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Abstract

The objective of this study is to promote photocatalytic wastewater treatment by propos-
ing a reactor design that employs a catalyst-coated, rotating, corrugated drum to increase
the surface area, induce agitation and promote reactant and photon transfer to the sur-
face. Corrugation profiles with surface areas ranging from 405 cm? to 3650 cm? were
considered — the addition of corrugations improved the phenol degradation rate by up
to 200 %. Based on an analysis of rotational speed and initial pollutant concentration,
the reaction was found to be limited by the kinetics at 20 ppm and 40 ppm, but lim-
ited by phenol transfer to the reaction sites at 5 ppm. Finally, Langmuir-Hinshelwood
kinetics was applicable with an average phenol adsorption coefficient of 0.120 L/mg and
an increasing overall reaction rate constant with surface area. Further studies are nec-
essary for the industrial use of such a reactor design including treatment of wastewater
with varying characteristics, reactor design scaling and the applicability of this design

for solar-activated applications.
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Résumé

L’objectif de cette étude est de promouvoir le traitement photocalytique d’eau con-
taminée en proposant un réacteur composé d’un cylindre ondulé, couvert de catalyseur,
tournant dans un basin rempli d’eau contaminée. En augmentant la surface du cylindre
de 405 cm? & 3650 cm? par ’addition d’ondulations sur le cylindre, le taux de dégradation
du phénol augmente jusqu’a 200 %. D’apres les données obtenues avec les diverses vitesses
rotationnelles et les concentrations initiales, la réaction démontre un plateau cinétique
avec des taux de concentration de 20 ppm et 40 ppm, mais pour une concentration
de 5 ppm le taux de dégradation augmente par rapport a la vitesse en augmentant la
quantité de phénol qui entre en contact avec la surface du catalyseur. Finalement, la
cinétique Langmuir-Hinshelwood est applicable avec un coéfficient d’absorption moyen
pour le phénol de 0.120 L/mg et une constante de taux de réaction global augmentant
par rapport a la surface du catalyseur. Afin de passer a la commercialisation de cette
technique, il faut étudier, entre autres, le traitement de solvant avec des caractéristiques
variantes, I’augmentation de I’échelle du réacteur et 'application de ce produit pour des

projets activés par les rayons solaires.
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Chapter 1

Introduction

Photocatalysis is an environmentally-friendly purification technique for air, water and
soil contaminated with persistent organic compounds, recalcitrant chemicals, bacteria
and micro-organisms. Photodegradation is a desirable treatment because it requires
only an oxide semiconductor catalyst (often T%O; which has low toxicity, low cost, high
stability and high activity [33, p.157]) and a light source (often ultra-violet) to acti-
vate the photocatalyst. Furthermore, the photocatalyst can be reused, the ultra-violet
light source can be replaced by solar, complete mineralization of many contaminants
is achievable and the operating conditions are generally ambient. Therefore, photocat-
alytic contaminant degradation is the quintessential alternative for air, soil and water
treatment.

However, some barriers exist that prevent the commercialization and widespread use
of photocatalysis, such as a low-order dependency of reaction rate on light intensity,
inefficiencies due competing recombination reactions and limitations in photon and re-
actant transfer to the catalyst surface. Overcoming these challenges is an essential step
in ensuring that photodegradation becomes a prevailing technology for the treatment of

polluted media.
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The objective of this study is to promote photocatalytic wastewater treatment by
proposing a photoreactor design that employs a catalyst-coated, rotating, corrugated
drum to increase the catalyst surface area, induce agitation of the reaction medium
and promote transfer of reactants and photons to the catalyst surface. Consequently,
this design aims to advance photocatalytic contaminant removal by providing a reactor
system that prevails over current commercialization barriers.

This thesis explores photocatalysis by beginning with a review of the available liter-
ature involving the mechanisms, kinetics, catalysts and contaminants of photocatalytic
reactions; the reported effects of various reaction parameters such as temperature, dis-
solved oxygen, pH, rotation, UV transmission, catalyst surface area, initial contaminant
concentration and hydrogen peroxide addition; the current and potential applications of
photocatalytic reactions; and the reactor configurations that have been previously stud-
ied. Based on the literature survey, the photoreactor configuration that was implemented
is presented. The materials and methods used for evaluation of the reactor design are also
introduced such as the chemicals, reactor equipment, catalyst immobilization techniques,
system start-up, experimental procedure and analysis methods. The results of the exper-
imental runs are then presented including the reproducibility of the results; the effect of
drum configuration, rotational speed, initial concentration and illumination profile; and
further analysis to determine the presence of reaction intermediates and by-products and
the applicability of Langmuir-Hinshelwood kinetics. Finally, the major conclusions and

recommendations for future study are recounted.



