehood (see Section :3.6). In addition. a \Vilson 1200 

series Respirator. \\"ilson® Safety Products (P.-\. [S.-\) was employed while 

preparing the runs. 

The system was then allowed to circulate while the lights were off for 

another l.j min. During this time, the system was homogenized. Samples 

were taken at this point in order to determine whether or not adsorption 

of organics on the catalyst surface had occurred. At this point, the CV 

lights were turned on and the photocatalytic reactions started. The samples 

were then taken periodically and analyzed. Upon completion of the run, the 
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equipment was cleaned as explained previously and prepared for the next 

run. 

Prior to each run, DO and pH probes were calibrated. .-\.lso, the water 

bath temperature was adjusted in order to maintain constant temperature. 

Slurry flow rate was adjusted by the rotameter as needed. 

3.4 Packed Bed Photoreactor Set-Up 

.-\.s the research in the relati\·ely new area of photocatalysis is progress­

ing, there have been issues in photoreactor design. Although. \·arious reactor 

configurations for different reactions and phases in chemical engineering ha\·e 

been customary (see Chapter 2). photoreactors with the following specifica­

tions still need to be addressed, so as to have photoreactors that are 

1. capable of maximum mass transfer between liquid phase and the pho­

tocatalyst surface 

2. capable of maximum light distribution throughout the photorcactor 

:3. cheap and easy to make. 

In the following sections, the details of the packed bed photoreactor and 

immobilization technique are explained. 

3.4.1 Packings 

In order to design a packed bed photoreactor with the proper internal 

light distribution, and high mass transfer between the bulk liquid and the 
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solid surface. tellerette packings were designed. Since no companies make 

metal tellerettes to our knowledge. the packing was made manually using 

stainless steel welding wire ( see Figure :3.2 ). 

The raw stainless steel wires (ER:316L). made by HH Rigby-~fary Land 

(stainless) Ltd .. were purchased from Handy and Harman Company, Canada. 

as one meter long with a diameter of 1.6 mm. 

The following describes the procedure inrnh·ed to create the tellerettes: 

1. The wires were roughened using sand paper (grit number 100) in order 

to ease the attachment of titanium dioxide on their surfaces. 

2. After roughening. the wires were wound around a rotating dowel. held 

in slow spinning lathe. This produced pieces of wire resembling long 

springs. 

:J. Each ··long spring .. was then cut into small springs with six loops each. 

These ··small springs- had total length of 2:3:3 mm each. 

-L The final step involved manually bending the ··small springs- to bring 

the ends together. to form the tellerette shape. 

These packings were used to support titanium dioxide on their surfaces. Fig­

ure 3.2 demonstrates a sample of tellerette packings made by this method. 

3.4.2 Immobilization Technique 

In this section, the immobilization technique used to attach titanium 

dioxide to the surfaces of the stainless steel tellerette packings is described. 



Figure :3.2: The configuration of tellerette packings made by the stainless 
steel wire. 

Since the recO\·ery of micron size particles from the slurry solutions m the 

treated water may be an awkward process. immobilization techniques for the 

attachment of titanium dioxide on different supports ha\·e been practiced in 

pre\·ious studies (see Chapter 2). 

Although. there is documentation [220. 9-1] on the stainless steel support 

on a flat plate. there is a lack of information on the immobilization technique 

on the surface of a thin wire packing supports such as tellerettes. The fol­

lowing describes the procedure involved to immobilize the titanium dioxide 

on the the surfaces of the tellerette packings: 

1. The packings were immersed into a 15% hydrochloric acid solution for 

one and half hours in order to clean any possible grease or any other 
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impurities that might be on the surfaces. The hydrochloric acid was 

prepared using concentrated HCl and filtered deionized water ( FD\\'). 

2. The packings were then rinsed a few times with deionized water to 

remO\·e any possible solid impurity remaining on the surfaces. 

:3. The cleaned packings were allowed to air-dry for a few hours. 

-L Ha and .-\nderson [94] showed that if a metal is fired at high tempera­

ture. an oxide film would be produced on the metal surface. This metal 

oxide film is more compatible for bonding to titanium dioxide particles 

than the metal support itself. 

The packings were then fired at 400°C in the oven for 2 h in order to 

create the metal oxide film and to remove any possible organic impu­

rities left on the surfaces of the packings . 

. j_ .-\fter firing. the packings were allowed to air-dry. 

6 .. -\ :30 g L -t slurry titanium dioxide ( Degussa P2.j) was prepared us­

ing 2-3% ( \" /\·) methanol in filtered deionized water. Valladares [216] 

showed that the methanol would help in the attachment of titanium 

dioxide to the surface. This may be due to the fact that methanol 

acts as a dispersant and reduces the particle segregation in the slurry. 

Therefore. methanol enhances the distribution of titanium dioxide par­

ticles on the support surface. 

,. The packings were spread out into a few shallow pans containing the 

slurry solution made in the pre\·ious step. The pans were then put in 
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an O\·en O\·ernight set at -50°C. 

S . . .\nother :JO g L - 1 titanium dioxide slurry solution with just deionized 

water was made. The packings were then put in the second slurry 

solution in the shallow pans for the second coating. The pans were 

put in the oven in the same temperature (-50°C) and left in the oven 

overnight. This step was done to make sure the uncovered surfaces are 

also immobilized with titanium dioxide. 

9. The immobilized tellerette packings were then air-dried and rinsed with 

deionized water for a few times in order to remove any unattached solid 

particles. 

10. The tellerette packings were then baked m an oven at :300°(' for 4 h 

and then allowed to air-dry. 

11. The tellerette packings were then ready to put into the photoreactor 

to test. The results of these packings are described in Chapter 6. 

3.4.3 Packed Bed Experimental Setup 

In this study. a novel packed bed photoreactor was designed and built. 

The degradation of 1.4-dioxane as a model compound was examined. Degra­

dation results in this photoreactor will be discussed in Chapter 6. The same 

experimental setup explained in previous section was used except the fact 

that the photoreactor was modified and was filled with special immobilized 

tellerette packings. The inside cylindrical tube including the inner UV lamp 

was removed and the top and the bottom of the photoreactor were sealed 
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using a hollow Plexiglas screw with a rubber stopper inside . .-\ Teflon disk 

was mounted on top of the rubber stopper in order for the adsorption of 

the pollutants to be minimized. The schematic diagram of the packed bed 

experimental setup is shown in Figure :J.:3. The photoreactor had 10-5 mm 

internal diameter (ID) and 51 cm height. 

3.5 Analytical Techniques 

In this section. the analytical techniques used in this study are described . 

. ..\ gas chromatograph available in the lab was used in order to analyze sam­

ples .. ..\ GC (\IS apparatus in the Civil Engineering Department was used in 

order to identify intermediates produced during the course of the reactions. 

GC /\IS analyses were carried out using the method of Solid Phase \IicroEx­

traction (SP\IE) .. -\!so. total organic and inorganic carbon analyses as well 

as absorbance analyses are described. 

3.5.1 Gas Chromatography ( GC) 

The analysis was carried out using a Hewlett Packard (.-\\·ondale, P.-\) 

-5890 Series II gas chromatograph. which was equipped with a flame ioniza­

tion detector ( FID). The column was an RTX-.502.2 fused silica megabore 

column with :30 m x 0 .. 5:3 mm ID and 3.0 µm film thickness (Chromato­

graphic Specialties Inc.). One of the advantages of this kind of column is 

that the sample can be injected directly in aqueous phase without any fur­

ther pretreatment aside from centrifugation to separate the solid particles. 
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The samples were collected in the small 2 mL vials capped with Teflon 

face septa (Chromatographic Specialties Inc.) . .-\.fter centrifuging the sam­

ples. 0.6 µL was injected into the GC manually using a sandwich method 

to a\·oid possible ernporation of \·olatile organics. The carrier gas used in 

this GC was helium and the flow of carrier in the column was set to be 1.5 

mL min- 1. The auxiliary gas was nitrogen. A split/splitless technique as 

well as a temperature program were used for analysis such that the initial 

o\·en temperature was :30°C which was held for :3 min . .-\.fter one and one half 

minutes splitless flow. the purge rnlve was then automatically turned on to 

pro\·ide a split flow .. ..\fter this time. a ramp of :2°C /min was then initiated 

until :3.5°(' was reached and held for 10 min. The second ramp of :3°(' /min 

was applied until the oven temperature of .j.5°C. Finally, a ramp of 20°(' /min 

was applied until the final o\·en temperature of 24-5°(' was reached and held 

for .5 min. The injector and detector ( F ID) were set at 180° C and :2.50°C'. 

respecti\·ely. The FID sensiti\·ity used for the purpose of these analyses was 

set at 1.0 x 103 p:\.. Data was automatically acquired and integrated by the 

software package Peaksimple II (Peak Simple Chromatography Data System. 

SRI Instruments. Torrance. C...\) installed on a personal computer. 

To obtain the concentration of samples, a calibration curve was prepared 

prior to the experiments. To reduce the error in sample injection as well as 

other sources of error, toluene with a concentration of 40 mg L -t in both 

standards and samples was added as an internal standard (LS.). ...\ plot 

of peak area ratios for each constituent i and the internal standard (LS.), 

i.e., A.-,i = A.i/A1.s., against the amount of each constituent of interest was 
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built as a calibration curve. Figure :3.4 shows a typical calibration curve for 

1.4-dioxane. 

Thus the concentration of the constituent of interest was calculated from 

the following equation: 

C = TJ Ar.i 

where C - the concentration of the component of interest. [mg L - 1]: 

Ar., the GC peak area ratio for component of interest. 

T/ = The slope of the calibration curve. i.e .. C vs . .-lr.i• 

Before each run two samples of known concentration of the constituent of 

interest were injected into the GC. If the measured concentration de\·iated 

significantly from the 95% confidence interval. another calibration curve for 

that particular constituent was prepared (see Appendix C). The sample was 

then chromatographed and the peak area ratios were measured. From these 

ratios. rnlues of the amount of each constituent in the unknown sample may 

be calculated. 

3.5.2 Solid Phase MicroExtraction (SPME) 

GC/~IS was used to identify the intermediates formed during the course 

of the reactions (see Section :3..:5.3). All reactions took place in the aque­

ous phase and the concentrations of the organics in the system were in the 

mg L - 1 levels and below. Therefore, the samples contained more than 99% 

water. Since no water could be introduced into the mass spectrometer, fur­

ther preparation was required before performing GC /l\'1S analysis on the 
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samples. The method of Solid Phase ~IicroExtraction (SP~IE) was used in 

order to extract organics out of the aqueous phase. 

Solid Phase ~IicroExtraction (SP~IE) is a soh·entless extraction in which 

a phase-coated fused silica fiber is immersed in a liquid sample and after 

a short time the analytes establish equilibria between the solid phase and 

the liquid sample. Generally speaking, the SP~IE is an equilibrium process 

between the solid phase. fiber. and the liquid phase or the gas phase in the 

case of headspace [2:2:3. 2:30] . .-\fter adsorption of the organic compounds on 

the fiber. the compounds are thermally desorbed into the GC column due 

to the high temperature of the injection port. .--\II injections in the GC/~IS 

were performed manually. 

The SP~IE holder and the SP~IE fiber were purchased from Supelco 

Canada Ltd. The stationary phase used was 6-5 pm carbmvax/divinylbenzene 

which was partially crosslinked. The fiber is carefully mounted to a septum 

piercing needle of the holder syringe. The needle of the syringe is a hollow 

cylinder in which the fiber is held. By depressing the plunger on the holder. 

the fiber is pushed out. 

In order to extract the organics, the samples were kept in 5 mL \·ials with 

open screw caps sealed with aluminum foil for the ease of puncturing by 

SP~IE syringe. Prior to extraction, the samples were centrifuged to separate 

the suspended titanium dioxide particles. The aluminum foil on the sample 

vials was pierced l:-y the needle and the plunger pushed down. The fiber was 

contacted with the sample for a period of 30 min at room temperature. After 

the time had elapsed, the fiber was retracted into the needle. The needle was 

54 



immediately injected into the GC and the plunger depressed exposing the 

fiber to the injection port. The depth guide had been adjusted such that 

the fiber was exposed to the hottest part of the injection port. The injection 

port of the GC was adjusted to 200°(' . .-\fter 1.5 min. the fiber was retracted 

into the needle and the needle remO\·ed from the injection port. 

This method was successful in extracting organic intermediates. Repro­

ducibility of detectable peaks with respect to peak shapes. retention times. 

and peak height was demonstrated. 

Before using the fiber. it was conditioned at 2-50°C for 1 has recommended 

by the supplier to ensure that all monomers used in the glue to attach the 

fiber were released. Because of this. some initial extraneous peaks primarily 

from the glue were detected. After conditioning the fiber. no significant 

peaks were observed as confirmed by a blank injection. Before analyzing 

each series of samples. a blank injection was made to make sure the fiber was 

free of extraneously adsorbed compounds or any other material which might 

contaminate the fiber. 

3.5.3 Gas Chromatography /Mass Spectrometry 

(GC/MS} 

Identification of the intermediates produced during the course of reactions 

was carried out using the GC/::\IS in the water research group of the Civil En­

gineering Department at the Cniversity of Waterloo. The GC was a He\'vlett 

Packard -5890 Series II (Avondale, PA). The column was a Restek fused silica 

capillary column RTX-.502.2 purchased from Chromatographic Specialties. 
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The column was coated with crossbonded phenylmethyl polysiloxane with 

1.4 µm film thickness. It had a length of :30 m with 0.2.5 mm inner diameter. 

The mass spectrometer was a Hewlett Packard ,5971 Series with mass 

selective detector. The software used in mass spectrometer was a Hewlett 

Packard :\IS ChemStation. DOS Series by which the signals were integrated. 

After analyzing each sample, every single peak obtained by the integrator was 

carefully analyzed using the search library in order to identify the compound 

with the best match in the library. The greater the probability of correctly 

identifying the compound. the higher the acceptance confidence inten·al ob­

tained. Generally speaking. there is no statistical limit to accept a compound 

with the one identified in the library. Howe\·er. a probability greater than 

80% is generally agreed to be a good indication of a likely match. 

The samples prepared by the method of SP:\IE explained in the previous 

section were introduced into the GC and then directly transferred into the 

:\IS. The carrier gas used in the CC was helium and the flow of carrier in 

the column was set to be 1 mL min- 1
. A split/splitless technique as well 

as a special temperature program were used for analysis. The initial oven 

temperature was :3.5°C which was held for 1 min. Before each run started. the 

purge valve was automatically turned off to provide a splitless flow. After .5 

min of splitless flow into the GC. the purge valve was automatically turned 

on for a split flow. After this time, a ramp of 3°C/min was then initiated up 

to l-50°C. The second ramp of :3.5°C/min was then applied until a final oven 

temperature of 240°C was reached. The oven temperature was then held 

at 240°C for 5 min in order to bake the column and to desorb any possible 



compounds that might exist in the system. The injector and detector were 

set at 200°C and 2-50°C. respectively. 

3.5.4 Ion Chromatography Analysis (IC) 

The method of ion chromatography (IC) was used to identify possible or­

ganic acid intermediates during the photocatalytic reactions. The ion chro­

matography analyses were done using the IC system. Dionex. Sunny,·ale. 

C:\. CS:\. The IC system was equipped with an autosampler. an advanced 

gradient pump. a high-pressure. three way injection valve (BF-2), and a rela­

tively large sample loop. The sample loop had capacity of 740 µL which was 

equi\·alent to :370 cm PEEK tubing with 0.-51 mm I.D. The anion-exchange 

column used in the IC system was AS 10, :2.jO x 4 mm LO. and composed 

of S .. j µm ethylvinylbenzene-divinylbenzene substrate agglomerated with the 

6.j nm completely aminated anion-exchange latex particles. The anion ex­

change column had a capacity of 170 peq. The IC analyses were performed 

based on the method de\·eloped by Peldszus et al. (172]. In this method. 

after preparing standards with .jO pg L -i for each organic acid, the samples 

were qualitatively analyzed based on their relative retention times and peak 

shape. The sample chromatograms were then compared with the standard 

chromatogram. 



3.5.5 Total Organic Carbon (TOC) and Total 

Inorganic Carbon (TIC) Analyses 

TIC and TOC were analyzed using an .-\stro ~Iodel 2001 System 2 An­

alyzer ( .-\stro International Corporation. League City. TX). It was equipped 

with an ultraviolet promoted persulfate oxidation followed by non-dispersive 

infrared CO2 detection. The TOC analyzer was equipped with an automatic 

sampler . .-\ personal computer attached to the analyzer integrated the results 

using a 2001 sofnrnre package supplied by .-\stro International Corporation. 

The eluents. 1.5 ~I sodium persulfate solution. Xa2S2O8 . supplied by Sigma 

Chemical Company (St. Louis. ~IO). and 1.0 ~I phosphoric acid solution. 

H3 PO-t. supplied by BDH Inc. (Toronto. Ontario). were prepared according 

to the .-\stro International ~Ianual [14]. The TOC standards employed was 

anhydrous potassium biphthalate. HOCOC6 H.1COOI{. supplied by Fisher 

Scientific (Fair Lawn. Sew .Jersey). Its assay was 99.977c. TIC Standards 

were also prepared with anhydrous sodium bicarbonate. XaHCO3 . supplied 

by BDH Inc. (Toronto, Ontario). and sodium carbonate . .\'a2 CO3 • supplied 

bv BDH Inc. (Toronto. Ontario), in carbon free water according to the pro­

cedure outlined by Greenberg et al. [92]. The 40 mL samples taken from 

the photoreactor were centrifuged using a DA~IO.\1' IEC B-20.-\ Centrifuge 

at 9000 rpm to separate suspended titanium dioxide particles. The compart­

ment temperature of the centrifuge was set at 5°C. Due to the large volume 

of the sample (40 mL) taken from the photoreactor, no further dilution was 

necessary. 
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3.5.6 UV Absorbance and Transmittance Analyses 

An HP ultraviolet/visible spectrophotometer was used to measure the ab­

sorbance and transmittance of the solutions with suspended titanium dioxide 

particles. After putting a sample in a 1 mL quartz cm·ette. the absorbance 

and transmittance of the solution were measured automatically by a personal 

computer as an integrator attached to the spectrophotometer. The computer 

used a HP software package. The spectrophotometer was set to measure the 

absorbance and the percent transmittance in the wa\·elength range of :JOO 

to 400 nm. Filtered deionized water (FD\V) was used as a blank for the 

analyses. 

3.6 Safety Precautions 

Safety is one of the most important necessities in any work place. Due to 

toxicity. use of organics may cause severe health problems such as respiratory 

complications. cancer. heritable genetic damage. etc .. Care was taken to work 

under the fumehood during the preparation of the organic solutions to avoid 

possible hazards .. --\ special mask. \\"ilson 1200 series Respirator. \Vilson® 

Safety Products, P.--\. CS.--\, was used while preparing the solutions. 

Due to the potential danger of the optical radiation for the eyes and 

skin, each of these should be appropriately protected [201] . .--\s continuously 

staring at the sun for one minute can induce permanent blindness, the same 

effect such as conjunctivitis and inflammation of the cornea can result from 

exposure to a UV light . .--\lthough, these effects may be reversible, eventual 
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formation of cataracts may de,·elop from repeated exposure to strong doses of 

(V rays. Therefore, a pair of CV protective goggles were worn while working 

and running the experiments. :-\lso. a pair of gloves was worn while doing the 

experiments. For the near CV spectra (:320-400 nm), it has been reported 

that the total irradiance incident for unprotected eyes should not exceed 1.0 

m\\i cm-2 for a period more than 16 min and for exposure times less than 

that should not exceed 1.0 .J cm-2 [-59]. In general, for unprotected eyes and 

skin in a period of S h. the threshold limit value (TL\') of total near C\" 

exposure at :J.50 nm should not exceed 1-5 .J cm-2 [-59]. In order to avoid CV 

hazards. the photoreactor was co,·ered with a stainless steel shield. This CV 

shield also helped in the reflection of the C\" rays back to the photoreactor. 

The equipment setup was completely sealed while running the experiments. 