Chapter 2

Literature Review

2.1 Photocatalysis

The purification of air, water and soil polluted with toxic recalcitrant chemicals and
micro-organisms can be achieved via photodegradation using a semiconductor catalyst
and an ultra-violet light source. This sectioﬁ explores the mechanism and kinetics behind
photocatalytic reactions, the catalysts and contaminants commonly used in photocatal-
ysis, the effects of various reaction parameters on photodegradation rates, some applica-

tions for photocatalysis and several previously reported photoreactor configurations.

2.1.1 Reaction Mechanism

Photocatalytic processes are generally enhancements or substitutions for the purification
of air, soil, or water via high-temperature incineration, activated sludge digestion and
other physicochemical treatments by providing environmentally-sound alternatives for
the destruction of bacteria, viruses and other micro-organisms, cancer cell inactivation,

control of odorous chemicals, water photosplitting, nitrogen fixation and oil spill cleaning
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[29]. The key elements of photocatalytic reactions are: 1. the light source which can be
either solar or ultra-violet lamps and can be immersed in the reaction medium, external
to the reaction medium, or distributed to the reaction medium by an external source such
as a reflector; 2. the catalyst, generally a semiconductor oxide, which can be immobilized
on the reactor surface, or contained within the reaction medium; and 3. the contaminant
which is typically an air or water medium with an organic compound pollutant. There

are five main steps in photocatalytic reactions [28]:
1. Reactant transfer from the reaction medium to the catalyst surface
2. Reactant adsorption
3. Reaction

(a) Photon absorption by the catalyst
(b) Electron-hole pair creation

(c) Electron transfer reactions
4. Product desorption
5. Product removal from the catalyst-medium interface

In the photocatalytic reaction (step 3), the semiconductor catalyst achieves molecular
excitation by absorbing photons (hv) with the appropriate energy from the illumination
source. One common catalyst, titanium dioxide (7%0,), has a band gap energy (E,)
of 3.2 eV which corresponds to an illumination wavelength of approximately 400 nm.
When the semiconductor is excited with wavelengths slightly shorter than the band gap
(for T4O5 in the range of 300 nm to 400 nm) the formation of electron-hole pairs occurs.
Therefore, there exists a mobile excited electron in the high energy conduction band (cb)

and an electron hole in the low energy valence band (vb), as shown in Equation 2.1.



Literature Review ' 5

TiOs + hv — e + b, (2.1)

Once the electron-hole pairs are generated there are two competing options. Either
they recombine which is one of the main problems affecting the photoefficiency of such
reactions by consuming photon energy (53|, or parallel oxidation and reduction reactions
are initiated by the electron-hole and the mobile electron respectively. Once these reac-
tions are initiated, the oxidation of organic compounds and reduction of dissolved metal

ions occurs. This process is depicted in Figure 2.1.

Energy
A

Acceptor

Jonor

: .k
Donor

Figure 2.1: General photocatalytic reaction process [10]

Photocatalytic reactions use photons from the illumination source to provide desir-
able reaction sites on the catalyst surface and thus promote reactions to oxidize organic
compounds leaving only carbon dioxide and water as the products. Therefore, photo-
catalysis provides environmentally-sound destruction of pollutants. Equation 2.2 shows
the general stoichiometry for the photocatalytic degradation of organic compounds [29]

— the specific stoichiometry for the complete destruction of a phenol pollutant is shown
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in Figure 2.2.

C.H, X, + ( z) 0, 28 2COy + zH* + 2X~ + (y > z) HO  (2.2)
OH + 7To=o0 _hv o6 o==Cc==0 + 3 H/O\H
Oxygen Carbon Dioxide Water
Phenol

Figure 2.2: Photocatalytic reaction of phenol

Despite the desirable end-products of complete photocatalytic degradation, various
reaction intermediates are formed and are not entirely degraded during the reaction.
One aim of many photocatalytic degradation studies is to monitor the presence of these
compounds and design reaction parameters that promote their degradation and thus
reaction completion. Figure 2.3 shows the structures of commonly reported reaction

intermediates for the photodegradation of phenol [25, 70, 81].

Hydroquinone Benzoquinone
HO
HO OH
Resorcinol Catechol

Figure 2.3: Reaction intermediates of phenol photodegradation

Sobczniski et al. [70] executed a qualitative study on the intermediates of phenol
photooxidation to elucidate the mechanism and kinetics of such reactions using an air
lift loop slurry reactor. In this study, only trace amount of resorcinol were measured,

so it is not considered a major contributor to the reaction intermediates. As shown in
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Figure 2.4, after three hours there remained a 17 % discrepancy between the amount of
reaction intermediates (hydroquinone-HQ), catechol and benzoquinone-BQ), total organic
compounds (TOC) and phenol in the system. This indicates that other intermediates

are present in the mixture that have not yet been reported.

2,50
mom B henol
wwTOC
& 2,004 o w40

i =O=Catechol

mxmBC

=
b
Q :\N\
g 1.501 e

=3
[
=T 1,004
§ V\
Q 0,50-
I} ] ff
O ”“‘D"" e ¢ ’
0,00% e M%W X
g0 a5 10 15 20 25 30
time [h]

Figure 2.4: HPLC and TOC analysis results [70]

Based on the quantitative analysis of the reaction intermediates, Figure 2.5 shows
a possible, but admittedly incomplete, mechanism for the photodegradation of phenol

with a titanium dioxide catalyst [70].

2.1.2 Reaction Kinetics

Photocatalysis has been shown to follow Langmuir-Hinshelwood first-order kinetics to
near complete pollutant degradation [3, 4, 15, 18, 24,29, 37, 44, 70, 72, 76]. If the reactant
and solvent are absorbed on the catalyst surface and do not compete for reaction sites,

the Langmuir-Hinshelwood kinetics follows Equation 2.3, where: R is the reaction rate,
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OH | o OH OH
OH HO OH
hv, Ti0, + hv, TiO,
e emo——— emmmeme———
+HO' +HO
%y
O 2 ,:(9
Q 3
Ox. OH H,c—OH OH o
\? | He”  HE” Formate
CO, + HO e | ‘e CH, + HC—OH + + +
o2
H2C ! /CH2 /CH Acetate
ém H,C—OH HO é’

Figure 2.5: Potential phenol degradation mechanism [70]

C is the reactant concentration, ¢ is time, k, is the overall reaction rate constant and K

is the adsorption coefficient of the reactant.

—dC k. KC

R=—=17%C

(2.3)

Equation 2.3 can be rearranged to form Equation 2.4. Therefore, 1/R (or 1/(—dC/dt))
can be plotted against 1/C to form a linear dependence where the slope is 1/(k,K) and
the y-intercept is 1/k,. The overall reaction rate constant and the adsorption coefficient
of the reactant can be estimated from the slope and y-intercept of the linear trend for

the experimental kinetic data.

1 1 1 1
S R : 2.4
~iCjdi R RK (0) (24)
From these equations, it is evident that at low concentrations of the reactant, the

reaction rate approaches k,.KC and there is an apparent first-order reaction with a rate

constant of k. K. However, at high substrate concentrations the reaction rate approaches
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a limiting value of k, and a zero-order reaction occurs as the rate is independent of
the substrate concentration. Therefore, in photocatalytic reaction kinetics a first-order
reaction is primarily observed when the substrate concentration is high, then as the
concentration decreases a transition zone occurs and finally when a sufficiently small
concentration of reactant remains a zero-order reaction rate is observed.

These kinetics are shown in Figure 2.6 in terms of the degradation rate at varying
concentrations. At low concentrations the degradation rate increases with increasing
concentration (first order), but as the concentration increases the degradation eventually
approaches an asymptotic rate where it ceases to increase regardless of further increasing

concentrations (zero order).

Concentration

Degradation Rate

Figure 2.6: Langmuir-Hinshelwood kinetics

2.1.3 Catalysts and Contaminants

A photocatalyst is a material that has the ability to generate sites for photoreactions

by absorbing light photons and is not consumed in the reaction. Semiconductors are
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used as photocatalysts because they do not have continuous energy levels like metals;
semiconductors possess the unique characteristic of void energy regions between the top
of the valence band and the bottom of the conduction band known as the band gap.
Therefore, as previously described, when electrons are photoexcited they jump from the
filled valence band to the vacant conduction band thereby allowing sufficient time for
the oxidation and reduction reactions to occur in the generated reaction sites. If the
recombination of the mobile electron and the electron-hole occurs before the reactions
proceed, significant energy is wasted and the photoefficiency of the process decreases
dramatically.