Samples were taken with a gas-tight syringe without any need to open the 

system. 
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Chapter 4 

NON-LINEAR PARAMETER 

ESTIMATION FOR A 

DYNAMIC MODEL 

In this chapter. a non-linear parameter estimation method for a dynamic 

model in photocatalytic reaction engineering is explained. Advantages and 

clisad\·antages of the non-linear modelling and the conventional method of 

initial rates are also explained. The results for the two methods are compared 

using published data. The method described in this chapter may be applied 

to other chemical reactions with n non-linear differential equations. However, 

the emphasis here is on the non-linear parameter estimation in photocatalysis 

processes . .-\n example with literature data is described. 
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4.1 Introduction 

As discussed earlier. heterogeneous photocatalysis on TiO 2 is a promising 

method for the degradation of organic pollutants in both water and air [5. 

,.3. 164. 212]. ~lost research has focused on single components in water. :\s 

shown in Equation (4.1). it has been documented that many photocatalytic 

reactions follow the Langmuir-Hinshelwood ( LH) form [,.j_ 160. 161. 162. 

164. 167. 168. 212]: 

dC 
-r; = -- = 

dt 

ki l\·ie; 

1 + 1\·ic 
(-L l) 

the reaction rate of the component i to be degraded. [~I s- 1J: 

the concentration of the component. i [~I]: 

the reaction rate constant. [~I s- 1 ]: 

the binding constant. [~I]. 

To estimate the parameters. it has been customary in the last decade to 

write Equation ( 4.1) in reciprocal form and then to plot the reciprocal initial 

reaction rate, ~- versus the reciprocal initial concentration. -c.1
. as shown 

r,o 10 

in Equation ( 4.2). 

( 4.2) 

where -rio - the initial reaction rate of the component i to be degraded, 

Cio = the initial concentration of the component i, [:\I]. 
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This method is called the method of initial rates [122]. To estimate the 

parameters in Equation ( 4.2) using the method of initial rates. a series of 

concentration-time runs is made using different initial conditions. Then each 

run is extrapolated back to the initial concentration to find an estimate 

for the initial reaction rate [122]. Runs having different r10 and Cio are 

tabulated. Then ~ \·ersus -c' are plotted. and using linear regression the 
rlQ ll'J 

kinetic parameters are found. Figure -L l shows an example of the initial rate 

estimations \·ersus reciprocal concentrations in the com·entional method. 

The raw data for this example which were representati\·e of the photo­

catalytic degradation of perchloroethylene ( PCE) in an annular slurry pho­

toreactor have been adopted from Turchi [21:3] .. .\lthough the conventional 

method in photocatalytic reaction data analysis may sometimes give approx­

imate point estimates of the kinetic parameters. it has significant faults. The 

faults im·oh·ed in using com·entional method are as follows: 

l. By taking the reciprocal of the LH equation. the error structure is 

distorted because of the -r"' in the denominator. The error in -r;0 is 

magnified when the \·alues of -r;0 are small. 

2. In the theory of linear regression, it is assumed that the independent 

rnriables are perfectly known [21, :39, 40]. On the other hand, in Equa­

tion ( 4.2), there is error involved in the measurement of C;0 ; in addition, 

since Cia is in the denominator, the error in -c1 is also magnified when 
,o 

C;0 is small. 
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Figure 4.1: The initial rate data plot for perchloroethylene (PCE) (raw data 
adopted from Turchi [21:3]). 
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:3. To find =1-- one has to plot C; \·ersus t for each run and then get the r,,, 

best tangential line at t=0. Obviously. this method is tedious and not 

reproducible. 

4. In the method of initial rates. little data from each run are used. This 

could cause the misinterpretation of the reaction orders or mechanisms . 

. J. The con\·entional method is only applicable for single component sys­

tems and cannot predict multicomponent mixtures. In addition. it fails 

when intermediate species are produced as their initial concentrations 

are zero. 

6. E\·en if the errors in finding initial rates are low. sometimes the reac­

tion orders. i.e., the kinetic parameters. obtained by the initial rates 

differ from those found by the analysis of a full run. Le\·enspiel [ 122] 

indicated that this is a strong indication of complex kinetics in which 

some products or intermediates influence the rate . 

. .\11 of the abm·e faults and deficiencies may be avoided by applying the 

technique of non-linear regression analysis to all the data at once. The es­

timates so obtained are reproducible and are more accurate because of the 

use of all the data . 

. .\ general procedure for the modelling of the photocatalytic destruction 

of organics is outlined in Figure 4.2. Csing this procedure, a systematic 

approach for the kinetic studies in photocatalysis can be followed. 

As the first objective of this chapter, we show that an elegant non-linear 

regression method, such as the Box-Draper method [21, 38, 181], can be 

6,5 



No 

Problem 

Design Experiments 
and 

Collect Data 

Mechanisms 

Mathematical Model 

Model Fitting 
(Statistical) 

Diagnostic Check 

Yes 

Tentatively Accept the Model 

Figure 4.2: General algorithm for studying the kinetic modeling. 
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applied to find the point estimates. The results of this method and the con­

\·entional method are compared. We further show how to design experiments 

when more than one component is involved. i.e .. a general experimental de­

sign for multicomponent systems. Finally, we discuss the effects of errors in 

measurements. 

4.2 Problem Definition 

Depending on the reaction paths. any chemical or photochemical reaction 

im·oh-es one or more differential equations. For instance. the photocatalytic 

degradation of benzene in water has at least two intermediates. phenol and 

quinone [16. 160. 161. 21:3]. Therefore. there are at least three simultaneous 

first-order ordinary differential equations in the dependent variables C 1, C2• 

and C3 where C1. C2 , and C3 are the concentrations of benzene. phenol. and 

quinone. respecti\·ely [212]. Equation (4.4) shows these differential equations 

which can be written based on the LH isotherm form as well as the following 

reaction mechanism path: 

Benzene-;. Phenol~ Quinone ~ CO2 + H20 (4.:3) 

dC1 ---
dt 

dC2 ---
dt 

dC3 --- -
dt 

1 + K1C1 + /\"2C2 + l{3C3 
k1A.1C1 - k2K2C2 

1 + K1C1 + l\·2C2 + K3C3 
k2K2C2 - k3[{3C3 
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:-\s shown in Equation ( 4.-5 ), if n species including intermediates are 

present in the course of a photocatalytic reaction. a system of n simulta­

neous first-order ordinary differential equations in the dependent variables 

C'1 • C'2 , .... and Cn describes the beha\·ior of the photocatalytic degradation 

of these species. 

cit 

( -1.-5) 

The initial conditions for these differential equations are gi\·en at a common 

point. usually initial concentrations at t=O. 

Equation (4.-5) is a standard dynamic model in photocatalysis with the 

following definitions: 

1. The independent variable t. referred to as time. 

2. The vector of unknown parameters, ~--, which is the final goal of param­

eter estimation. Also V(Q·) is the covariance matrix of the estimates 

of these parameters. 

3. A vector of dependent variables, C, are concentrations which are func­

tions oft,~, and other species concentrations. The functionalities of the 

dependent variables are defined implicitly by means of Equation ( 4 .. 5) 
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and their initial conditions. 

-L .-\ vector of obsen·ations. C, are measured experimentally in the course 

of the photocatalytic reactions at different times for different runs. The 

dynamic model is a function oft. C and g_ as shown in Equation (-t..5 ). 

4.3 Statistical Analysis 

The goal of data analysis is to obtain the best point estimates for the 

parameters in the dynamic model. Equation (-4..5 ). Since most photocat­

alytic reactions appear to obey the LH isotherm [75. 160. 161. 162, 164. 

16,. 168. 212], \\"hich is non-linear in the parameters. the dynamic models 

in photocatalysis are non-linear. Therefore. a suitable non-linear parameter 

estimation method should be used . 

. -\s mentioned in the previous section. m almost all the photocatalytic 

reaction problems that have so far been considered in the literature. observa­

tions, and thus data analyses. are made of a single unidimensional response 

or output C; with respect to time. Ho\\"e\·er, in practice. there is more than 

one component in the system and also there are some significant intermedi­

ates during the course of the reactions that should be considered. In other 

words, we should deal with a \·ector of observations implying a multivariate 

approach [:38]. 

Suppose a number of experimental runs with different initial concentra­

tions are carried out in a photocatalytic reaction and the /h run consists 

of n observations at a specific time and fixed set of initial conditions. This 
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situation is common in a multicomponent system. There are p parameters in 

the dynamic model that ha\·e to be estimated. In this case we assume that 

the error co\·ariance matrix is unknown. The general model is: 

!Li =L(X,,~:)+~ 
--..,,_,; 
i, x l 

where i = 1. 2 ..... n 

(--1.6) 

where y 
=-l 

the \·ector of observations for the dependent \·ariables at the i th 

trial: 

& the vector of values of the independent variables at the ith trial: 

£i the \·ector of errors. which is normally distributed with mean 

zero and covariance matrix 1.:.· for each i: 

v = the number of obsen·ations; 

o· the \·ector of true parameter values: 

n - the total number of data. 

Error vectors fi and fJ are independent if i I j. The underlined letters 

designate matrices or vectors. 

The Box-Draper method used [:38. 181] is a Bayesian approach. Assuming 

the uniform Jeffrey's prior, the density function for the elements of the v· is 

given by Equation ( 4. i). 

( 4.7) 
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m which v is the number of obsen·ations. 1.e .. the outputs. From Equa-

tion ( 4.6) the likelihood function is: 

( 4.8) 

By combining equations 4., and 4.8 and using Bayes· theorem (:38]. the 

joint probability density function can be written as Equation ( 4.9 ): 

D F(o-. \ ·--1 I}.) X I ,·-1 I ½!n-v-1) c.r {- ~ ~(::' ,,·-I:: )} - - - - p ·) ~ _, - _, ( 4.9) 
- i=I 

where ;_, = JL. - [(Xi. Q) is the error \·ector. 

By comparing the \\'ishart distribution [21. :JS]. the posterior probability 

density function of Q- is: 

DF(Q- i }·") X It;_,,;_~,-!} 
•=l 

(4.10) 

In order to find the point estimation for Q·, it is convenient to minimize 

the negative natural logarithm of proportionality statement ( 4.10), i.e .. the 

objective function o as shown in Equation (4.11). 

o= -ln[DF(Q-IV)] = ilnlRI 

where n~v ( 4.11) 

and 
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This simple objective function is general since in its derivation it is not 

assumed either that the parameters ~i or any of the input variables was or 

was not common to more than one output or that the expectation functions 

were linear or non-linear in the parameters [:38]. 

To minimize the objecti\·e function in Equation (-Lll ). an iterati\·e scheme 

with an initial guess ~1 is used. The general iterati\·e scheme for all methods 

is shown in Equation (-1.12): 

(-l.12) 

where Pi = the step size (scalar): 

!4 = the step direction( \·ector). 

The rnrious methods described in the literature differ only in the way of 

choosing Pi and !4· However. the final goal of all methods is that the ith step 

should be improved in such a way that: 

To soh·e the dynamic model. the .\Iarquardt method described by Bard [21. 

pages 94-9-5] was used in which 

2 -1 
!4 =-(A+ >-.JL ) q. -• (4.14) 

where d; is an approximation to the Hessian matrix defined by 

82' 0 

Hi= 80-80-= -J 

(4.1-5) 



and 

(--1.16) 

B,2 in Equation (4.14) is a diagonal matrix whose elements coincide with 

the absolute \·alues of the diagonal matrix d, in which zero elements are 

replaced by ones . .--\lso. ,\i in Equation {'-1.14) is a constant. whose sufficiently 

large \·alues make the term d, + Ai B/ positi\·e definite regardless of .-ti. The 

values of Ai were selected according to the :\Iarquardt"s suggestion [21. pages 

94-9-5]. A, was started with the \·alue of 0.01 and then it was replaced with 

the maximum \·alue between 0. lAi and t: where t: is a small positi\·e number. 

about 10-7 [21. page 9.5]. The step size p, is determined by the algorithm 

described by Bard [21. pages 112-11:3]. 

In addition. by using Equation (4.17), the gradient \·ector i is determined 

in each step [181]: 

00 ~ f' -l 
<J.., = 80 = - n L- =-, R ~ 

- i=l 

where L is the Jacobian matrix defined by 

__ ([of(& .flJt) 6- ao 
vxp d c,d element 

(4.l'i) 

(4.18) 

The elements of the Jacobian matrix are estimated by solving the sensi­

tivity equations. For a dynamic model with v observations and p parameters, 

v x p sensitivity equations must be written and solved numerically. An ex­

ample of sensitivity equations is given in Appendix A. 
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Since the second deri,·atives of the objective function are tedious to cal­

culate, especially when the number of outputs is higher. the Hessian matrix 

is estimated in each iteration by the use of a variable metric method as de­

scribed by Bard [:21] . .-\s pointed out by Bard [21]. the covariance matrix of 

the posterior distribution of the parameters is approximated by the im·erse 

of the Hessian matrix: i.e .. 

(--1.19) 

where fl..= the point estimate of the parameters found bv minimizing the 

objective function: 

H = the Hessian matrix at the minimum. 

:-\fter finding a point estimate. it is useful to draw the contours of the 

constant posterior probability. By using Equation (--1.20), the contours are 

drawn [:3,]: 

(--1.20) 

where p = the number of parameters: 

\ 2 p,o = the value of \ 2 with p degrees of freedom such that 

Pr{x\ ~ \'. \.0} = a [182]. 

A FORTRAN coded program based on the theory explained in this sec­

tion was written to obtain the point estimates for the parameters in the 

dynamic model. The algorithm for such a program is illustrated in Fig­

ure 4.3. 
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Figure 4.:3: The algorithm of the nonlinear parameter estimation of a dynamic 
model in kinetic studies. 



.-\lso. another FORTR.-\X coded program was written in order to draw the 

contours of the constant posterior probability described by Equation (-t.20 ). 

The algorithm for the contours. i.e .. joint confidence intervals of the param­

eters. is shown in Figure 4.-t. The FORTR.-\X coded program was written 

based on this algorithm to find the joint confidence intervals of -50. ,.5. and 

9.5S7c. 

Since the dynamic model described by Equation (-t .. 5) consists of n si­

multaneously coupled first order differential equations for which there is no 

analytical solution. the fourth-order Runge-I{utta method was used to find 

the vector off.. the values of the variables estimated by the model [-32]. In 

this numerical method, Gilrs constants [86] were used. 

In the next section. the results of an example of a photocatalytic reaction 

are explained. 

4.4 An Example 

Due to the lack of a complete data set for photocatalytic degradation of 

a multicomponent system in the literature. we present a simple example for 

which the data are available. The example presented here is the photocat­

alytic degradation of perchloroethylene (PCE) [213]. Literature shows that 

PCE is photocatalytically clean; that is, it proceeds without generation of 

measurable intermediates [1:38, 16:3, 211, 212]. It is also found that PCE 

follows the Langmuir-Hinshelwood form [163]. Therefore, we here deal with 

one component in the system, meaning that there is only one observation 

or output at any specific time. The raw data are taken from Turchi [213]. 
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These data consist of t\\"eh·e runs \\"ith different initial conditions that rep­

resent the photocatalytic degradation of PCE in pure \\"ater using a slurry 

photoreactor. The model deri\·ed by the reaction mechanism follows the 

Langmuir-Hinshelwood isotherm as sho\\"n in Equation ( 4.21 ). 

dC 0102C 
-r=--=---

dt 1 + 02C 
(4.21) 

m which 01 = I.: and 02 = /{ are the reaction rate constant and binding 

constant. respectively. The method of initial rates was used to find the 

kinetic parameters in Equation (4.21). The data analysis using this con\·en­

tional method sho\\"ed that the values of the parameters are 0 1 = 18., ± 21.0 

µ~Imin- 1 and 02 = 0.0092:3±0.0278 µ~I- 1
. On the other hand. Turchi [21:3] 

found that the parameters have the \·alues of 01 = :34 µ'.\I min- 1 and 02 = 
0.0086 µ~r- 1. Since Turchi used the com·entional method as we did, it is 

ob\·ious that it does not gi\·e consistent results when used by different re­

searchers and therefore should not be considered reliable. .-\s mentioned 

before. Figure -L 1 depicts the plot of =1-- \·ersus -c·', and it is ob\·ious from 
r,o 10 

R2 = 0 .. 5:3-1 that the data are poorly explained by the model. In addition. the 

plot of residuals for linear regression against the observed data in Figure -1 .. j 

shows that there is a serial correlation among the data. 

Since the residuals are not well behaved, it is concluded that the method of 

initial rates is inadequate. For comparison, the application of the non-linear 

parameter estimation described in the previous section was used employing 

all 133 data points in the analysis. Using the FORTRAN coded program, 

the parameters with 9,5% confidence limits were determined to be: 



and 

By plotting the residuals against the obsen·ed data in this method. about 

fh·e outliers were detected. i.e .. those data that ha\·e much more uncertainty 

and experimental errors .. .\fter excluding these fh·e data. and analyzing the 

remaining 128 data points. the point estimates for the parameters with 9-5% 

confidence limits are: 

01 - 2-1.9 + 1.0 p.\l min- 1 

and 

02 ( 1.01 ± 0.09) X lQ-2 
p.\f-l 

The plot of residuals for these data points is shown in Figure 4.6 . 

. .\s Figure 4.6 shows. a random scatter with no discernible pattern about 

li = 0 is seen. Therefore. the model with these parameters explains the 

experimental data very well. 

Also, the plots of concentration-time data for all runs show that the non­

linear parameter estimation describes the model more accurately than the 

method of initial rates. For instance, Figure 4. i shows the concentration­

time data for one of the runs. and it is obvious that the non-linear analysis 
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explains the experimental data better . 

.-\s mentioned before. one of the ad rnntages of the non-linear data analysis 

is that one is not required to find initial rates that are often highly inaccurate. 

In addition. data obtained through the whole course of the experimental run 

are used in this method. Thus. far better evaluation of the model in terms of 

the data is obtained. It should be emphasized that the method of initial rates 

fails for multicomponent systems. in \\"hich some of the components may be 

intermediates with zero initial concentrations. In this case. a dynamic model 

describes the beha\·ior of the reaction system and non-linear data analysis 

using all run-time data must be used. 

The joint 9-5. i-5. and -50o/c posterior probability regions of the parameters 

for both non-linear and linear models are drawn in Figures -LS and 4.9. 

respectively. 

The outside contour m Figures -LS is the 95% confidence region. By 

comparing Figures 4.S and -1.9. it is obvious that the contour area in the non­

linear model is much smaller than that in the linear model. This indicates 

that the non-linear model is much more precise. In addition, as Figure 4.9 

demonstrates. the contours of the confidence regions in the linear model are 

banana-shaped showing a \\"ide range of values for the parameters. This 

indicates the higher le\·el of uncertainty in the parameters determined by the 

conventional method. 

Using Equation (4.2), the parameters, (0102 )- 1 and (Oi)- 1 , are lumped 

together in order to make the regression. By drawing the 9.j% confidence 

region for the lumped parameters in Equation ( 4.2), one can judge the val-
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idation of the parameter estimation. Figure -1. 10 shows the 9-5o/c confidence 

region for the PCE kinetic lumped parameters. :\!so. by comparing Fig­

ures 4.8 and 4.10. it is obvious that linear regression for such data gi\·es a 

broad range of parameters. This is an indication that non-linear parameter 

estimation provides better point estimates than linear regression using the 

method of initial rates. 

4.5 Concluding Remarks 

It is customary that data analysis in photocatalytic and many other chem­

ical reactions is performed by the method of initial rates. It has been illus­

trated here that this method has serious disadrnntages especially when a 

dynamic model describes the kinetic reactions. One of the major faults in 

this method is the error inrnh·ed in finding the initial rates. given that the 

estimation of the initial rates can be highly subjective. The plot of residuals 

in the linear (initial rate) analysis confirms that there is a pattern among the 

data. which indicates a lack of constant rnriance amongst the data. :\lost 

importantly, the method of initial rates fails in the multicomponent systems. 

in which some intermediates or products are present with no initial concen­

trations. 

The method of non-linear data analysis described in this chapter addresses 

these deficiencies. It can be applied to multicomponent system including 

models in \vhich intermediate and product species are considered. It does not 

require subjective estimates of initial reaction rates for model development 

but rather utilize all available data to compute the best point estimate of the 
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parameters. The approach de\·eloped in this chapter will be used to solve 

non-linear dynamic models in Chapter .j_ 
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Chapter 5 

PHOTOCATALYTIC 

DEGRADATION OF 

TETRAHYDROFURAN, 

1,4-DIOXANE, AND THEIR 

MIXTURE 

5.1 Introduction 

In this chapter, the results of the kinetic studies of a binary system are 

presented and discussed. The results focus on the organic pollutants tetrahy­

drofuran (THF) and 1,4-dioxane (DIOX). The reaction mechanisms and ki­

netic models are presented. The kinetic models have been developed based 
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on the reaction mechanisms proposed. The reaction rate constants are esti­

mated using the experimental data and the method outlined in Chapter 4. 

5.2 Illumination Time 

For all kinetic rate determinations. the illumination time was used in the 

model equations. The illumination time is defined as the actual reaction time 

which indicates how long each element of the liquid is in the illumination zone 

of the photoreactor. Therefore. the illumination time or the actual reaction 

time can be estimated as follows: 

( 5.1) 

where lw = the illumination time or the actual reaction time. (s] or (min]: 

lrun = actual run time. (s] or (min]: 

\ R = the volume of the Illumination zone of the photoreactor. (L]: 

\;01 = total \·olume of the liquid in the photoreactor, (L]. 

In the recirculating slurry photoreactor used in this study, the illumina­

tion zone of the photoreactor was :J.8 L and the total liquid used was 7.0 L. 

l'sing Equation (5.1 ), the illumination time in this slurry photoreactor may 

be estimated as follows: 

lrn 
:J.8 L 
,.Ol(lrun) 

o .. 543 (trun) 
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Therefore. in the kinetic model equations. the illumination time (t) is calcu­

lated using Equation (.3.2). 

The slurry photoreactor used in this study (see Chapter :3) had a flow 

rate of 12.1 Lmin- 1
. Since the total liquid used in this photoreactor was 

,.0 L for each nm. the time required for a pass was 0.-38 min. This slurry 

photoreactor was a recycling differential reactor since the com·ersion per pass 

in all cases was small ( < 1 <Jc). This means that there could be no apprecia­

ble concentration gradient throughout the recycling system at any instant. 

Because of no through flow in this slurry photoreactor. this was essentially a 

batch photoreactor: and Equation( 5.1) is rnlid. 

5.3 Mass Transfer Effects in the Slurry 

Photo reactor 

In this photoreactor. mass transfer effects were minimized: therefore. the 

system was controlled only by reaction kinetics. The Damkohler number 

( Da). the ratio of the maximum possible reaction rate to the maximum pos­

sible mass transfer rate. can be used as a criteria for the influence of the 

mass transfer rate on the reaction rate [164]. This dimensionless number is 

defined as follows: 

( .j.3) 

where k = reaction rate constant, [molm-3s- 1]: 

ks = mass transfer coefficient at the liquid-solid interface, [m s-1]: 

a = specific surface area of the particles in solution, [m2 m-3]: 
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C 0 = bulk solution concentration of organic species. [mol m-3
]. 

If Da << 1. no mass transfer limitation exists and if Da » L it indicates of 

a reaction with mass transfer control. 

The mass transfer coefficient for very fine spherical particles can be esti­

mated by the following equation [160]: 

where D = diffusion coefficient, [m2 s- 1 
]: 

mp = particle concentration in the solution. [kg m-3
]; 

d.P = a,·erage particle diameter. [m]; 

PP = density of the particles. [kg m-3]. 

(-3.4) 

For example, for 1.4-dioxane. using a typical rate constant of 9.:3 µ~I min- 1 
. 

. 30 mg L- 1 initial concentration. Dnwx-H,O = 8.694 x 10-10 m 2 s- 1 (see Ap­

pendix 0), [TiO 2]=L5 g L- 1
. dp = 21 nm. and Pp = :3.8 gcm-3

. the value 

of Da is evaluated to be 2.9:3 x 10-s using Equations (-3.4) and then (.5.:3). 

This number is significantly less than 1 implying that, mass transfer is not a 

factor in this slurry photoreactor. Ollis et al. [164] estimated that the maxi­

mum typical Damkohler number for a slurry photoreactor with fine particles 

is about 2 .. j x 10-4
• Similarly, Turchi and Ollis [210] estimated that in a 

slurry photoreactor with 1 g L - 1 Degussa P25 titanium dioxide, the maxi­

mum diffusion distance of the reactant to the catalyst surface is half the mean 

particle spacing (0 .. 3 µm). Again mass transfer is not controlling in the slurry 

photoreactor. This contrasts with systems such as an immobilized tube or 
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glass beads which are frequently limited by mass transfer. For instance. in 

a coated tubular reactor of 2 mm radius. the maximum transport distance 

is 2 mm (2000 µm) which is significant in comparison to that of the slurry 

photoreactor. 

5.4 Dark Reactions and Photolysis 

To \·erify that the reactions occurring in this system were solely a result 

of photocatalysis. a run without any TiO2 and CV light was carried out. 

the so-called ··dark reaction,.. In another set of experiment. photolysis was 

examined in this particular system. The results of these experiments are 

discussed in the following. 

5.4.1 Dark Reaction 

To prove photocatalysis was the main source of disappearance in these 

experiments. the dark reaction was carried out. In this experiment. no TiO2 

was used and also CV lights were off during the run. Figure -5.1 reveals the 

results of dark reaction experiment. 

As this figure shows, there is no significant change in the concentration of 

1,4-dioxane. The slight reduction of 1.4-dioxane concentration in about .j h 

could be due to adsorption of the organic on different surfaces, experimental 

and analytical error, and the escape of some organic material into the gas 

phase. Dietz and Singley (64] also showed that the reduction of such typical 

organics in the dark reaction might be due to the slow leakage of organics 
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Figure 5.1: Dark reaction for 1,4-dioxane in the slurry photoreactor, no pho­
tocatalyst and no UV light. 
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through the photoreactor seals and the punctured Teflon septum . .-\lthough 

the Henry's constants for tetrahydrofuran and 1.4-dioxane are low due to 

their high solubilities in water (see Table 2.1 ). it is still possible that a slight 

amount of organics escape into the headspace section of the reservoir. There­

fore. it is concluded that adsorption of organics was not significant in this 

system. In another words. the disappearance of organics in the dark reaction 

was not significant in comparison to the decrease in the presence of illumi­

nation and photocatalyst. For instance as Figures -5.:3 and .j.-l will show in 

subsequent sections. 1.4-dioxane disappeared almost completely in about 1 h 

when illuminated in the presence of a photocatalyst. The disappearance time 

in photocatalytic reactions ( Figures .j_:3 and .j.4) was significantly smaller in 

comparison to the time required by the dark reaction ( Figure -5.1 ). 

5.4.2 Photolysis 

Organics can be destroyed photolytically by near [\" light if they absorb 

light in that region . .-\lthough near C\" light can in principle degrade organ­

ics. photolytic reactions do not occur to a significant extent. :\lost organics 

do not absorb FV light sufficiently in the near CV region, and therefore, in 

most cases photolytic processes do not occur significantly. 

Table .j, 1 shows the absorption spectra characteristics for the organic 

compounds used or found in this study [12.j, 126]. Although it has been 

reported that tetrahydrofuran and 1,4-dioxane can absorb CV light in the 

range of 3,j0-400 nm, their maximum absorbance at this range is only 0.005 

in comparison to their maximum absorbance of 1.000 at 212 nm for THF and 
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180 and 21-3 nm for DIOX [120. 12-3] .. .\s Table .3.1 shows. the maximum CV 

absorbance for tetrahydrofuran. 1.-l-dioxane. and -1-butyrolactone (GBL) oc­

curs at lower wavelengths which are not in the range of C\·- . .\ (:320-400 nm). 

Therefore, it is not expected that photolysis contributes to the disappearance 

of these organics. 

In this study. a photolytic experiment for 1.-1-dioxane was examined in 

the annular photoreactor while the [\. lights were on and there was no 

titanium dioxide present (see Figure .5.2) . ..\s expected. photolysis did not 

cause significant disappearance of 1.4-dioxane. Therefore, it can be concluded 

that almost all disappearance of organics in this study was solely a result of 

photocatalysis. 

Table S. l: Absorption spectra characteristics of tetrahydrofuran. 1.-1-dioxane. 
and 1 -butyrolactone. 

CHE:\IICAL X ..\:\IE Amax [nm] REFEREXCE 

Tet rahydrofuran 212 [12-3] 
(THF) 

1.4-Dioxane 180, 21.5 [12-5. 126] 
( L4-DIOX) 

-,-Bu tyrolactone 209 [126] 
(GBL) 
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5.5 Photocatalyst Optimization 

Photocatalyst optimization in the annular photoreactor was the next step 

in studying the intrinsic photocatalytic kinetics of tetrahydrofuran and 1.-1-

dioxane. The main goal of this section is to optimize the photocatalyst 

loading for the purpose of kinetic studies. Another main goal of this section 

is to compare two titanium dioxides. Degussa P2,5 and Hombikat CV 100. in 

terms of photoactivity, catalyst loadings. CV extinction. and hydrodynamic 

effects .. -\s mentioned in Section :3.1. these two photocatalysts were provided 

by Degussa Corporation and Sachtleben Chemie GmbH. in Duisburg, Ger­

many, respectively. In the following. the results for these two catalysts are 

discussed. 

5.5.1 P25 Titanium Dioxide 

The sequence of the experimental runs began with a single component 

system in order to optimize the photocatalyst loading. For the purpose of this 

phase of the study. 1.4-dioxane was chosen as an organic model compound for 

the optimization runs. To optimize P2.5 titanium dioxide, the photoreactor 

was loaded with different slurry concentrations. The system was aerated prior 

to each run to provide enough oxygen for the entire course of the reaction . 

.-\t specific time intervals, samples were taken from the reactor and analyzed 

by GC. 

Figure .5.3 depicts the time-concentration plot of photocatalytic degrada­

tion of 1,4-dioxane using Degussa P25 TiO2 in the slurry photoreactor. In 

these experiments, all conditions remained constant except the TiO 2 concen-
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trations. The initial concentration of 1.4-dioxane for all experimental runs 

was 2,.8 mg L - 1 (:316 µ:\I). Although all degradation curves are close to each 

other as depicted in Figure -5.:3. it can be demonstrated that an optimum 

catalyst loading exists. This can be done either by estimating initial rates or 

by finding reaction rate constants. The details are discussed in Section -5 .. 5.:3. 

5.5.2 Hombikat UV 100 Titanium Dioxide 

Another set of experiments was carried out using a relatively new titanium 

dioxide. called Hombikat CV 100. prm·ide<l by Sachtleben Chemie GmbH. In 

these experiments. 1.4-dioxane was also used as the organic compound model. 

For the ease of comparison. the initial concentration for all experimental runs 

was kept the same as the initial concentration in the Degussa P2.5 experiments 

(2,.8 mg L - 1 ) . .--\!so. the photoreactor was aerated prior to each run in order 

to provide ample oxygen in the system. 

Figure 5.--l reveals the concentration-time profile of a series of similar ex­

periments in which photocatalytic degradation of L4-dioxane was examined 

using Hombikat CV 100 photocatalyst. A range of 0 .. 5-, .. 5 g L - 1 of CV 100 ti­

tanium dioxide slurry was examined . .-\s depicted in Figure -5.4, at the lowest 

titanium dioxide loading, i.e., 0 .. 5 g L - 1 . the photocatalytic degradation rate 

is somewhat slower than those with higher titanium dioxide loadings. It is 

obvious from this figure that as the loading of titanium dioxide increases, the 

degradation rate is enhanced. However, the degradation curves are getting 

closer as the slurry loading increases. At the highest loading, it is difficult 

to distinguish between the photocatalytic degradation rates. The details are 
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Figure 5.:3: Photocatalytic degradation of 1 ,4-dioxane in the slurry photore­
actor with different Degussa P2-5 TiO2 photocatalyst loadings, Co.DIOX = 
27.8 mg L - 1 . The system was aerated before runs. 
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discussed in the following section. 

5.5.3 Comparison Between Degussa P25 and Hombikat 

UV 100 Titanium Dioxides 

In order to optimize the photocatalyst loading and to compare the results. 

two simple but informative methods were used to analyze the data. In the 

first method. the first order rate constant for individual runs was estimated . 

. -\!though the error involved in the first order rate estimation in some runs 

was high. this kind of analysis is still informati\·e. Figure 5.5 depicts the 

first order rate constants versus slurry loadings of the two different titanium 

dioxides. 

:\s illustrated in Figure .j_.j_ similar behaviors are seen for the two pho­

tocatalysts. :\s catalyst loading increases. the first order rate constants for 

both titanium dioxides increase. This increase reached a plateau at a loading 

of around l..j g L - 1 for Degussa P2.j and 3.0-4.0 g L - 1 for Hombikat L"V 100 

titanium dioxide. \\"hen the loading of Degussa P2.j TiO2 increased to 4.0 

g L - 1 . a decrease in the first order rate constant was observed. This obser­

vation is depicted in both Figures .j_:3 and .j_.j_ This decrease in the rate 

constant for P2-5 TiO2 at 4.0 g L -l can be explained easily by the fact that 

the light cannot penetrate inside the photoreactor zone easily due to the high 

particle loading. :\ similar result was observed with CV 100 TiO 2 at loading 

of"i.5gL- 1 . 

In the second analysis, the conventional method of initial rate for each 

individual run was estimated by the initial slope of the concentration-time 
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Figure .5.4: Photocatalytic degradation of 1,4-dioxane in the slurry photore­
actor with different UV-100 TiO2 photocatalyst loading, Co.DIOX = 27.S 
mg L - 1 . The system was aerated before runs. 
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profiles. Although ~Iehrvar et al. [l-18] showed that the method of initial 

rates had some drawbacks such as sensitivity, this method is still sufficient 

for comparative purposes. The method of initial rates was applied to these 

experimental runs and the results for both titanium dioxide photocatalysts 

are revealed in Figure .5.6. 

Similar behaviors are seen for both photocatalysts in Figure 5.6 as ob­

sen·ed in Figure -5 .. 5 .. -\.t lower loadings of titanium dioxide. Degussa P2.5 

had more activity than CV 100. However. at higher loadings of titanium 

dioxide. Hombikat [V 100 was more active. The activities of both photo­

catalysts reached a plateau at a loading of 1 .. 5 g L - 1 for Degussa P:2.5 and 

:3.0--l.0 g L - 1 for CV 100 titanium dioxide . .--\s depicted in Figures .5 .. 5 and 

.5.6. the photoactivity of C\. 100 titanium dioxide was almost twice as high 

as that of Degussa P:25 titanium dioxide. Cabrera et al. [48] also showed that 

the photoactivity of CV-100 titanium dioxide is better than that of Degussa 

P:2.5 titanium dioxide. 

The high efficiency for Hombikat CV 100 at high titanium dioxide load­

ings may be due to its higher specific surface area and therefore site avail­

ability (see Table :3.1). :\!so, higher photoactivity of CY 100 photocatalyst 

can be explained by the fact that it contains 100% anatase whereas Degussa 

P:25 contains i0% anatase and 30% rutile. 

As the loading of titanium dioxide reaches an optimal level, the efficiency 

of both photocatalysts remains constant up to a certain loading. Figures .5.:3 

and .5.4 also show that the degradation curves are getting closer. This phe­

nomenon can be explained by the hydrodynamic behavior of the slurry in the 
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photoreactor. As the loading of titanium dioxide increases, the transparent 

layer close to the walls of the photoreactor becomes narrower. i.e .. the depth 

of the light penetration decreases. This results in decreasing illuminated 

slurry volume at high TiO2 loadings. Therefore, the compensating effect of 

more surface area is no longer able to make up for rapidly reducing illumi­

nated slurry \·olume. This transparent layer will shrink by increasing the 

slurry loading up to a point that the slurry is becoming very viscous. The 

efficiency of the photocatalysts drops and therefore. the degradation rates 

dramatically decrease. At the extreme, the reaction ceases entirely. 

\Vith different photoreactor geometries, similar beha\·ior was observed 

for both photocatalysts by Lindner et al. [12,]. By estimating photonic ef­

ficiency, Lindner et al. [12,] showed that the maximum photonic efficiency 

obtained by Hombikat CV 100 was about four times higher than that of De­

gussa P2.j titanium dioxide. The same photocatalysts were used in Lindner·s 

research [12,] as in this study. 

To better understand the behavior of the system for different photocata­

lysts. a series of experiments was carried out to examine the extinction and 

transmittance of light through the photoreactor. These experiments were 

performed at a wavelength of :J.j0 nm. that being the wavelength of maxi­

mum emission from the CY lamps. Different titanium dioxide slurries were 

prepared for both photocatalysts in a .j0O-mL beaker. Immediately prior 

to the precipitation of the particles in the beaker, the samples taken from 

the beakers were analyzed using a CV spectrophotometer. Extinction and 

transmittance for different samples were measured at 3.j0 nm in a 1 cm cell 
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( Figure .j. 7). 

:-\s illustrated in Figure .j. ,. Degussa P2.j titanium dioxide absorbs almost 

all light going through the photoreactor. Therefore. the light transmittance is 

negligible. On the other hand. light extinction in Hombikat CV 100 titanium 

dioxide rises as the loading of the slurry increases. This increase in extinction 

continues to a loading of about 2.0 g L - 1. while transmittance also drops to 

zero at the same loading. 

Lewis and Rosenbluth [12:3] noted that for sufficiently small particles. the 

band structure will not be de,·eloped completely. Therefore. the continuum 

of levels is not approximated by the orbitals in any gi,·en band and therefore, 

the electronic absorption is affected by the change of energy distribution. 

Figure -5. 7 supports this theoretical phenomenon. For lower loadings of ti­

tanium dioxide ([TiO2] < 2 g L -l ). light extinction at :3.50 nm by L"V 100 

photocatalyst was significantly less than that by Degussa P2.j. 

In the case of CV 100 photocatalyst. the small particles ( < 10 nm) re­

sulted in a blue-shifted absorption spectrum and therefore, higher photocat­

alyst loading was needed in order to achie,·e higher particle size by agglom­

eration and therefore. higher light absorption . .-\ secondary agglomeration 

with 1 µm diameter particles for CV 100 is reported [127]. 

The optimum loading of Degussa P2.j was found to be l..j g L - 1 and for 

Hombikat UV 100 between 3.0-4.0 g L -l (see Figures -5.6 and .5.6). Lindner 

et al. [127] found that the optimum loading for P2-5 titanium dioxide was 0.5 

g L - 1 while for Hombikat CV 100 titanium dioxide, it was 5.0 g L - 1 . This 

discrepancy could be due to differences in reactor geometries and the model 
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compound employed. Lindner et al. [12,] used dichloroacetate (DCA) as the 

model compound. 

Figures .5.8 through .5.10 compare the photocatalytic degradation of 1 .4-

dioxane at low. high, and optimum loadings of titanium dioxide. respecti\·ely. 

At low loadings (Q .. j g L - 1 ) of titanium dioxide. the degradation rate of 1.4-

dioxane for the P2.5 photocatalyst is significantly higher than that of r\· 

100 photocatalyst(see Figure .5.8). This trend is re\·ersed at higher loadings 

(--LO g L - 1 ) of titanium dioxide (see Figure 5.9) in which the degradation 

rate of 1.4-dioxane is higher with Hombikat CV 100 photocatalyst than with 

Degussa P25 titanium dioxide. Figure .5.10 shows that at optimum loading 

for both photocatalysts. the degradation rate for Hombikat L.\. 100 seems 

slightly higher than that of Degussa P2.5 titanium dioxide. 

5.6 Experimental Procedures for the Kinetic 

Studies 

The kinetic studies began with single component runs (either tetrahydro­

furan or 1.-l-dioxane) followed by their mixture. The optimum loading of 

Degussa P2.5 titanium dioxide ( 1..5 g L - 1) found in Section .5 .. 5 was used in 

both single and binary system experiments. For all trials, a slurry of titanium 

dioxide was made based on the procedure explained in Chapter 3. 
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5.7 Reaction Mechanisms for the 

Photocatalytic Degradation of 

THF and DIOX 

In this section. the reaction mechanisms for the photocatalytic degrada­

tion of tetrahydrofuran and 1 ,-1-dioxane are proposed based on analyses from 

experimental trials and basic principles of photocatalysis. l' sing experimen­

tal data and the reaction mechanisms proposed in this section. the kinetic 

models are developed. 

5.7.1 Photocatalytic Reaction Mechanisms for THF 

The intermediates produced during the photocatalytic degradation of 

tetrahydrofuran are speculated based on analyses from experimental runs. 

The photocatalytic reaction of tetrahydrofuran along different reaction path­

ways is proposed. 

5.7.1.1 GC/MS Results for THF Degradation 

Different samples were taken during the experimental trials and stored in 

-5-mL vials for the purpose of GC / :\IS analyses ( see details in Chapter 3). 

Since the samples contained more than 99.9% water, it was impossible 

to inject the samples directly for GC/:\IS analyses. .\Iethods of extraction, 

such as liquid-liquid solvent extraction using hexane, failed due to low or­

ganic concentrations as well as high solubilities of the compounds of interest. 
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.-.\!though the pH and ionic strength of the solvent extraction was adjusted 

using HCI and KCL this method still failed. 

The viability of Solid Phase .\IicroExtraction (SP~IE) was investigated 

in which the proper fiber was chosen to detect different organics that may 

be present in the samples (see Chapter :3 for details). This method was 

\·erified by analyzing known organic solutions such as tetrahydrofuran and 

1,4-dioxane. Samples from different runs at different times were analyzed 

and the results obtained were \·ery consistent and reproducible . .-.\s presented 

before [1.51. 1-50]. the intermediates in the photocatalytic degradation of THF 

detected by GC/.\IS and ion chromatography are summarized in Table .5.2 . 

. -\ few intermediates that ha\·e not been detected but are belie,·ed to exist are 

also listed. Figure .5.11 depicts the molecular structures of tetrahydrofuran 

and all of possible intermediates. 

5.7.1.2 Ion Chron1atography Results for THF Degradation 

Recall in Reaction (2.12) of Chapter 2 that organic acids are important 

intermediates produced during photocatalytic reactions. Therefore, identifi­

cation of these intermediates helps to achieve a better understanding of the 

mechanism of the photocatalysis processes. 

In this section, the results of the ion chromatography (IC) analyses for 

the photocatalytic degradation of tetrahydrofuran are discussed. The basic 

principles of ion chromatography were explained in Chapter 3. Based on these 

results, organic acid intermediates during the photocatalytic degradation of 

THF are deduced. 
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Table -5.2: Possible intermediates for the photocatalytic degradation of tetrahy­
drofuran. 

L\TER~IEDIATE DETECTIO:\" 
~IETHOD 

2(:3H)-Furanone. dihydro- GC'j:\IS 
(-;-Butyrolactone) 

Succinic acid GC/~IS 

. .\cet ic acid 

I 
GC/~IS & IC 

! 
Formic acid 

I 

I IC 
! 

J-Hydroxybutyric acid IC 

Glycolic acid IC 

2-Hydroxytet rahydrofuran 'Xot Detected 

D ihydro--5-hydroxy-2( :3 H )-furanone X ot Detected 

4-Oxobutanoic acid :\" ot Detected 

1 Chemical Abstract Service '>.umber 
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GC/~IS 
CAS Xo. 1 PROB.--\-

BILITY 
(9c) 

96--18-0 90 

110-1-5-6 ,8 

64-19-, 80 

6-l-18-6 '>./A 

62-5- ,l-8 "X/A 

,9-14-1 '>./.--\ 

-53,1--52-8 N/A 

-50,68-69-9 N/.--\ 

692-29--5 N/A 
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Figure .5.11: ~folecular structures of tetrahydrofuran and its possible inter­
mediates in the photocatalysis of tetrahydrofuran. 
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The ion chromatography analysis was based on the method de,·eloped by 

Peldszus et al. [1,2]. According to this method some carboxylic acids, in­

cluding hydroxy- or oxo- substituted acids. such as 3-hydroxybutyric, acetic. 

glycolic. butyric. formic. a-ketobutyric. and pyruvic acid could be identified 

e,·en at low µg L - 1 concentrations .. -\!though not all of these organic acids 

are expected in our case study. this method is capable of identifying the 

compounds of interest. 

.-\. standard solution of the se,·en organic acids mentioned above. each at 

a concentration of -50 pg L - 1
. was made. Tap water was used in preparing 

the standard solution. Figure .j_ 12 depicts the standard IC chromatograph 

for the organic acids . .\"ote that some inorganic salts of the most common 

anions were added. 

Figure .j_ 1:3 shows the results of a sample taken from one of the THF runs 

with an initial THF concentration of 1.2-5 m.\I. The sample was withdrawn 

from the photoreactor at 940 min actual run time ( 510.:3 min illumination 

time). .-\.11 of the parent compound. THF, and some of its intermediates. 

especially GBL. had disappeared by this time. However. formic acid is one of 

the major organic acids detected in the sample. The first peak in Figure .5.I:3 

is postulated to be acetic acid which is another major organic acid detected in 

the THF sample using GC/.\IS analysis method. Acetic acid in the standard 

chromatograph in Figure .j.12 eluted at a retention time of about 11 min 

while formic acid eluted at l,j min. The slight differences in retention times 

of the same organic acids in the standard versus the sample may be due to 

differences in ionic strength and the type of water employed. The water used 
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Figure .j.12: Typical Ion Chromatogram of standard solution containing or­
ganic acids at .jQ µg L - 1 concentration in tap water; superscripts indicate 
coelution: 1. with lactate and glycerate. 2. with propionate. :J. with 
oxalacetate. 
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Figure 5.1:J: Typical Ion Chromatogram of sample taken from photocatalytic 
reaction of tetrahydrofuran. 
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for the standard was tap water whereas filtered deionized water was utilized 

in the experimental runs from which samples were taken. 

By comparing Figures -3.12 and 5. 1:3_ the difference in the peak shapes 

indicates that the amount of acetic acid and formic acid present in the sam­

ple was in the range of mg L - 1. Acetic acid was also detected by GC /:\IS. 

Since the first peak in Figure .j_ 1:3 is broad. other organic acids such as J­

hydroxybutyric acid and glycolic acid may coelute with acetic acid. There­

fore. these two organic acids. J-hydroxybutyric acid and glycolic acid. might 

also be considered as THF intermediates. 

5.7.1.3 THF Reaction Mechanisms 

Identification of the intermediates in the photocatalytic degradation of 

THF leads us to propose a degradation pathway. Referring to the general 

pattern of the photocatalysis processes. Equation (2.12). a photocatalysis 

process may produce aldehydes. alcohols, carboxylic acids. and other hydrox­

ylated compound intermediates. These. in turn. are attacked by hydroxyl or 

other active radicals. The hypothetical reaction pathways for the photocat­

alytic degradation of tetrahydrofuran are depicted in Figure -5.14. 

In this mechanism, tetrahydrofuran is readily oxygenated to 1 -butyro­

lactone. A 1-Butyrolactone, in turn. is attacked by a hydroxyl radical, •OH, 

produced during the illumination of the titanium dioxide. Succinic acid and 

other organic acids such as formic and acetic acids are produced during the 

process, which are then eventually converted to CO2. The details of the 

reaction mechanisms are discussed below: 
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Tetrahydrofuran y-Butyrolactone 

[Detected] 
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0 
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Formic acid 
[Detected] 

HO~O 

Dihydro-5-hydroxy-2(3H)-furanone 
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II II 
0 0 

Succinic acid 
[Detected) 

Figure .J.14: Proposed reaction mechanism for the photocatalytic degrada­
tion of tetrahydrofuran. 
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Turchi [:21:3] summarized the general reactions occurring m all photo­

catalysis processes (see Reactions (.5.5) through (.5.li)). Any photocatalysis 

process has four major steps. In the excitation step. illumination of the pho­

tocatalyst with an energy bandgap greater than the semiconductor bandgap. 

causes separation of electrons resulting in the production of holes ( Reac­

tion (.5.5)). During the adsorption process (see Reactions (5.6)-(.5.9)L water 

is adsorbed onto the catalyst surface and after ionization. produces hydroxyl 

radicals. These hydroxyl radicals can migrate in the vicinity of the photocat­

alyst surface into the bulk phase in the form of an equilibrium reaction. as 

shown in Reaction (.5.9). At this stage. organic compounds are also adsorbed 

onto the photocatalyst surface. Organic species are attacked by hydroxyl 

radicals either on the surface or in the bulk phase. One of the disadvantages 

of the photocatalysis process is its low efficiency due to the recombination 

of the separated electrons and holes as depicted in Reaction (.5.10). In the 

trapping step, H2 0 which is also adsorbed may become oxidized by a hole. 

h+. to produce more hydroxyl radicals. Other radical reactions which are 

also possible are listed in Reactions (.5.15)-(.5.li). 

Excitation 
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(.5.6) 

(.5.i) 

( .5.8) 

( .5.9) 

(.5.10) 

(.5.11) 

(.5.12) 



(.5.14) 

Other radical reactions 

(-5.1-5) 

(.5.16) 

Potential reaction mechanisms for the degradation of tetrahydrofuran are 

shown in Reactions (.5.18) through (-5.:32). Since reaction mechanisms in 

photocatalysis are very complicated, each proposed reaction mechanism in 

the following may be involved in different intermediate pathways. As a result, 

only the global reaction mechanism in each step is considered. For example. 

the production of 1 -butyrolactone (GBL) may have several extra steps as 

shown in Figure -5. l.:i. 

After adsorption of THF onto the catalyst surface (Reaction (-5.18)), it 
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Figure :3.1.5: Details of the tetrahydrofuran oxidation by hydroxyl radical 
attack. 

is oxygenated through an adsorbed oxygen. Tin:_o;-. as shown in Reac­

tion (5.19). During this reaction. ;-butyrolactone is produced as the most 

significant and measurable intermediate .. -\dsorbed GBL. in turn. must re­

\·ersibly desorb and migrate into the bulk phase (see Reaction (.5.20)). The 

detection and. therefore. the measurement of GBL is possible due to its 

desorption into the liquid bulk phase. Since plentiful hydroxyl radicals are 

produced during the process. most probably all organic species get attacked 

by hydroxyl radicals either on the surface of the photocatalyst or in the 

liquid bulk phase. Hence, adsorbed GBL can react with •OH to produce 

.5-hydroxy-2(3H)furanone. dihydro- (see Reactions (5.21) through (.5.24)). 

Alternatively, hydroxyl radicals can attack THF resulting in the formation 

of 2-hydroxytetrahydrofuran although this species was not detected in this 

study. Dihydro--5-hydroxy-2(3H)-furanone may also be produced through 

1.-,-_.J 



oxygenation of 2-hydroxytetrahydrofuran as shown in Reaction (-5.26). This 

intermediate can also desorb into the liquid phase. Dihydro--5-hydroxy-2( :3H )­

furanone is unstable whereby the ring opens to produce 4-oxobutanoic acid as 

another intermediate (see Reaction (.5.28)). -1-Oxobutanoic acid is attacked 

by another hydroxyl radical resulting in the formation of succinic acid. This 

organic acid was detected in the samples by GC /~IS. Succinic acid may des­

orb into the bulk phase and convert to formic acid (see Reactions (-5.:30) 

and (-5.:31) ). The general reaction in which succinic acid breaks down into 

smaller C fragments is depicted in Reaction ( .5.:32). 

+ Site (-5.18) 

(-5.19) 

Site (5.20) 

126 



T ·n· + l 

CN tds + L~pJ ads 

Cu.~0-0~Po) ads 

Lo,~o-o~Po) ads 

2 

CHuJads 
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(5.24) 



(Q) + •oH 
ads 

(°" ) + TiH:.._a•- --r ( 17 ) 
OH ads 

2 

OHA..0o ads 

l7 ' Site 
oH~0o' 

ads 
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(.5.28) 



+ 

ads 

+ Hi.O 

ads 

ads 
(.5.:30) 

(.5.31) 
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Smaller C Fragments + 

(- ·3•)) .) .. -

5.7.1.4 THF Rate Equations 

Based on the reaction mechanisms proposed in Section -3. i.1.:3. the rate 

equations for the photocatalytic degradation of tetrahydrofuran in water were 

de,·eloped. 

From Reactions (.3.19) and (.3.2,3). the rate of disappearance of adsorbed 

THF may be written as: 

d[TflF]ads [ ] [ ·[\' •- [• ][ _ .. 
- di =f..·5.l9+asTflFadsT! !...02 J +k5.2r,U 5 OH THF]ads (.J .. 3.3) 

Assuming that Reactions (.3.1:3). (.3.14), and (.3.18) quickly approach equi­

librium, the following equations can be derived: 

( .j.34) 
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( ,5_;3,5) 

(.5.:36) 

By substituting Equation (-5.:3-1) into Equation ( .5.:3-5) and considering that 

[e-J = [h+]. the concentration of the titanium dioxide radical.[Tin..:..o;-J. is 

simplified as follows: 

(.5.:3'i) 

By combining Equations (.5.:3:3). (.5.:36), and (.5.:3,). the following reaction 

rate for THF may be deri\'ed. 

d[T fl F] 
dt 

(.5.:38) 

The pH throughout all experimental runs was monitored and found to be 

-1±0.-5. The pH did not change significantly during any experiments. Consid­

ering the low pH range for the runs, Reaction (-5.12) is more likely to proceed 

than Reaction (5.11) under these conditions. Csing this assumption and by 

applying steady state approximation method for the •OH concentration at 

low pH, the following rate equation can be derived: 
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ok5.12+ [T/\..: ... H2O] [h+]as - /.:5_12- as [Tiff1•OH] [H+] 

-k5_25as[•OH][THF]ads -k5_21as [•OH][GBL]ads 
n 

- L k1 [•QH][R1,<1ds]as ~ 0 (-3.:39) 
1=3 

where j = the other components which are attacked by hydroxyl radicals: in 

this case j =/= THF & GBL; 

n = the total number of different organic species present in the system: 

a = the proportionality constant: 

as = particle surface area, [m2]. 

GC analyses revealed that the concentrations of certain intermediates 

were either not measurable or present at very low concentration le\·els. There­

fore, the last term in Equation (.3.:39). which is related to the other interme­

diates with relatively low concentrations, can be assumed to be negligible . 

. -\s shown by other researchers [212, 21:3], hole trapping is the most prob­

able source of hydroxyl radical generation. Therefore, Reactions (5.12+) 

and (.3.9-) together are the possible mechanisms for producing the hydroxyl 

radicals. Reaction (.j.9) will be used to determine the adsorption constant as 

follows: 

(-5.40) 

As pH does not fluctuate during the course of the reaction, [H+] can 
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be assumed to be constant. The [Tin.:..H20] is the surface concentration of 

bound H20 at low pH and is assumed to remain relatively constant. 

By considering these assumptions and substituting Equation (.5.40) into 

Equation ( .5.:39). the hydroxyl radical concentration is simplified as follows: 

where 1.:;_ 12 _ = k5.12_ lo-pH: 

1.:;_ 12+ = k5.12+[Tin.:..H2O]. 

Similarly using the steady state approximation. the hole concentration. 

[h+j. at high photon flux can be simplified as follows: 

where I = ~Iolar photon flux. [Einstein m-2 s- 1]: 

vP = Particle volume. [m3]: 

(5.42) 

ac = Titanium dioxide particle area normal to illumination, [m2]. 

The kinetic rate equation for GBL can be written as follows: 

By substituting Equations (-5.41) and (.5.42) into Equations (.5.38) and 

(.5.43), the final dynamic model for THF considering GBL as its major kinetic 
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intermediate is as follows: 

d[THF] 
kapp[T HF] + 

krHFl\.THF[T HF] 
dt 1 + I<rHF[T HF]+ l\·cadGBL] 

(5.44) 

d[GBL] 
kapp[T HF] 

kcaLI<caL[GBL] 
- -

dt 1 + l\.THF[T HF]+ l\·cadGB L] 

where: 

( ) 

1/2 

l..,·app • • -IV k5_5[ llc ( _5.4.5) - k5_19+/\5_13/\5_1-ta.,[T1 ](02] k 
5.lOVp 

k1 (k:;:;foc)l/2 a· a 
krHF 

5.12+ ., k510 vp 
(.5.46) -

1\·5_1s [Site] 

( ) 

1/2 

kcaL k
l k5_5[ ac 

(-5.4,) - a 5 1'1+ a., k • ~ . V 
5.10 p 

[\.THF 
k5_25/\·5_ 1s[ Si le] 

(-5.48) 
kl [,. [T. IV] ·5.12- \5_9 l 

l\"caL 
k5_2i[Site] 

(-5.49) -
k~_12-l\·5_9 [\·5_20(TiH'] 

Equations (.5.44) together construct a simplified dynamic model of the 

kinetic rate equations for the photocatalytic degradation of THF in water. 

These two equations must be solved simultaneously in order to estimate the 
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parameters. .-\pplying experimental data for different trials and using the 

statistical method outlined in Chapter 4. the best point estimate kinetic 

parameters in the dynamic model for THF may be computed. 

Although, the kinetic rate equations were derived on the assumption that 

adsorbed organic compounds react with the hydroxyl radicals in the bulk 

phase, similar results may be obtained if other cases in Section 2.:3.4 are 

considered. In these cases. the parameters may differ slightly. 

In comparison to the LH model described in Equation (2.18). it can be 

seen that Equations (-5.-14) has one extra term. Although the model is LH. a 

first order term for THF has been obtained in the deri,·ation of these equa­

tions. Depending on the nature of the compounds and their reaction path­

ways. the LH model may be modified. In this case since THF is oxygenated 

through the adsorbed oxygen to produce GBL this extra term appears. This 

means that the disappearance of THF is either a consequence of the attack by 

hydroxyl radicals (Reaction (.5.2-5)) or due to oxidation of THF by adsorbed 

oxygen (Reaction (.5.19)). On the other hand. Turchi (21:3] in his derivations 

assumed that the disappearance of organics is solely due to hydroxyl radi­

cal attacks. Experimental results also support the validity of the proposed 

model for the photocatalytic degradation of tetrahydrofuran as well as the 

mixture of THF and DIOX. 

5. 7.2 Photocatalytic Reaction Mechanisms for DIOX 

Intermediates found during the photocatalytic destruction of 1,4-dioxane 

are presented in this section. Reaction mechanisms and pathways are pro-
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posed based on these observations. As with THF. t\YO analytical methods. 

GC (\IS and IC. were performed in order to identify D IOX intermediates. 

5. 7.2.1 GC/MS Results for DIOX Degradation 

GC (\IS analyses for DIOX were performed similar to those done for THF 

analyses .. -\s presented before [1.51. 150], Table 5.:3 summarizes the results 

of possible intermediates identified for DIOX by both analytical procedures. 

The molecular structure of 1.4-dioxane and all of its possible intermediates 

are illustrated in Figure -5.16. 

1.2-Ethanediol. diformate (EDD) was one of the significant intermediates 

detected in the photocatalytic mineralization of DIOX. This intermediate was 

also found as the significant intermediate of 1.-1-dioxane by two other research 

groups. whose papers were published recently [10-1, 1-1,]. Howe\·er. its peak 

area ratio and hence. its concentration in all runs was low in comparison to 

the parent compound. 1,2-Ethanediol. diformate was needed to calibrate the 

GC. Cnfortunately this compound was not a\·ailable through different sup­

pliers in ~orth America, making GC calibration impossible. Acetic acid was 

another DIOX intermediate found through both GC /::-..IS and IC analyses. 

5.7.2.2 Ion Chromatography Results for DIOX Degradation 

Similar to IC analyses for THF, DIOX samples taken during the run '"·ere 

analyzed. Figure .5.1, depicts a typical IC analysis for a DIOX sample. The 

water used in the experimental runs for DIOX was filtered deionized water 

(FD\V) whereas the standard solution employed was tap water. Therefore, 
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Table 5.:3: Possible intermediates for the photocatalytic degradation of 1.-l­
dioxane. 

GC/~IS 
IXTER~IEDI.-\TE DETECTIOX C.-\S Xo. 1 PROB.-\-

~IETHOD BILIT't" 
( S7c ) 

1.2-Ethanediol. diformate GC/~IS 629-15-2 s:3 

.-\cetic acid GC/~IS & IC 6-l-19-i iS 

Formic acid IC 64-18-6 XI.-\ 

3-Hydroxybutyric acid IC 62.5-il-8 X/ .-\ 

Glycolic acid IC ,9-14-1 X/ .-\ 

1 A-Dioxane-2.3-diol X ot Detected 4845-,50-,5 X/A 
(2,3-dihydroxy-l ,4-dioxane) 

[1,2-Ethanediylbis( oxy ))bis[methanol) X ot Detected 3-586-.5-5-8 N/A 

1 Chemical Abstract Service Xumber 
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1.4-Dioxane 

[1.2-Ethanediylbis( oxy) Jbis[methanol} 
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H-~-OH 

Formic acid 

J-Hydroxybutyric acid 

2.:3-Dihydroxy-1.--1-dioxane 

Acetic acid 

HOCH2 COOH 

Glycolic acid 

Figure .j.16: ~lolecular structures of 1 A-dioxane and its possible intermedi­
ates in photocatalytic DIOX degradation. 
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slight differences in the retention times bet\\·een the two IC chromatograms 

may be present. Comparing Figure .5.12 to Figure .5.1,. the broad peak for 

formic acid suggests that it is present in the sample in the mg L -l level. 

Therefore. it is one of the significant intermediates produced during the pho­

tocatalytic destruction of DIOX . .\Ioreover. other organic acids such as acetic. 

glycolic. and J-hydroxybutyric acids are also detected as intermediates. By 

comparing Figures .5.12 and .5.1,. it was concluded that the concentrations 

of acetic. glycolic. and J-hydroxybutyric acids are in the µg L - 1 range. 

5.7.2.3 DIOX Reaction Mechanisms 

Applying the identified intermediates in the photocatalytic degradation 

of DIOX. a hypothetical pathway for its mineralization may be proposed. 

Equations (-5 .. 5) through (.5.1,) in Section .5.,.1.:3 represent the general re­

actions in photocatalysis processes. Recalling the general pattern of photo­

catalytic reactions in Equation (2.12), the hypothetical reaction pathway for 

the photocatalytic degradation of 1.-1-<lioxane is depicted in Figure .5.18. It is 

assumed that 1.4-dioxane com·erts to hydroxylated 1,4-dioxane causing the 

ring to open. Some organic acids are produced which ultimately convert to 

CO 2 , the final product of photocatalysis. 

Similar to reaction mechanism pathways for THF, only global reactions 

are considered in order to model the photocatalytic degradation of 1,4-

dioxane. Each global reaction may have different intermediate pathways. 

The details of the reaction mechanisms for the photocatalytic destruction of 

1,4-dioxane can be summarized as follows: 
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Figure .5.17: Typical Ion Chromatogram of 1,4-dioxane sample in the photo­
catalysis reaction. 
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Figure .5.18: Proposed reaction mechanism for the photocatalytic degrada­
tion of 1,4-dioxane. 
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1.4-Dioxane adsorbs onto the surface of the photocatalyst as shown in 

Reaction ( .j)50). Hydroxyl radicals attack 1.4-dioxane producing the inter­

mediate. 1.4-dioxane-2,3-diol (see Reaction ( .j .. jl) ). This intermediate was 

not detected in the analyses. There is a possibility that some intermediates 

are tightly bound to the photocatalyst or their concentration in the solu­

tion are below the extraction limit of SP.\IE. Another possibility is that the 

SP.\IE fiber was unable to pick up particular intermediates. Also. the intrin­

sic reaction rate constants for some of the intermediates might be too high 

that their detection was impossible . 

. -\lternatively, there is a possibility that l.4-dioxane-2.:3-diol ring opens 

as shown in Reaction (.3 .. 32). This would produce the intermediate. 1.2-

ethanedioL diformate (see Reaction (.j .. j:3)). which was detected by GC/.\1S. 

Then 1,2-ethanediol. diformate either desorbs into the bulk phase or converts 

to formic acid (Reactions (.j .. 34) and (.j_.j.j)). It is also possible that hydroxyl 

radicals attack 1.2-ethanediol. diformate thereby converting it to smaller C 

fragments. These smaller C fragments eventually lead to the final product 

of photocatalysis. CO2 . as revealed in Reaction (.j .. j6). 
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--+ (H-~-OH) --+ CO2 
ads 

ads 
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ads 
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(.j.56) 
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5. 7.2.4 DIOX Rate Equations 

The dynamic model for the photocatalytic degradation of 1.--l-dioxane 

m water was de,·eloped similar to the approach taken for THF (see Sec­

tion .j. i.2.:3). Since the DIOX intermediate was unavailable for GC calibra­

tion. the dynamic model of DIOX has an extra parameter. the calibration 

constant for 1.2-ethanediol. di formate (EDD). 

1.-l-Oioxane disappearance in the system is due to hydroxyl radical at­

tacks. Therefore, the rate equation for 1.-l-dioxane is: 

_ d[DIOX]ad.s = I..·-_ [•OH][DIO \'] dt :,.;,las • ad.s 

. .\ssuming the concentrations of all other intermediates in the photocat­

alytic degradation of L-l-dioxane except 1.2-ethanediol. diformate are negli­

gible. the concentration of the hydroxyl radicals is: 

where k;_ 12_ = k5 _12_10-pH: 

k;_ 12+ = ks.12+[Tin.:..H20]: 

kEDD.•OH = rate constant in reaction EDD with •OH. 

Assuming that Reaction (.j .. 50) is in equilibrium, we have: 

[D/OX]ads - l<s.so[Site][DIOX] 
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By writing a similar rate equation for EDD and substituting Equations (.3..::i8) 

and (5.59) into Equation (5 .. 37). the dynamic model for the photocatalytic 

degradation of 1,4-dioxane obtained is as follows: 

in which: 

d[DIOX] 
dt 

d[EDD] 
dt 

kDwx KDrox [DIOX] 
1 + l\'Dwx[DIOX] + l<EDD[EDD] 

l,:Dwx l\'Diox[DIOX] - l..·EDDA.EDD[E DD] 
1 + f{Drox[DIOX] + l\..EDD[EDD] 

kDrox -
A·5.5o[ Site] 

o.k' a ~ ( 
. ) 1/2 

5.12+ s k5 _10 ,.,P 

[\. EDD.ads [Site] 

k5_51 [{5_50[ Site] 
k l r.. [T 'ff] ·5.12- 1\5.9 I 

and l\
0

£DD,ads is the EDD binding constant. 

(.3.60) 

(.3.61) 

( .3.62) 

( .3.64) 

It is obvious from Equation (5.60) that DIOX degradation follows the LH 

form; and unlike THF, it does not include an extra term in its dynamic model. 

As mentioned earlier, this is due to the hypothesis that DIOX disappears only 

through hydroxyl radicals attack. 
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Since 1.2-ethanediol. diformate (EDD) was unavailable to calibrate the 

GC. its concentration may be expressed in terms of a GC peak area ratio 

which was experimentally measured during the trials. Hence: 

[£ DD] = T/EDDAr.EDD (5.65) 

where 'lEDD = calibration constant for EDD; 

Ar.EDD = GC peak area ratio for EDD. 

By substituting Equation (.5.6-5) into Equation (.5.60). the dynamic model 

for 1 A-dioxane can be obtained: 

d[DIOX] 

dt 

cf Ar.EDD 
dt 

in which: 

(5.66) 

kvwx [\.DIO.dDIOX] - kEDDl\}:oDAr.EDD 

1 + h'owx[DIOX] + l\}:DD.--lr.EDD 

(-5.67) 

The parameters in this dynamic model will be estimated statistically in 

the following sections using the experimental data. 
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5.8 Biodegradability of Intermediates 

Photocatalysis has been well known in degrading many organics. How­

ever. during this process some intermediates such as carboxylic acids are 

produced whose photocatalytic degradation rates are usually slow. In cases 

where the concentrations of these intermediates are low (µg L - 1 level). they 

might be accepted if they are below detection limits. Howe\·er. if their con­

centrations are significant. these intermediates must be degraded. One pos­

sibility for degradation of these organics is the combined photocatalysis and 

biological treatment [19.5] . 

.-\lthough biological degradation data are not a\·ailable for all intermedi­

ates. published data shows that some of the intermediates produced during 

the photocatalytic degradation of THF and DIOX are biologically degrad­

able. 

Elkins et al. [66] showed that acetic acid was biologically degradable by 

acti\·ated sludge. With original concentration of 500 mg L - 1 . it could be 

degraded to about .50% of theoretical oxidation by phenol acclimated sludge 

after 12 h aeration .. .\!so. literature shows that acetic acid degraded by more 

than 90% using an acti\·ated sludge inoculum [108, 1:32, 217]. Ludzack [131] 

demonstrated that formic acid is also biologically degradable using activated 

sludge. The concentrations after 6. 12, and 24 h dropped to 28.3, 4-5.4. and 

70.0% of theoretical oxygen demand. respecti\·ely. Similarly, :'.\Ialaney [1:34] 

showed that succinic acid was also biologically degradable using activated 

sludge. It was shown that its concentration decreased to 11.2, 27 .2, and 

42.2% of theoretical oxygen demand after 6, 12, and 24 h, respectively. 
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5.9 Photocatalytic Degradation of Tetrahy­

drofuran 

The experimental results for the photocatalytic degradation of tetrahy­

drofuran in the single component system are presented in this section. Also. 

the kinetic parameters for different models are estimated and compared. 

Figure .5.19 depicts the dissolved oxygen concentration profiles during the 

photocatalytic degradation of THF. In the initial part of the reaction. the DO 

concentration decreased dramatically and then it remained almost constant 

for the remainder of the experiment. Based on the reaction mechanisms dis­

cussed in Section -5. 'i. 1.:3. THF was oxygenated to produce :-butyrolactone . 

. -\lso. some of the oxygen was consumed to sca,·enge electrons in the conduc­

tion band of the semiconductor particles . 

. -\!though a few THF intermediates were obsen·ed m the GC analyses. 

there was only one significant and quantifiable intermediate during the pro­

cess. 1 -Butyrolactone was the only significant intermediate which could be 

integrated reliably with good reproducibility using GC analysis. Howe,·er as 

discussed in Section -5.'i.L:3. there were a few other intermediates such as suc­

cinic acid, acetic acid, formic acid, J-hydroxybutyric acid, and glycolic acid 

which were detected. Although some of these intermediates did not appear 

in the GC analyses, it is possible that their levels were below detection limits. 

For this reason, it was assumed that the last term in Equation (-5.:39) related 

to the intermediates was negligible and these intermediates were not taken 

into account for the modelling purposes. :\Ioreover, it was also assumed that 
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there \\"ere fe\\" undetected intermediates such as 2-hydroxytetrahydrofuran. 

dihydro--5-hydroxy-2(:3H)-furanone. and 4-oxobutanoic acid in the photocat­

alytic destruction of THF. 

To find the parameters in Equations (-3.44), a set of experimental trials 

with different initial concentrations for THF degradation was carried out. 

All of the experimental data \\"ere used to solve the dynamic models. The 

method of Box-Draper explained in Chapter 4 was applied to estimate the 

parameters. Table 5.-1 lists the parameter rnlues estimated for the dynamic 

model in Equations (-5.-14). 

Table -5.4: THF kinetic parameters in dynamic model Equations (-5.44). 

CO:\IPOCXD PARA:\IETERS WITH 9-5o/c 
COXFIDEXCE LEVELS 

kapp = (1.71 ± 0.08) X 10-2 [min- 1] 

Tetrahydrofuran krHF = -5.24 ± o .. 31 [µ.\I min- 1] 

l\.THF = (:3.16 ± 0.1:3) X 10-2 [µ}I-I] 

kcaL = 1.67 ± 0.30 [µ.\I min-1] 

1-B u tyrolactone 

I<caL = (3.3 ± 1.4) X 10-2 [µ:VI-I] 
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Figure -5.20 shows a typical result for one of the runs in which tetrahy­

drofuran followed the modified LH form in Equations (-5.44). The modified 

LH form described the experimental data for THF and its significant inter­

mediate. GBL. well. 

To compare the LH and its modified form, the LH model was applied 

to the experimental data. Equation 5.68 describes a simplified LH model in 

which no intermediates are considered in the photocatalytic degradation of 

component i (where i = TH F). 

dC; k;l\·;C; 
-r;=--= 

dt 1 + 1\·ic 

where -ri = the reaction rate of the component i to be degraded. (:\I s-1]; 

C; = the concentration of the component i, (M]; 

k; the reaction rate constant. (:\I s-1]: 

[\·; the binding constant. [:\C-1]. 

Equation (.5.68) was applied to the THF experimental data and the pa­

rameters were estimated. Table .5 .. 5 shows the results of the estimated param­

eters for THF degradation in LH model neglecting intermediate im·olvement. 

For comparison, the conventional LH model considering one intermediate in 

the model as shown in Equation (.5.69) was also applied to the THF exper­

imental data. The estimated parameters are summarized in Table .5.6. In 

the derivation of Equations (.5.69), it has been assumed that THF degra­

dation occurs only via hydroxyl radical attacks while in the development 

of the modified LH model in Equations (5.44), it had been assumed that 
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THF disappearance proceeded via both hydroxyl radical attacks and direct 

oxidation. 

dCTHF 
-rTHF = -

dt 

rcBL 
dCcBL 

dt 
krHFl\.THFCTHF - kcBLA·cBLCcBL 

I+ [\"THFCTHF + l\0

GBLCGBL 

(-5.69) 

Table -5 .. 5: THF kinetic parameters considering no intermediates in the LH 
model Equations (-5.68). 

CO:\IPOC~D PARA:\IETERS \VITH 9-5% 
CO\"FIDEXCE LEVELS 

kTHF = I:3.,5 ± 2.6 [p:\l min- 1] 
Tet rahydrofuran 

[\

0

THF = (5.:J ± 1.9) X 10-3 [p:\1-11 

Although th~ modified LH model worked well for the photocatalytic min­

eralization of THF, it described the experimental data only in the lower con­

centration ranges (for example, Co.THF=0-500 µ:\I). However, this is within 

the range of the organic pollutants found in water and wastewater. Fig­

ures .5.21 and -5.22 compare different models for THF destruction. These 

figures illustrate that the LH model without any intermediates also describes 

the data well. This might be due to the fact that the concentrations of inter-



Table .5.6: THF kinetic parameters in LH model Equations (-3.69) considering 
GBL as its intermediate. 

C'O:\IPOCXD P.--\R.-\:\IETERS \VITH 9-39c 
C'OXFIDEXC'E LEVELS 

krHF = -16.:3 ± ,.8 (µ:\I min-l] 
Tetrahydrofuran 

[\.THF = (8.8-! ± 0.60) X 10--1 (µ:\1-1] 

kcaL = 6.80 .J.. 0.86 (µ:\I min-1] ..... 
-;-Butyrolactone 

f{GBL = ( 1. 16 ± 0.:J,) X 10-2 (µ:\1-1] 
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mediates were low in low initial concentration ranges. On the other hand. the 

LH model in Equations (5.69) underestimated the data. For the higher con­

centration of THF. neither the modified LH model nor the LH model without 

any intermediates describe the experimental data well. In the higher concen­

tration ranges for THF. the concentration of intermediates are sufficiently 

high such that the intermediate term in the denominator is necessary in the 

model. Also, in the higher concentration ranges. the disappearance of THF 

tends to be a zero order reaction. Consequently, the first term. which con­

tributes the first order kinetics in the dynamic model of Equations (.5.44). 

was excluded. As Figure .5.:2:3 depicts. the LH model with GBL as its inter­

mediate (Equations (-5.69)). represented the experimental data in the higher 

concentration range. In contrast, the modified LH model and the LH model 

without any intermediates overestimated the experimental data. 

5.10 Photocatalytic Degradation of 1,4-Diox-

ane 

In the next set of the experiments. 1,4-dioxane alone was examined in 

the slurry photoreactor. The kinetic parameters were estimated using the 

data obtained in different trials. The only significant and measurable in­

termediate in the photocatalytic destruction of DIOX was 1,2-ethanediol, 

diformate. Due to their low concentrations of the other intermediates listed 

in Table 5.3, the reproducibility of the GC peak areas for these compounds 

was very poor. Therefore for the purpose of modelling, these intermediates 
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were not taken into account. Similar to THF rate equation in which the last 

term in Equation ( .5_;39) was neglected. the term related to the other inter­

mediates for DIOX was also neglected. Although, L2-ethanediol. diformate 

was considered in the model, this compound was not a\·ailable for purchase. 

Therefore, an extra parameter, the GC calibration constant, was estimated 

in the dynamic model Equations (-5.66). The dynamic model for DIOX us­

ing all experimental runs was soh-ed by the method described in Chapter -!. 

The estimated parameter \·alues at a 9.5<7c confidence inten-al are listed in 

Table 5.7. The estimated parameter '7EDD had the same order of magnitude 

as other GC calibration constants. Figure -5.24 shows a typical result for 

the degradation of 1.4-dioxane. This figure demonstrates that the LH model 

with one intermediate describes the experimental data well. 

The LH model with no intermediate (Equation (-5.68)). was also applied 

to the experimental data. Table -5.8 depicts the estimated parameters for the 

photocatalytic degradation of 1.-!-dioxane in which no intermediates were 

considered. Figures .5.25, -5.26. and .5.2, show the comparison between the 

LH model with zero and one intermediate. As these figures illustrate. there 

was no significant change between these two models in all concentration 

ranges. Perhaps the concentration of EDD was so low during the photo­

catalytic degradation of 1,4-dioxane that it did not affect the denominator 

of Equations (5.66) to any significant extent. 
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Table .5.,: DIOX kinetic parameters in dynamic model Equations (5.66). 

CO.\IPOL'XD P.-\RA.\IETERS \\'ITH 9.57c 
COXFIDE~CE LEVELS 

kDwx = 9.2, ± o.s:J [µ.\I min- 1] 
1.4-Dioxane 

f{DIOX = (6.4 ± 1.8) X lQ-3 [µ.\I-'] 

kEDD = 6,., ± 6.:2 [µ.\I min- 1] 

1.2-Ethanediol. diformate [\"EDD = 1.10 ± 0.21 [ ]1 
( or [\"EDD = 9.34 x 10-4 [µ.\I-']) 

T/ EDD = ( 1.18 ± 0 .12) X 103 [µ.\I] 

1 [ ] designates dimensionless. 
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Figure 5.24: Photocatalytic degradation of DIOX along with its intermediate, 
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in the slurry photoreactor; Co,DIOx=134 µ~l. 
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Figure 5.26: Comparison of the different models for the photocatalytic degra­
dation of DIOX along with its intermediate, 1,2-ethanediol, diformate (EDD), 
in the slurry photoreactor; Co,DIOX=394 µM. 

164 



u 

900-r---------------------------------, 

700 

600 

500 

-'00 

300 

:oo 

100 .). 

0 

, , 
& 

, , 
, , 

• 

60 

• DIOX - Experimental Data 
- DIOX - LH Model with No Intermediates 
--DIOX - LH Model with One Intermediate 

• EDD - Experimental Data 
- • • EDD - LH Model 

& 

.. 
' ' ' ' & .... 

' \ 
\ 

so 100 l:?O 140 160 180 200 

Illumination time (min) 

Figure 5.27: Comparison of the different models for the photocatalytic degra­
dation of DIOX along with its intermediate, 1,2-ethanediol, diformate (EDD), 
in the slurry photoreactor; C0 ,vrox=787 µM. 

16,5 



Table .5.8: DIOX kinetic parameters for the LH model in Equation (.5.68) 
without any intermediates. 

5.11 

CO:\IPOC~D P.-\R:-\:\IETERS \\"ITH 9.5o/c 
CO~FIDE~CE LEVELS 

ko1ox = 7.26 ± 0.60 [µ:\I min-1] 
1.4-Dioxane 

/\·owx = ( 1.62 ± 0.8,) x 10-2 [11:\1-1 l 

Photocatalytic Degradation of 

')'-Butyrolactone (GBL) 

Photocatalytic degradation of ;-butyrolactone was also im·estigated in 

a single component system. Its degradation followed first order kinetics as 

depicted in Figure .5.2S. The estimated first order rate constant for GBL was 

k'c;8 L = 0.0194 min- 1
• 

Figure .5.29 reveals no significant change in the dissolved oxygen concen­

tration within the GBL runs. However in THF degradation, the dissolved 

oxygen concentration dropped which indicates the oxidation of THF to GBL 

(see Figure 5.19). Figure .5.:30 shows the time-concentration profile for the 

GBL degradation in a single component system which obeyed first order ki­

netics. Also, Figure .5.31 depicts the TIC/TOC profile for the photocatalytic 

degradation of GBL. The TOC disappeared to a level close to zero while 
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TIC increased during the reaction. The decrease in TC is assumed to be a 

result of escaping CO2 into the headspace. Also. adsorption of organics to 

the catalyst surface could be another explanation for the drop in the TC .. -\ 

few tiny GC peaks were observed during the course of the reaction. but their 

GC areas were \·ery small compared to those for GBL. Although few interme­

diates were observed during the reaction. it is possible that their degradation 

rates are sufficiently rapid. making them not detectable. 

5.12 Photocatalytic Degradation of a Binary 

System (Mixture of THF and DIOX) 

The results of the photocatalytic degradation of a binary system are pre­

sented and discussed in this section. Tetrahydrofuran and 1.-l-dioxane. whose 

photocatalytic degradations in single component systems were discussed pre­

\·iously. were used as the model compounds. Based on the significant and 

quantifiable intermediates for both THF and DIOX, the following dynamic 

model in Equations (-5. iO) satisfactorily described the behavior of the binary 

system. Figure .5_:32 depicts the results of a typical binary run. The esti­

mated kinetic parameters of the binary dynamic model in Equations (-5.iO) 

are summarized in Table .5.9. 
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d[T H FJ 
dt 

d[GBLJ 
dt 

d[DIOXJ 
dt 1 + h'rHF[THFJ + l{caL[GBLJ + l\·Dwx[DIOX] 

(.3.,0) 

Other models were also examined for the binary system. The LH model 

with no intermediate (see Equations ( .3. ,1)) was tested. The estimated pa­

rameters for this model are shown in Table .3.10. 

d[THF] 
cit 

d[DIOXJ 
dt 

= 
(.3.,1) 

kDlOX [\DfOX[DlOXJ 

1 + l\.THF[THFJ + KolOx[DlOX] 

In addition. the LH model considering one intermediate for THF was 

tested for the binary system (see Equations (.3.,2)) and the estimated pa­

rameters are sho\'vn in Table 5.11. 



d[THF] 
-dt 

d[GBL] 
-dt 

d[DIOX] kvroxh·vrox[DIOX] 
-dt 

Figure .j_:3:3 compares different models for the binary system. Both LH 

models with no intermediates or one intermediate o\·erestimate the kinetic 

rates. This indicates that the dynamic model for the binary system needs at 

least one intermediate to satisfy the experimental data. Therefore. the mod­

ified LH model in which THF disappears \·ia two routes. hydroxyl radical 

attack and oxidation to GBL. displays the best agreement with the experi­

mental data. 

Figures 5.:3-l and 5.:J.j respecti,·ely compare the photocatalytic degrada­

tion of THF and DIOX in single and binary systems. Although the ini­

tial concentrations of THF and DIOX in the single component system were 

higher, their degradation rates were much faster in comparison to their degra­

dation in the binary system. The decrease in the rate of the binary system 

,vas a result of competition for active sites between different species available 

in the system. 

The kinetic parameters estimated m the single trials (see Tables .j.4 
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and -5.8) were applied to the binary dynamic model shown in Equations (-5. 70). 

Figure -5.:36 illustrates the results of the binary model with single system pa­

rameters. This figure indicates that the parameters in the single trials cannot 

be used in the binary system models simply because the degradation rates 

are not additive. Therefore, separate tests are needed in order to model a 

binary system. 

Table .5.9: Binary kinetic parameters in dynamic model ( Equations ( 5. 70)). 

CO:\IPOCXD PAR:-\:\IETERS \VITH 9-5% 
CO:\"FIDE:\CE LEVELS 

kapp = (8.1 ± LO) X 10-3 [min-1] 

Tetrahydrofuran krHF = 2.40 ± 0.6:3 [µ:\I min- 1] 

KrHF=(l.18 ± 0.:34) X 10-2 [µ:\1-1] 

kcaL = 7.7 ± - •) :)._ [µ:\I min-1] 

1 -Butyroiactone 

I<caL = ( 1.8 ± 1.0) X 10-3 [µM-1] 

kowx = .j.4 ± 3.5 [µ:\I min-1] 
1,4-Dioxane 

[\.DIOX = (5.4 ± 3.9) X 10-3 [µM-1] 
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Table -5.10: I~inetic parameters in binary model Equations (.5.71): no inter­
mediates were included in the model. 

CO:\IPOL\"D P.-\R...\:\IETERS \VITH 9-5% 
CO:\"FIDE:\"CE LEVELS 

/,_·THF = 12.i ± 1.4 [µ:\I min-1] 
Tet rahydrofuran 

5.13 

[\.THF = (S.9 ± 2.:J) X 10-2 [µ:\f-1] 

kDIOX = 2.Si ± 0.21 [µ:\I min-1] 
1.-t-Dioxane 

l\'owx = (1.:36 ± 0.22) X 10-l [µ:\f-1] 

Effects of Carbonate and Bicarbonate 

Ions on Photocatalysis 

:\lost water and wastewater samples will have a few inorganic compounds 

which can potentially act as hydroxyl radical scavengers during photocatal­

ysis processes. Carbonate and bicarbonate ions are well knovvn as hydroxyl 

radical scavengers (see Section 2.4) in processes such as flash photolysis and 

pulse radiolysis [l, 2, 3, 23, 89, 218]. Other anion species such as phos­

phates, sulfates, and nitrates may also be present in water and their effects 
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Table -5.11: Binary kinetic parameters in LH model Equations (.5.,2) consid­
ering one intermediate for THF. 

CO:\IPOC:\D P:\R:\:\IETERS \\'ITH 95o/c 
CO:\FIDE:\CE LEVELS 

kTHF = 6.28 ± 0.4-5 [µ:\[ min- 1] 
Tet rahydrofuran 

[\.THF = (.5. 'j ± 1.1) X 10-3 [µ:\1-1] 

kcBL = ,.9 ± 1.4 [µ:\[ min-1] 
;-Butyrolactone 

l\.GBL = ( -5.0 ± 1.0) X 10-3 [µ:\[-1] 

kDiox = 6, ± 18 [it:\[ min- 1] 
1.4-0 ioxane 

I<owx = (4.1 ± 1.-5) X 10--1 [µ:\1-1] 
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Figure 5.32: Photocatalytic degradation of the mixture of THF and DIOX 
along with THF intermediate, ,·-butyrolactone (GBL), in the slurry pho­
toreactor; Co,THF=Si.9 µ~I and Co,D10x=98.4 µM; Models are based on the 
modified LH forms. 

li, 



110 ,------------------------------------, 

100 

80 

" 
' 

\..A, 

' ' " 
' ' ' \ 

0 

0 10 

■ THF - Experimental Data 
--THF - LH Model without Intermediates 
-THF - LH Model with One Intermediate 
-THF - Modified LH Model with One Intermediate 

• DlOX - Experimental Data 
- - - - - - DlOX - LH Model without Intermediates 
- • - DlOX - LH Model with One Intermediate 
• • • DlOX - Modified LH Model with One Intermediate 

• GBL - Experimental Data 
-x-GBL - LH Model with One Intermediate 
-+--GBL - Modified LH Model with One Intermediate 

' " " ' ' ' ' ' 
' " .. " .. ' 

' •', 
' 

60 

' ' ' ' 

80 100 

Illumination Tune (min) 

1-10 160 180 !00 
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on photocatalysis need to be addressed. In this section. the effect of sodium 

bicarbonate on the photocatalytic degradation of the mixture of THF and 

DIOX is explored. 

Behar et al. [2:3] and other researchers [l. 2. :3. 89. 218) showed that in 

pulse radiolysis. bicarbonate and carbonate ions react with hydroxyl radicals 

to produce carbonate radical ions via the following reactions: 

at low pH 

at high pH 

(.j. 74) 

.-\lthough the exact mechanism of the formation of these carbonate rad­

icals is not clear. \Veeks and Rabani [218] demonstrated that the decay of 

these carbonate radical ions may occur through the following reactions: 

or 

(.j_ 76) 

In order to study the effects of carbonate and bicarbonate amons on 
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the photocatalytic degradation of the mixture of THF and DIOX. a few runs 

with different initial concentrations of sodium bicarbonate (BDH grade) were 

performed. 

Figure -5.:3', depicts the pH changes during the trials. In the pH range of 

-5.S-8. both bicarbonate and carbonate anions are present with bicarbonate 

ions predominating. Hence. Reaction (5.,:3) most likely occurs in this range 

of pH. 

Figures .j.:38 and -5.:39 compare two identical runs with different initial 

.\aHCO
3 

concentrations. It was expected that bicarbonate ions scavenge hy­

droxyl radicals and reduce the degradation rate of both THF and DIOX. In 

contrast. Figures .5.:38 and -5.:39 show that the degradation rate of THF was 

slightly enhanced with increasing .\aHCO
3 

concentration while the degra­

dation rate of DIOX decreased. The slight increase in THF degradation 

rate may be due to the increase in pH. The pH change in the binary runs 

without sodium bicarbonate was :3.-5--l..5. The pH changes for the two bi­

nary runs in the presence of sodium bicarbonate were in the ranges of .J .. 5-i 

([.\aHCO
3

]=76.-1 mg L- 1

) and 6.5-8 ([~aHCO
3

]=:21-! mg L - 1 

), respectively. 

Ortyl and Peck [169] demonstrated that both organic adsorption and par­

ticle suspension depend on the pH of the suspension and the point of zero 

charge (PZC) of titanium dioxide. PZC determines the charge characteris­

tics of the solid surface, which is the pH at \vhich the net surface charge is 

zero. The net surface charge is positive below the PZC and negative above 

the PZC. During sampling from the reactor in the presence of sodium bicar­

bonate, it was observed that the titanium dioxide particles settled down in 
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the vials completely after a few minutes. On the other hand. the particles 

did not precipitate after hours in the samples taken from the runs without 

sodium bicarbonate. This observation indicates that the PZC of titanium 

dioxide was within the working pH range of the runs with sodium bicarbon­

ate, 5.5-8. The net surface charge of the particles becomes zero at PZC and 

therefore. the particles settle down easily. 

Ortyl and Peck (169} found that the PZC of titanium dioxide containing 

anatase and rutile with 0.0:3 µm particle size is 6.S:3. Therefore. it seems that 

at a pH below the PZC. the THF degradation rate is enhanced ( Figure .j.:38 ). 

On the other hand. by almost tripling the \"aHCO3 concentration to 214 

mg L -t and ele\·ating the pH above the PZC. the THF degradation rate was 

not significantly different from that without \"aHCO3 . This suggests that 

the degradation of THF is enhanced within the pH range of -5.5-i. whereas 

it did not show a significant change at higher pH levels. It is also possible 

that within the pH range of .j .. j-'i. THF adsorption was greater than that at 

pH le\·els above the PZC. 

Although the decrease of DIOX degradation rate may be due to the short­

age of hydroxyl radicals, it is possible that the DIOX degradation is favoured 

by lower pH conditions. Therefore, there are two factors which may play im­

portant roles in describing the degradation changes in the presence of sodium 

bicarbonate. These factors are: 

1. Scavenging hydroxyl radicals by bicarbonate and carbonate ions 

2. pH changes 

Figures 5.40 and 5.41 respectively depict the total organic carbon (TOC) 
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and total inorganic carbon (TIC) of the binary runs in the presence of sodium 

bicarbonate. Figure 5.-10 shows that during the initial part of the reaction. 

the TOC increases for the first -50 min of the illumination time and then 

decreases. :\t the same time. Figure -5.-11 re\·eals that the TIC decreases in 

the initial part of the reaction and then increases. 

The TOC increase in the initial part of the reaction may be due to the 

desorption of organic species from the catalyst surface into the liquid phase . 

. -\lternati\·ely. it is also possible that some carbonate and bicarbonate ions 

convert to organics which could also explain the initial increase in TOC. 

Previous studies support this obsen·ation. Chandrasekaran et al. [-5,] and 

.\Ionheit et al. [1-54] showed that carbonate ions could be photochemically 

reduced to formaldehyde. .-\lso. I~halil [11 'i] showed that it is likely that 

photocatalytically produced electrons reduce carbonate ions initially to for­

mate, HCQQ-. and then to formaldehyde. HCHO. and methanol. CH3 0H. In 

addition .. -\urian-Blajeni et al. [1,] and Inoue et al. [l 1:3] demonstrated that 

CO 2 may be photocatalytically reduced to organic species such as formalde­

hyde and methanol over semiconductor materials. The dramatic decrease in 

pH during the initial stages of the reaction may indicate that bicarbonate 

and carbonate ions are scavenged by hydroxyl radicals and also reduced to 

organic species (see Figure 5.:3,). The increase in TIC in the second part of 

the reduction may be a result of CO 2 formation. 

Figure -5.42 shows a typical carbon balance profile in the photocatalytic 

degradation of THF and DIOX in the presence of sodium bicarbonate . .-\ 

slight decrease in the total carbon (TC) may be due to the fact that some 
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CO2 formed during the photocatalysis process releases into the headspace. 

It is also possible that some of the organics and carbon dioxide produced 

escape from the reactor through the punctured septa. 

To verify the reduction of carbonate and bicarbonate ions to orgamc 

species. a run with 21-t mg L - 1 ~aHC03 in the absence of organics was 

performed. The results of this run are depicted in Figure .5.43. The total 

inorganic carbon decreased dramatically in the first few minutes of the run 

while at the same time a slight amount of organic carbon was produced . 

.--\lthough the amount of total organic carbon produced was low, it is possi­

ble that the organics degraded immediately after their formation. The high 

degradation rate of organics produced could be easily explained by the abun­

dance of active sites available in the system and the low concentrations of 

organics formed. This results in a high active site to reactant species ratio. 

a condition which fa\·ours a rapid reaction. 

5.14 Concluding Remarks 

In this chapter. the photocatalytic degradation of two compounds found 

in industrial wastes as well as groundwater was explored. The experimental 

results showed that these compounds are photocatalytically degradable. Two 

different photocatalysts, Degussa P25 and Hombikat UV 100, were examined 

and their photoactivities and optimized loads were compared. 

The intermediates formed during the course of the reactions for both 

THF and DIOX were identified using both GCj:\1S and IC methods. Based 

on detected intermediates. hypothetical reaction mechanism pathways were 

186 



proposed and the corresponding kinetic models developed. It was shown that 

the photocatalytic rate equation for THF and the binary systems followed 

the modified LH model. It was also demonstrated that the photocatalytic 

degradation rates of THF and DIOX were slower in a binary system. 

Finally. the effect of sodium bicarbonate on the photocatalytic degrada­

tion of the binary system was examined. It was shown that bicarbonate and 

carbonate ions act as hydroxyl radical scavengers which slowed down the 

DIOX degradation rate but did not significantly affect the THF degradation 

rate. The slight enhancement in the THF degradation rate in the presence of 

sodium bicarbonate may be due to the increase in pH. Also, there is a pos­

sibility that bicarbonate and carbonate ions reduce to other organic species 

during the photocatalytic reaction. Therefore. the presence of these anions 

should be taken into account in photocatalysis processes. 

It may be a good idea to remove these anions from water or wastewater 

before the photocatalysis process in order to eliminate their effects. Another 

alternative is that in practice the effects of carbonate and bicarbonate an­

ions are eliminated by lowering the pH to about .j before the photocatalysis 

treatment [l:Jj. This way. many of these anions are removed as CO2 gas. 
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Chapter 6 

A NOVEL PACKED BED 

PHOTO REACTOR 

In this chapter. a novel packed bed photoreactor with tellerette packings 

for the purpose of photocatalysis processes is presented. The experimental 

results for the photocatalytic degradation of 1.-1-dioxane as a model organic 

pollutant in the tellerette packed bed photoreactor (TPBP) are discussed. 

6.1 Introduction 

Although the literature shows some insight in the area of photoreactors, 

a photoreactor which fulfills the criteria demanded by photocatalytic pro­

cesses is still in the exploratory stages (see Chapters 2 and 3). It has been 

proven that slurry photoreactors offer superior mass transfer, high efficiency, 

and good mixing, but they are limited by the high cost of processing during 
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solid filtration or coagulation. To o,·ercome this problem. it is necessary to 

immobilize the photocatalyst onto the packing surface. Immobilization is 

responsible for the mass transfer limitation of the organics diffusing to the 

surface of the catalyst. .--\lthough there are different photoreactor configura­

tions studied previously (see Chapter 2), the design of an efficient photoreac­

tor which eliminates mass transfer limitations while maintaining good light 

penetration has yet to be developed. 

A good choice of a photoreactor configuration may be a packed bed pher 

toreactor in which mass transfer restrictions are eliminated while still main­

taining sufficient light penetration throughout the packing. As presented 

before [1--19]. a novel fixed bed photoreactor employing tellerette packings 

was tested. The specifications and the method of immobilization have been 

explained in detail in Section :3.4. 

6.2 Packed Bed Photoreactor Operation 

The experimental procedures for the packed bed photoreactor were sim­

ilar to those of the slurry photoreactor as explained in Chapter 3. In these 

experiments, 'i.S L of filtered deionized water (FD\V) were fed into the pher 

toreactor. Prior to each run. the system was aerated for half an hour. At the 

same time, the lights were on in order to destroy any background trace of 

organics possibly left in the system. Then, a certain amount of stock solution 

of the pollutant, in this case 1 ,4-dioxane, was injected into the system while 

the lights were off. The liquid was then allowed to recirculate for a couple 

of hours to reach equilibrium. The reaction was started by switching on the 
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lights. Periodically. samples were withdrawn from the mid-section of the 

photoreactor and analyzed by GC (see Section 3 .. 5 for details). DO and pH 

meters monitored the dissoh·ed oxygen and pH changes respectively during 

the course of the reaction. 

~o catalyst bleeding was obsen·ed during the runs. This was monitored 

visually as well as by measuring the absorbance at :350 nm at the end of each 

run. Xo significant changes for the absorbance in comparison to blank water 

runs were observed. 

6.3 Results and Discussion 

6.3.1 Light Distribution 

Light is one of the essential components of any photoreactor. There­

fore. designing a proper configuration in which light is properly distributed 

throughout the photoreactor is necessary. In the tellerette packed bed pho­

toreactor (TPBP). the packings are designed such that sufficient light can 

penetrate throughout the system. Figure 6.1 depicts the CV light distribu­

tion in this photoreactor. The irradiances were measured from one side of the 

photoreactor while each point was illuminated from both sides. As depicted 

in this figure, a significant portion of the emitted light ( approximately 20%) 

transmitted out of the photoreactor. This indicates that the photoreactor 

was irradiated with sufficient light throughout the system. Also, it is conclu­

sive that the photoreactor diameter may be designed wider since the light is 

still able to penetrate through the packing. 
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In Section 6.:3.:3. the details of radiation modelling will be discussed. 

Equation (6. i) is the Beer-Lambert law which predict the light distribu­

tion within the photoreactor. \Vith the attenuation coefficient ofµ= 1-5 m- 1
, 

the photoreactor diameter may be enlarged by three times so that 10% of 

emitted light is still reached to the center of the photoreactor. 

6.3.2 Degradation of 1,4-Dioxane 

To evaluate the performance of the packed bed photoreactor. the photo­

catalytic degradation of 1.4-dioxane was tested. The degradation rate in the 

immobilized system would be expected to be lower than that of the slurry 

photoreactor due to the lower catalyst surface area per unit \·olume in the 

photoreactor as well as the lower mass transfer rate of the compounds to the 

solid surface. Considering the slurry photoreactor used in the kinetic studies, 

the ratio of the photocatalyst surface area to the photoreactor volume was 

,.5.,,50 m2 m-3 while in the packed bed photoreactor it was 108.4 m 2 m-3 . 

The ratio of the photocatalyst surface area to the photoreactor rnlume for the 

slurry photoreactor was about 700 times greater than that of the packed bed 

photoreactor. Hence, a higher degradation rate for 1,4-dioxane is expected 

in the slurry photoreactor. On the other hand, the cost and inconvenience 

of separation of the solid particles from the slurry favours the use of the 

immobilized photoreactors (see Chapter 2). 

To analyze the packed bed photoreactor, the first order kinetics for 1,4-

dioxane degradation was assumed. 

199 



-r,· = _ i-~ dCi = kC· s dt I 

where ri = reaction rate of component i, [molm-2 s- 1J: 

or 

S' = total surface area of the catalyst in the reactor. [m2]: 

\:,. = reactor volume. [m3}: 

k = first order rate constant, [ms- 1}. 

( 6.1) 

(6.2) 

where k!1.PP = k J,. ( [s-1] or [min-1]) is the apparent first order rate constant. 

In Chapter 5 it was shown that 1 .4-dioxane followed Langmuir - Hinshel­

wood type of kinetics. Since the initial concentration of 1,4-dioxane used in 

the packed bed photoreactor was low, first order kinetics satisfactorily fitted 

the experimental data. 

Figure 6.:3 shows the time course of the reaction occurring in the packed 

bed photoreactor. The first order kinetics ( with R2 > 0.9.5 for the rate 

constants) satisfied the experimental data (for example, see Figure 6.2). The 

degradation rate of 1,-t-dioxane in the packed bed photoreactor was about 10 

times lower in comparison to that in the slurry photoreactor. This expected 

decrease in the degradation rate was due to the significant difference in the 

photocatalyst surface areas to photoreactor volume ratio. 

Although more investigation is necessary using this novel packed bed 

photoreactor, such as the examination of different organic pollutants and 

different packing sizes, some technical issues such as mass transfer enhance-

200 



ment can be addressed. Figure 6.4 illustrates the first order rate constant 

change in terms of Reynolds number. The Reynolds number was estimated 

using the wire diameter as the characteristic length. The average velocity of 

the liquid (superficial velocity) in the column was used for the calculation of 

the Reynolds number. The average velocity was based on the empty column 

cross section. The range of the flow rates used in these experiments were 0-

10 .. 3 Lmin-l. Figure 6.4 shows that first order rate constants did not change 

significantly with increasing flow rate. indicating that the system was not 

influenced by mass transfer limitations . 

. -\!though there is a lack of information regarding mass transfer cor­

relations for tellerette packed bed reactors. Equations (6.3) and (6.-1) are 

two different correlations estimated for small cylinders with perpendicular 

flow [68. 209]. These two models. plotted in Figure 6.-3. have been used by 

analogy of heat and mass transfer. 

(6.:3) 

(6.4) 

where Sh = Sherwood :\"umber, (dimensionless]; 

Sc = D ,.. . Schmidt ?\ umber, (dimensionless]·, 
P DJOX-H20' 

Re = Reynolds ~umber, (dimensionless]. 

These two correlations are \·alid for the ranges of Re=lO-l -105 and Sc=0. i -

1-300. 
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To determine the mass transfer coefficient in the present study, the lowest 

Sherwood number in this figure (Sh=lO) is used. ~fass transfer is poor at this 

Sherwood number and hence represents a worst-case condition. Therefore. 

mass transfer can be estimated by the following equation [209]: 

where kL = mass transfer coefficient. [m s- 1J: 

D DIOX -~,o = diffusion coefficient of 1.4-dioxane in water. [m2 s-1 ]; 

du:ire = diameter of wires (packings), [m]. 

(6 .. j) 

As shown in Chapter .j. the Damkohler number. the ratio of the maximum 

possible reaction rate to the maximum possible mass transfer rate. is an 

indicator of mass transfer influence in the reactor. The Damkohler number 

for the packed bed photoreactor can be written as follows: 

where Da = Damkohler number. [dimensionless]: 

l.:L = mass transfer coefficient. [m s- 1]: 

a = specific surface area of the packings, [m2 m-3 J; 

kapp = apparent reaction rate constant, [s- 1 ]. 

(6.6) 

Using Sh=lO, Dowx-H,o = 8.694 x 10-10 m2 s-1 (see Appendix D), 

apacked = 108.44 m2 m-3
, and kapp = 0.002 min- 1 (see Figure 6.4), and sub­

stituting them into Equations (6.5) and (6.6), the Damkohler number was 

estimated to be 5.i x 10-2 . This number is still less than one which confirms 
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that mass transfer does not have a significant influence on the reaction rate. 

6.3.3 Radiation Modelling and Mass Transfer in the 

Packed Bed Photoreactor 

The focus in this section is on the mass transfer effects in different po­

sitions of the photoreactor. To do this, the radiation profile inside the pho­

toreacto~ must be k~own or estimated by modelling. Although there is a 

scarcity of work on radiation modelling in photocatalysis, there are a few 

studies in the past, mostly in homogeneous media systems (for example 

[9 lo -,1 -- -6 •)1,1 •)•),I •)-)9]) see , , :J-t. :J.'J .. 'J , _ -t, ---t. __ . 

For radiation modelling of the packed bed reactor, the following assump­

tions were made: 

I. The light provides parallel, uniform, and radial radiation ( Radial Inci­

dence :\Iodel (RI :\lode!)). Therefore, neither the axial nor the angular 

dependence are considered in the radiation modelling [9]. 

2. The light scattering due to the packings is also neglected. 

:J. The effect of packings is embedded in the attenuation coefficient, which 

was estimated using the experimental data. 

4. For each element of the photocatalyst surface, only the light from one 

side contributes to the intensity. 

Although there are a few radiation models for homogeneous systems (9, 

54, 55, 56] and heterogeneous systems [101, they are not applicable to this 
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packed bed photoreactor simply because each element of the photoreactor 

is only irradiated from one side and the light coming from the other side of 

the photoreactor cannot contribute significantly to the irradiance. due to the 

blocking effect of the packings. Also. they suffer from the drawback of the 

infinite irradiance prediction at the photoreactor center line [-54]. Considering 

the aforementioned assumptions, a simple Beer-Lambert law may be applied 

to this system in order to show roughly the effects of mass transfer in different 

positions. of the phot9reactor. The Beer-Lambert law for this geometry (see 

Figure 6.6) may be written as follows: 

[ -µ,(R-r) -=e 
lw 

where l = photon flux at any radius r. [Einstein m-2 s- 1 ]; 

I,,_.= photon flux at r=R. [Einstein m-2 s- 1]: 

R = radius of the photoreactor. [m]: 

p = attenuation coefficient. [m-1]. 

(6.i) 

Based on the irradiance measurements, the attenuation coefficient for 

the packed bed photoreactor was estimated using the Beer-Lambert law as 

follows: 

(6.8) 

[ 0 is the emitted irradiance at one side of the photoreactor and h is the 

transmitted irradiance at the other side after passing through the length 

D, the photoreactor diameter (see Figure 6.1). Since h/ [0 was different 
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throughout the photoreactor. the \a.lue ofµ was estimated to be in the range 

of :3-30 m- 1 . 

Equation (6. ,) is plotted in Figure 6., for different attenuation coeffi­

cients. As this figure shows. the transmitted light increases by decreasing 

attenuation coefficient. 

The apparent kinetic rate constant. kapp, may be written as follows [213]: 

k - klo.5 
app - (6.9) 

To estimate the local apparent rate constant. the following relationship 

for the small increments of ..1r = ri+i - ri in Figure 6.6 may be written: 

( 6.10) 

By substituting Equations (6.,) and (6.9) into Equation (6.10), we ha\·e: 

( 6.11) 

The value of k' can be estimated using the overall kapp, which was found 

experimentally. as follows: 

k' = kfw 0.5 = R.kapplot•t,ral! 
Jt ( e-µ(R-r) )O.;, dr 

(6.12) 

By substituting Equation (6.12) into Equation (6.11) and integrating, the 

follo\'ving expression represents the local kapp in the photoreactor for the small 

increments of ~r: 
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( 6. 1:3) 

Figure 6.8 depicts the local apparent rate constants estimated using Equa­

tion ( 6. 1:3 ). This figure indicates that the apparent rate constant is not signif­

icantly changing in different positions of the photoreactor for the low values 

of attem~ation coefficients (µ < 10). Howe\·er. as attenuation increases. in 

other words. as the packings are. tighter. and therefore the surface area in­

creases. the apparent rate constant decreases in the region close to the center 

and increases in the vicinity of the photoreactor wall. This is due to the fact 

that when the packings are tighter. there is less light irradiation reaching 

the center region. while at the same time the surface area in the vicinity of 

the wall increases. therefore leading to a higher reaction rate. In general. it 

is conclusi\·e that in the range of the attenuation coefficients of interest the 

apparent rate constant does not strongly affect the reaction rate in different 

positions of the photoreactor. The rnlues of local Damkohler numbers were 

also estimated using Equation (6.6). The results are shown in Figure 6.9. 

The same trends were found for Damkohler numbers for different attenua­

tion coefficients. As Figure 6.9 illustrates. the values of Damkohler numbers 

are still significantly less than one in different regions of the photoreactor. 

which indicates mass transfer limitations in this packed bed photoreactor are 

insignificant. 
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Figure 6.6: Cylindrical photoreactor geometry. 
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Figure 6. 7: Irradiance distribution in the packed bed photoreactor with uni­
form, parallel, and radial radiation from outside using the Beer-Lambert law. 
The inner radius of the photoreactor is 0.0525 m. 
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Figure 6.8: Local apparent rate constant profile for the degradation of 1,4-
dioxane in the packed bed photoreactor for different attenuation coefficients. 
The radiation model is based on the Beer-Lambert law radiation model. 
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Figure 6.9: Local Damkohler number profile in the packed bed photoreactor 
for different attenuation coefficients. The radiation model is based on the 
Beer-Lambert law. 

214 



6.3.4 Energy Efficiency of the Packed Bed 

Photoreactor 

Bolton and Cater [:31] defined th<' Electrical Enagy per Order ( EE/O) 

as a figure-of-merit to compare treatment efficiencies of different processes 

in which the light is one of the key parts of the process . .-\s shown in Equa­

tion (6.14). the EE/O is expressed as the electrical energy in kilowatt hours 

(kWh) required to mineralize a pollutant by one order of magnitude in one 

cubic meter of contaminated water [:30. :31, 190]. 

£ E / O = ~ x ( fo) x 1000 
\·t<1t X fog(C0 /C1) 

where P = total lamp power. [k\\']: 

t = irradiation time. [min]: 

\';01 = total \·olume of the liquid in the photoreactor. [L]: 

C0 = initial concentration. [p.\I]: 

C1 = final concentration. [µ.\I]. 

( 6.14) 

The assumption of the first order kinetics is applied to this expression [:31]. 

Therefore. Equation (6.14) may be simplified as follows [190]: 

(6.1.5) 

where kapp is the apparent first order rate constant of species i in terms 

of min- 1. The processes with higher efficiencies have lower EE/O values 

because they consume less electrical energy and also their conversion rates 

are higher. 
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Although there is a lack of information about EE/O values of different 

photocatalytic reactors for L4-dioxane degradation, the order of magnitude 

of the EE/O for this photoreactor may give useful information about its per­

formance. For 1.-t-dioxane with initial concentration of about 260 µ:\I. 6 CV 

lamps with 20 watts each. and ka.pp = 0.002 min- 1 . by using Equation (6.1.j) 

the EE/O was estimated to be 29.5.4 [k\Vh/(m3 order)]. The value of the 

EE/O for the slurry photoreactor for the degradation of 1.4-dioxane with 

initial concentration 9f :316 µ:\[ was also found to be l.j.4 [k\\.h/(m3 order)]. 

Although the value of the EE/O for the slurry photoreactor is lower by one 

order of magnitude. the value of the EE/O for the packed bed photoreactor 

with the 260 µ:\[ initial concentration may still be considered reasonable in 

comparison to the EE/O rnlues of other photocatalytic reactors which were 

used for other species with lower initial concentrations (see Table 6.1 ). 

The EE/O \·alue for this photoreactor is not comparable to the one used 

for degradation of 1.-t-dioxane using C\. photolysis (including hydrogen per­

oxide) [190]. however this photoreactor is not optimized at all. Further im­

prO\·ements might be needed in order to optimize this photoreactor for its 

best performance. To optimize the performance of this tellerette packed bed 

photoreactor, the following imprm·ements might be considered: 

1. longer light path: 

2. tighter packing for more surface area and light absorption (see Fig­

ure 6.1 ). 

Improving this packed bed photoreactor can lead to a higher conversion rate. 

and therefore lower EE/O. 
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Table 6.1: Examples of t.lw values of the EE/O for cliffcrc•11t. phot.owacl.ors stuclic•cl pr<"viously. 

POLLU'I'AN'I' PIIO'I'OREACTOH TYPE (,'CJ EE/O HEFEHENCE 
[1,M] [kWh/(m:1orclcr)J 

1,4-Dioxane TPBP 2(i0 2!Jf>.4 This st.11cly 
1,4-Dioxane Sllll'ry :3 l(j 15.4 This st.11cly 
l ,4-Dioxanc1 U\1/ //202 11:m :1.2 Safarzadeh-J\111iri et al. [190] 
l ,4-Dioxane2 U\1- 11is/Fc(/l)/ll202 11 :J5 2.:J . Safariaclc·h-Amiri et. al. [190] 
l,4-Dioxaue3 U\I - 11i ... / Fcrrio;rn/atc/ //202 11 :15 0.7 Safariaclc·h-Amiri ct. al. [l!lO] 
Methylene Blue Slmry 1:2 1:291.'1 Vallaclarc·s (2l(ij 
Methylene Blue Series Conical Basket 12 10.0 Vallaclarcs [21G] 
PCE Sllll'ry 282 47.4 Tlll'chi (21:J] 
Benzene Slurry 27!) '17.5 Tmchi [21:J] 
Phenol Slurry 100 1-15.8 Okamoto et al. (rno] 
Phenol lmmobiliiecl glass rnil :MJi ~H5.5 Al-Ekahi and Serpone [Ci] 
Phenol Slurry 1000 '15f> 7. 7 Wei ct. al. [2 IH] 

1 [IhO2]=250 mg 1,- 1 

2 [Ih02]=250 mg 1,- 1 ancl [Fe(ll)]='10 mg 1,- 1 

3 [lb02]=200 mgL- 1 and [Fe(lll)]='10 mgL- 1 



6.4 Anodization of Pure Titanium to 

Titanium Dioxide 

It is sometimes difficult to cover the entire surface area of the packings 

with titanium dioxide. One possibility for o\·ercoming this problem may 

be the anodization of titanium wires. available commercially. to titanium 

dioxide: which are then used to produce tellerette packings. In this case. 

there is no need to in:imobilize the tellerette packings with titanium dioxide. 

making it cost effective. Depending on the method of anodization, a layer of 

titanium dioxide will be built up on the surface of the packings. This might 

enhance the efficiency of the photoreactor due to the increased surface area 

of titanium dioxide. 

Preliminary experiments of anodizing pure titanium wires to titanium 

dioxide using 1 ~1 sulfuric acid solution at constant voltage of .jQ \·olts were 

performed. The anode was pure titanium wire and the cathode was a gold 

plated platinum. These experiments failed simply due to the unknown op­

timum conditions of the voltage and current density for this particular an­

odization process. To improve the method of anodization, the optimum 

condition of the growth mode should be found (see Section i.2 for further 

recommendations). 

6.5 Concluding Remarks 

Designing an immobilized photoreactor with high mass transfer rate, high 

ratio of the photocatalyst surface area to the photoreactor volume, and suffi-
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cient light penetration is in demand. It was shown that the photoreactor with 

stainless steel tellerette packing has no mass transfer limitations to transfer 

organic species onto the photocatalyst surface while maintaining sufficient 

lIV light penetration throughout the system. In addition. this type of pho­

toreactor has an advantage of low pressure drop across the column due to its 

high voidage (9-5. ,o/c ). 

Additional experimental data involving different organtc species are re­

quired using this phqtoreactor to compare its performance with other con­

figurations. Longer light path and also tighter packing might be needed to 

improve the performance of this packed bed photoreactor. 
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Chapter 7 

CONCLUSIONS AND 

RECOMMENDATIONS 

In this chapter. the main conclusions obtained throughout this study are 

presented. In addition. recommendations for future work are suggested. 

7.1 Conclusions 

The following conclusions can be drawn from this thesis: 

1. It is customary that data analysis in photocatalytic and many other 

chemical reactions is performed using the method of initial rates. This 

method has serious drawbacks, primarily related to the subjectivity in 

the estimation of initial rates from experimental data. In Chapter 4, it 

was shmvn that the plot of residuals in the linear (initial rate) analysis 

confirmed that there was a pattern amongst the data. This indicates 
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that there is a lack of constant variance within the data. :\lost im­

portantly, the method of initial rates fails when applied to multicom­

ponent systems, in which intermediate species or products are often 

present with no initial concentrations. The method of non-linear data 

analysis described in Chapter 4 does not suffer from these limitations. 

It employs all of the data from the entire experimental run to estimate 

the model parameters. resulting in a more objective set of estimates . 

. -\ superior app-roach based on the Box-Draper method of non-linear 

estimation using all the experimental data was described and compared 

to the method of initial rates. It was demonstrated that this technique 

resulted in better and more objecti\·e parameter estimates in these 

kinetic models. 

2. Two different photocatalysts, Degussa P2.5 and Hombikat CV 100, were 

compared. their photoactivities estimated and their loads optimized. 

Similar behavior was observed for both photocatalysts. However. the 

photoactivity of Degussa P2.5 was higher at low photocatalyst load­

ings ((TiO2] < 1 g L -l ). In contrast, the photoactivity of Hombikat 

FV 100 was almost twice that of Oegussa P2.j at higher photocatalyst 

loadings ((TiO2] > 1 g L -l ). The optimum photocatalyst loading for 

TiO2 was 1.5 and 3.0-4.0 g L - 1 for Degussa P2.j and Hombikat UV 100, 

respectively. 

By measuring UV extinction and transmittance at 350 nm at different 

TiO2 loadings, it was shown that the system was highly transparent 
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at low Hombikat (\" 100 titanium dioxide loading while it was opaque 

in the case of Degussa P2.:5 TiO2 . At higher titanium dioxide loadings. 

the system was entirely opaque for both photocatalysts. 

:J. Photocatalytic degradation of two organic pollutants. tetrahydrofuran 

and 1.4-dioxane, was thoroughly studied in Chapter .j. It was demon­

strated that these organic species are photocatalyticaUy· degradable. 

Po~sible intermediates during the course of the photocatalytic degrada­

tion of tetrahydrofuran and 1.-1-dioxane were experimentally identified 

using both GC/MS and IC methods. 2(:3H)-Furanone. dihydro- (-:­

butyrolactone), succinic acid, acetic acid, formic acid. J-hydroxybutyric 

acid. and glycolic acid were identified as tetrahydrofuran intermedi­

ates during its photocatalytic reaction. 2-Hydroxytetrahydrofuran. 

dihydro-.:5-hydroxy-2(:3H)-furanone. and -1-oxobutanoic acid were not 

detected but are believed to be tetrahydrofuran intermediates. 

Similarly. 1.2-ethanediol. diformate. acetic acid. formic acid. J-hydroxy­

butyric acid, and glycolic acid were identified as intermediates of the 

photocatalytic degradation of 1.4-dioxane. Although, l ,4-dioxane-2.:3-

diol (2.3-dihydroxy-1.4-dioxane) and [1,2-ethanediylbis( oxy )]bis[meth­

anol] were not detected, it is speculated that they are also 1,4-dioxane 

intermediates. 

4. Hypothetical reaction pathways were proposed for the photocatalysis 

of both tetrahydrofuran and 1,4-dioxane based on the proposed inter­

mediates. Kinetic models \Vere developed and the kinetic parameters 
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estimated using the method developed in Chapter 4. It was shown that 

the photocatalytic degradation of tetrahydrofuran and the binary sys­

tem followed the modified Langmuir-Hinshelwood model. In addition. 

the photocatalytic degradations of tetrahydrofuran and 1.-1-dioxane in 

a binary system were examined. It was found that their degradation 

rates were slower in the binary system compared to that of a single 

component system. 

-J. The effect of sodium bicarbonate on the photocatalytic degradation of 

the binary system was examined. It was shown that the presence of 

bicarbonate and carbonate ions as hydroxyl radical scavengers slows 

down the degradation rate of 1.4-dioxane but does not significantly al­

ter the degradation rate of tetrahydrofuran. The slight enhancement 

in the tetrahydrofuran degradation rate in the presence of sodium bi­

carbonate may be due to an increase in pH . .-\!so. there is a possibility 

that bicarbonate and carbonate ions reduce to other organic species 

during the photocatalytic reaction. 

Therefore in photocatalysis processes, the presence of these arnons 

should be taken into account. It is recommended that these arnons 

be removed from the water or wastewater before the photocatalysis 

process is activated in order to eliminate their effects. Lowering the pH 

of the water or wastewater before photocatalysis treatment eliminates 

these anions in the form of CO2 . 
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6. From a practical point of \·iew, slurry photoreactors. which have high 

ratio of the photocatalyst surface area to the photoreactor volume. are 

highly efficient at mixing and promoting mass transfer but suffer from 

the drawback of solid particles separation subsequently required from 

the suspension. To overcome this disadvantage, immobilized photore­

actors have been suggested as an alternative. :\!though significant con­

tributions ha\·e been made on these types of photoreactors. they suffer 

from potential mass transfer limitations. In Chapter 6, a nO\·el fixed 

bed photoreactor with stainless steel tellerette packings was introduced. 

The experiments in Chapter 6 revealed that mass transfer limitations in 

this packed bed photoreactor were insignificant. The reaction appeared 

to be kinetically controlled in this packed bed configuration. :\!though 

more investigation is needed on the tellerette packed bed photoreactor. 

it may ha\·e potential use in industrial applications due to the effec­

tive mass transfer. C\" light penetration through the packings. and low 

pressure drop across the column. 

7.2 Recommendations for Future Work 

:\!though a number of insights into photocatalysis have been gained, im­

portant issues still remain unresolved. The following recommendations are 

proposed in order to direct future research in the field of photocatalysis. 

1. It is recommended that a real wastewater sample which contains more 

organic and inorganic species than tested in the present work, be pho-
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tocatalytically degraded. In this case, the effects of other parameters 

such as turbidity and interactions between different organic and inor­

ganic species may be studied. 

2. It is suggested that the carbon dioxide production be monitored dur­

ing the course of the photocatalytic reactions in order to control the 

reactions in the system. 

:3. It is of interest to investigate the effect of hydrogen peroxide on the 

photocatalytic degradation ·of tetrahydrofuran and 1.4-dioxane since it 

has been shown that hydrogen peroxide is a better electron acceptor 

than oxygen and produces more hydroxyl radicals directly, therefore it 

enhances the photocatalyzed oxidation rates [ 167. 206]. 

4. The coupling of a biological process as a post-treatment. a pretreat­

ment. or both offers another avenue of potential research for future 

investigations . 

. j. Further work is needed on the tellerette packed bed photoreactor. Ex­

amination of the effects of different packing sizes. shapes, and immobi­

lization methods is of interest in order to compare the present results 

with those of other immobilized photoreactor configurations. Study­

ing the effects of different diameters of the photoreactor allow a better 

understanding of the light distribution for the scale up purposes. 

Further study on the photocatalytic degradation of different organic 

pollutants would permit comparison of the efficiency of this configura­

tion with that of others. 
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Finally, structural analysis of the coated stainless steel wires by means 

of a Scanning Electron ~Iicroscope (SE:\I) may provide interesting in­

formation about the quality of the titanium dioxide immobilization. 

6. It is of interest to immobilize Hombikat CV 100 titanium dioxide on 

the abO\·e packing and compare its photoactivity with that of Degussa 

,. Phptoreactor n~odelling and scale-up 1s still an area which demands 

further im·estigation. 

S. It is recommended that different \·oltages and current densities be in­

\·estigated to determine the optimum conditions for the anodization 

process. To do this, the potentiostatic anodization approach. in which 

a constant anode-to-cathode \·oltage drop is applied. should be tested 

and the maximum permissible current density found. The process of 

galvanostatic anodization. in which a constant current density is ap­

plied, should also be examined and the maximum permissible anode­

to-cathode voltage be estimated. Furthermore. the combined growth 

mode offers a method to find the optimum process conditions. In order 

to do these experiments. a variable power supply should be provided. 

In general, anodization of pure titanium wires to titanium dioxide in 

a similar form to the tellerette packing used in this study, is another 

interesting area of research. 
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Appendix A 

Method of Statistical Analysis 

of Dynamic Model 

In this appendix, the details of the statistical analysis for the dynamic 

model discussed in Chapters 4 and .j are explained. Sensitivity equations 

along with the dynamic models are discussed. 

To compute the gradient vector q. in Equation ( 4.1 ,). the Jacobian ma-
-1 

trix. L,, as defined in Equation (4.18) should be first estimated. If the dy­

namic model consists of n differential equations with p parameters. a set of 

n x p sensitivity equations should be solved numerically. Hence, the ele­

ments of the Jacobian matrix in the sensitivity equations, which are called 

sensitivity coefficients, will be computed. 

In the following, an example of a dynamic model with its sensitivity 

equations is demonstrated. 
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A.I Dynamic Model 

:\s an example. consider the dynamic model of Equations ( .5. iO) which 

was developed for the kinetics of the mixture of THF and DIOX in Chap­

ter .5. In this dynamic model. there are three differential equations with seven 

parameters which have ;3 x i = 21 sensitivity equations. Let: 

krHF = 01. [{THF = 02. kowx = 03, f\.DlOX = 04. 

kcBL = 05. [\.GBL = 06. kapp = 0, 

and 

[THF] = C'i. [DIOX] = C2. [GBL] = C3 

Hence, the dynamic model may be written as follows: 

= ( A.l) 

A.2 Sensitivity Equations 

In total, 21 sensitivity equations of the dynamic model in Equations (A.l) 

were derived. These sensitivity equations, shown in Equations (A.3), along 
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with the dynamic model were numerically soh'ed usmg the Runge-I~utta 

method to find the .Jacobian matrix in each iteration (see Figure 4.:3). 

It was assumed that the concentrations of all species are known at t = 0. 

Hence. the initial conditions for the sensitivity equations are as follows: 

--· =0 (ac )I 
f)OJ t=O 

( • - l ·) ·3 I • - 1 ·) - ) 1 - . -, • a nc. J - . _ ..... • , ( .-.\.2) 

The sensi\'ity equations of the dynamic model in Equations (:\.1) are as 

follows (Equations (.-.\.:3)): 
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Iv 
0) 
00 

!!_ (llC2) = -838,1 ( ~) ( l + (J'lCI + o,,c'}. + O,l-':i) - (,''l (e'l ( ~); ll,1 ( j;,~·:) + On ( ~)) 

dt DBi ( J + {}2C'1 + n .• c]. + OliC':1) 

d ([)C2) _ ( ~) ( I + O'lC1 + ll,1(,'.i + tJ,/-'a) - C2 ( C1 + O'l ( ~) + H.1 ( ¥/i;) + On ( 1%;)) - - --~~ . 
dt fJ02 ( I + O-iC'1 + fJ.i(,'.i + fJliC:1):i 

!!_ ({JC2 ) = -O. ( C'2 + ll:1 ( Wi;)) (I+ ll2C'1 + 0,1C2 + OHC:1) - O:,C'l (o'l \ ~) + 0,1 ( ~) + fJo ( ¥fi;)) 
,Lt fJ03 

1 
( I + ll2G'1 + ll,1C2 + llnC:1) 2 

!!_ (fJCi.) = _
03 

( (.'2 + ll,1 ( ¥fi;)) (I+ ll2C'1 + (J,1C2 + HtiC:1) - ll4C2 (o'l ( ~) + C2 + 0.1 ( Tfi:) + Hti ( iJfi:)) 
,it D0,1 ( I + (J'J.(,'I + o.,c'J. + (JnC:i 

!!_ (~C2) = -838,1 ( ~) ( I + (J'l(,'I + fl,,c'}. + (JoC:.1) - (.''l .(o'l (¥Ji;) : fl., (if*.) + {Iii ( ¥fi;)) 
dt 885 ( I + {J'l(.'I + fl,1C2 + (JliC':i) 

,L (DC2) _ (Wi;,) (I+ (}'lCI + o.,c'J. + (JliG':1) - c'l (e'l (~) + ll-1 (iffi:) + (.':1 + llo (Wi:)) 
- - - -838,1---'--------------'-----'--'----,----'-------'--_..;._----

dt ao6 ( 1 + o'lc1 + e.1(:'l + o,iC3)
2 

!!_ (DC2) = -830,1 (Wi;-) (I+ o'lcl + O,if,''l + o,iC':1) - (,''l (02 (~) + o •• (W#) + o,! (¥Ii;)) 
dt fJ81 ( 1 + e'lc1 + o.1C2 + elic:i)2 
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Appendix B 

Preparing Solutions for both 

Calibrations and Runs 

Stock solutions for both calibrations and runs were prepared in 40-mL 

vials. After weighing a specific amount of filtered deionized water ( FD\\') in 

a 40-mL vial. the organic(s) of the choice were injected into the \·ial through 

its Silicon-Teflon septum. For the standards, the stock solution was diluted 

into other 40-mL vials. Depending on the initial concentration needed for 

the runs. a specific amount of the stock solution separately prepared was 

injected directly into the photoreactor. 

To prepare both stock and standard solutions. the concentrations of 

tetrahydrofuran and 1,4-dioxane were calculated using the following equa­

tions: 

CrHF - (B.l) 

2i0 



CoIOx 
PDIOX Vi::uox 

where Cr HF = THF concentration. [mg L - 1]: 

CDIOX = DIOX concentration, [mg L - 1
]; 

PTHF = 0.8892 mgµL -l. THF density; 

PDIOX = 1.034 mgµL - 1. DIO:X density; 

Vi=·Dw = The volume of filtered deionized water. [L]; 

(B.2) 

\:THF = Pure "THF \·olume injected into \-i=-Dw L of FD\V. [pL]: 

ViHox = Pure DIOX volume injected into \:FDW L of FD\V, [µL]. 

Toluene was used as the internal standard (LS.) in GC analysis. The 

internal standard concentration used in both standards and samples was 

40 mg L - 1
. The stock solution of toluene was prepared using the following 

equation: 

C _ PTOL l·roL 
TOL - \" lQ oti 

'FDW + - ~TOL 

where CroL = Toluene concentration, [mg L - 1]; 

PTOL = 0.866 mgµL - 1, Toluene density; 

(B.:3) 

l'roL = Pure toluene volume injected into l-'i:-mv L of FD'W [µL]. 

For definition of other parameters see Equations (B.l) and (B.2). 

After preparing the stock and standard solutions, Vi.s. mL of the internal 

standard stock solution was injected into either standard or sample vials 

according to the following equations: 
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for standards: 

t . 40 \::td 
~'l.S. = 

Cl.S .. stock 
(8.4) 

where \,,~td = Standard solution volume. [mL]; 

Vi·.s. = mL of internal standard stock solution to be added to \::1d mL 

of standard solution: 

CI.s.,stock = Concentration of internal standard stock solution. [mg L - 1]. 

for samples: 

,.· _ _ 40v: 
I.::,. - C -[.::, .. stock 

(8 .. 5) 

where \1~ = Sample solution volume. [mL]; 

Vi.s. = mL of internal standard stock solution to be added to \:~ mL of 

sample to be analyzed. 

Since toluene is relatively \·olatile. the internal standard stock solutions 

were prepared daily before GC analysis as needed. 



Appendix C 

Error Analysis 

Any experimental work involves different sources of errors such as equip­

ment, measurement, preparation of solutions, and human errors. However, 

using statistical methods, the errors can be controlled and therefore mini­

mized. In the following, two statistical methods are illustrated as examples 

of controlling the errors. The errors in GC analysis was \·ery common and 

needed to be controlled carefully. 

The g.jo/c, confidence limits in the estimation of the parameters in this 

study were computed using a proper statistical method and were reported 

along with the estimated parameters. 

C.1 Quality Control Analysis 

The calibration of the GC system in the range of interest was controlled 

with a single point check after each batch of samples. To be confident about 

the data analyses, a quality control chart was made using a single point check. 
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The measurement was acceptable. unless it was not within the controlling 

limit regions then another calibration curve was made. Figure C.l depicts 

a quality control sample chart in which the sample analyses for the initial 

concentration of I ,-1-dioxane in the slurry photoreactor are shmvn. 
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• sampleavg -UCL --LCL ---·UWL ··---- LWL • • ·Avg! 

30.50 

30.00 

29.50 

29.00 
------------------.---------------

28.50 • 
I 

• 28.00 • 
~ . -· -- _ .. -- -- -- -- ------:.;o 

27.50 • • • • 
27.00 

• • • 
26.50 

----------.. --. -.. --. -............ -... -.. -----.... --....... -... -.. -. -~ ... -
26.00 

25.50 

25.00 

2 3 4 5 6 7 8 9 IO 11 12 13 14 15 16 

Sample Number 

Figure C.l: :\ sample of quality control chart for controlling GC analysis. 
Samples were analyzed to find the initial concentration of 1,4-dioxane in the 
slurry photoreactor. Definitions: a = standard deviation, sample avg = 
sample average, UCL = Upper Control Limit ( +3a), LCL = Lower Control 
Limit (-30-), U\NL = Upper \Yarning Limit (+2o-), LWL = Lower \\'arning 
Limit (-20-), Avg= Average. 



C.2 Analysis of Variance Using the Method 

of Hierarchical Design Experiments 

.-\s an example. the experimental data during the photocatalyst optimiza­

tion trials were analyzed (see Section ,5 .. 5). The solutions were prepared in 

such a way that the initial concentration of 1.-1-dioxane in the photoreactor 

in each run for both photocatalysts be the same. i.e .. 2,.8 mg L-1. Due to 

the experimental errqr, GC analysis showed a slightly different result. 

Analysis of \·ariance using hierarchical design experiments explained by 

Box et al. [40] was performed for these trials. These analyses resulted in­

significant errors involved in the initial concentrations for those experiments. 

Figure C.2 depicts the 2 x 8 x 2 hierarchical design experiments for these trials. 

Table C.2 shows the analysis of variance for the photocatalyst optimization 

experiments. 

The sample data are summarized m Table C.l. Csing Table C.L the 

following terms are computed: 

P: 

R: 

D: 

(4-11.082 +442.14 2
)1~ 

(-56. ,92 + ,55.,592 + ... + .5,5.482
) ½ 

(28.:362 + 28.432 + ... + 2,.632
) 

(SUJ,£) 2 

Correction for the :\lean = ---- == 
n 

883.222 

32 

24, ;3,,.4,59 

24, :394.227 

24, 40-5.373 

24, :3,i.424 

And the results are summarized in Table C.2 . .-\s Table C.2 shows, the error 

in the experiments was insignificant. The variances and standard deviations 
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can be computed as follows: 

Therefore. 

ub + 2uk + 16u~ - 0.0:3.5 

ub + 2uk - 1.19s 

ub o.69, 

ub = 0.69, and uo = 0.S:3-5 

<J"k = 0.2.51 and <J"R = o .. 500 

where ub = Variance of data: 

<J"k_ = Variance of runs; 

<J"o = Standard deviation for data; 

<J"R = Standard deviation for runs. 

It is conclusive that the GC measurements error 1s the principle com­

ponent of the measurement error as the other errors are found to be not 

significant. Thus, they do not contribute significantly to the measurement 

error. 
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Figure C.2: The 2 x 8 x 2 hierarchical design experiments for the initial concentrations of l ,'1-dioxa11c in 
the photoreactor for photocatalyst opt.imizat.ion I.rials, S/s ar<· the initial concentrations of l ,'1-dioxane in 
the sluny photoreactor for the i111 rnn and Hi is the i'h run. 



Table C .1: Sample data in the hierarchical design experiments shown in 
Figure C.2. 

PHOTO- S(R) = S(P) = Stat= 

CAT.-\L'r:"ST TRIAL XO. DATA L i+15. 
I I L;+i S(R)i " • L32 -, 

i=l ~ I 

(i) (Si= Cod 
R1 1 28.:36 -56. ,9 

2 28.4:3 
R2 :3 27.,4 5.5.59 

4 2, .8.5 
R3 .5 26.09 .5:3. ,9 

6 2,. ,0 
CV 100 R-t I 2, .20 .5.5.'iO 
TiO2 8 28.50 441.08 

Rs 9 26 .. 5.5 5;3.4.5 
10 26.90 

R6 11 2,.18 -5-5.08 
12 2,.90 

R; 1:3 26.81 .53.62 
14 26.81 

Rs 1.5 28.84 .5,.06 
16 28.22 88:3.22 

Rg l 'i 29.98 -58.12 
18 28.14 

R10 19 2,.31 -56.19 
20 28.88 

R11 21 28.,.5 -54.90 
22 26.15 

Degussa R12 23 27.02 .54.45 
P2.5 TiO2 24 27.43 442.14 

R13 25 2i.40 -56.06 
26 28.66 

Ri-t 27 26.54 54.63 
28 28.09 

R1s 29 26.35 52.31 
30 25.96 

Rl6 31 27.85 55.48 
32 27.63 
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1-.:l 
00 
0 

Table C.2: Analysis of varia11n• (ANOVA) 11si11g hicrard1ical design cxperi111e11ts for the phot.ocatalysl opt.i111i1.at.io11 exper­
iments. 

Somcc of Sum of Squares ))Fl l\foa11 Square E(MS) / 1 2 
'cul. /,' :1 

05%,,,1 ''J Significant'! 
Observation (SofS) (MS= s;;{.:'') 

Photocatalyst 2'1 ,377 .'159-2'1,:J77.'12'1 I 0.0:15 2 2 '.I "b+'.laii+Wa~, 
/•~5%,l,1,I No av+ 'lau + 1Ga1, 2 +'.I 2 "t) "11 

(P) =0.035 =0.0W ='1.(i 

Runs (ll) 2'1,39'1.227-2'1,:J77 .'159 ') ... I. I !JS '.I 2 at+2ail 
/•~r,%,1•1,lfi No -XI av+ 2au oL 

=16.768 = 1-1 =l.7UJ ~ 2.:J 

Data (D) 2'1,'105.373-2'1,:19'1.227 Hix I O.£H)7 2 av 
=l l.1'16 =Hi 

Total 2'1,'105.:J7:J-2-1,:J77 .'12-1 :JI 
=27.!M!J 

1 Degrees of Freedom 
2 Calculated F-distribution 
3 n5% Confidence level for F-distrilrntion with //1 and !12 dc·grces of freedom, extracted from literature ['10] 



Appendix D 

Diffusion Coefficient of 

1,4-Dioxane in Water 

The diffusion coefficient of 1.4-dioxane in water was calculated by using 

the following equation [209]: 

Do - (117.:3 X 10-18)(0.\/a)o.5y 
AB - V0.6 

µ .-\ 
(D.l) 

where D~8 = diffusivity of A in very dilute solution in solvent B. [m 2 s- 1 
]: 

.\la = r.iolecular weight of solvent, [kg kmol- 1]; 

T = temperature, [K]; 

v.-1 = solute molal volume at normal boiling point, [m3 kmo1- 1J (0.07.56 

for water as solute); 

</> = association factor for solvent (2.26 for water as solvent); 

µ = solution viscosity, [kg m- 1 s-1 ]. 

For 1,4-dioxane, v.-1 is estimated as follows [209]: 
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V.-t = 0.01-!8( 4) + o.oo:r,(8) + 0.00,4(2) = 0.10:36 m 3 kmo1- 1 

Hence, at T=25°C: 

( 111.3 X 10-18 )(2.26 X 18.02)0
•
5 

X 298 
(0.01 X lQ-I }(0.1036)0 -6 

8.694 x 10-10 m 2 s- 1 
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Appendix E 

Cost Estimation for a 

Photocatalysis Process 

In this section, an economic evaluation of a photocatalysis application for 

water and wastewater treatment systems is presented. The cost estimated is 

based on the most severe conditions in which the reactions take place for 24 

h. All costs are estimated in Canadian Dollars. 

The following lists different costs involved in a general process of photo­

catalysis. 

Capital Cost: 

Considering the effective life of a photoreactor for 1.5 years, the capi­

tal cost of the photoreactor including auxiliary equipment, installation, etc. 

would be approximately S0.001/(h L). 
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Operation Cost: 

The operating cost including labor would normally be about S0.0002/(h L). 

Input Energy Cost: 

The most expensive cost in the photocatalysis process is the energy cost. 

The cost of the energy input would be about S0.020/(h L). 

Consumable .\laterials Cost: 

The cost of consumable materials such as Ti02 , probes. etc. would be 

S0.002/(h L) on average. 

Therefore, the total cost is calculated as follows: 

Total Cost/Reactor Volume 

Therefore, we have: 

Capital Cost + Operating Cost 

+ Energy Cost 

+ Consumable ~laterial Cost 

Total Cost/Reactor Volume - S0.001/(h L) x 24 h + S0.0002/(h L) x 24 h 

+ S0.020/(h L) x 24 h + S0.002/(h L) x 24 h 

- S0.56/ L 

or 

Total Cost = S 2.1/gal 
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