Some characteristics of good semiconductor photocatalysts are: high photoactivity,
high photostability, high resistance to photocorrosion, non-toxicity and chemical and
biological stability. Although many semiconductors have been studied (including: SiO,,
Ti0q, ZnO, WOs, CdS, ZnS, SrTi0Os, SnOy, WSes, Vo05 and Fes0s3), TiO; is a
widely accepted photocatalyst for environmental applications. Furthei*more, in some
cases such as the photooxidation of cyanide, titanium dioxide is the only catalyst that
is photoactive enough to satisfactorily degrade the pollutant [47]. Titanium dioxide has
sufficient energy in the electron-holes to oxidize organic compounds, good photooxidation
kinetics and stability in aqueous and photoelectric environments [11]. Most types of
organic and inorganic compounds can be degraded with a titanium dioxide photocatalyst;
some categories of compounds that can be degraded are aliphatics, aromatics, surfactants,
detergents, dyes, pesticides and herbicides [11]. In addition, heavy metals can been
reduced via photocatalysis.

Phenol and phenol derivatives are often used as model pollutants [3, 4, 12, 18, 25, 32,
42, 43, 60, 69, 70, 81, 88]. Phenol is frequently found in the environment due to industrial

and domestic activities because it is a common constituent of pesticides, herbicides,
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pharmaceuticals and industrial discharge from plastics, resins, steels, dyes and organic
chemical production [52, p.131]. In low concentrations, phenol can be found in foods,
ointments and antiseptics; however, in large concentrations it may cause serious health
risks such as heart, liver, kidney and lung diseases. The most common technique for
phenol degradation is biological [14, 20, 22, 36, 48, 49, 50, 66, 68, 79, 82], but phenol

degradation via chemical oxidation [54] has also been studied.

2.2 Reaction Parameters

Photocatalytic reactions are affected by various parameters such as temperature, dis-
solved oxygen content, pH, rotational speed (where applicable according to the reactor
design), UV transmission, catalyst immobilization, initial contaminant concentration and
hydrogen peroxide addition. This section reviews some of the literature regarding the

effects of these parameters.

2.2.1 Temperature

Since the nature of photocatalytic reactions involves a temperature increase if it is not
controlled, a study of the effect of temperature is an important part of photocatalytic
characterization. Trillas et al. [74] studied the effect of reaction medium temperature on
the contaminant degradation rate in a slurry 740, reactor using phenoxyacetic acid as
the model pollutant. Due to the rapid kinetics of the photocatalytic reaction, the effect of
temperature on the reaction rate within the range of 25 °C to 76 °C was almost negligible.
Similar results were found in a study by Yawalkar et al. [81] using a solar reactor with
a T'i0s catalyst and phenol as the model pollutant. In this case, the temperature was

kept constant in one reactor at 38 °C and left uncontrolled in the other reactor where it
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ranged from 38 °C to 75 °C. A comparison of these two reaction conditions showed very
little effect of temperature on the degradation rate.

Other studies, however, show conflicting results. For example, Hofstadler et al.
[30] found that the decomposition rate increased with temperature from 0.28 mg/Lh
at 11.7 °C to 1.08 mg/Lh at 56.7 °C using a fused-silica glass fiber reactor with T%O,
as the catalyst and 4-chlorophenol as the model pollutant. Andreozzi et al. [8] studied
the effect of temperature on acidic and basic solutions in an immobilized 79O, annular
reactor with 4-nitrophenol as the contaminant. A slightly negative effect on reaction rate
with increasing temperature was found in the acidic solution (pH = 3) and a slightly
positive effect was found with increasing temperature in the basic solution (pH = 8.5).

In general, a weak dependence of photodegradation rate on the reaction media tem-
perature is reported; in addition, the decreased solubility of oxygen in the solution and
the decreased concentration of mobile electron holes are undesirable side effects of tem-
perature increase [11]. Since photocatalytic degradation rates are not strongly dependent

on temperature, the temperature-limiting steps are not the rate-limiting steps [24].

2.2.2 Dissolved Oxygen

As shown in Equation 2.2 and Figure 2.2, oxygen is an important reactant in the con-
version of organic species to carbon dioxide and water via photocatalytic degradation.
Matthews and McEvoy [44] studied the effect of various reaction parameters on the degra-
dation of phenol in an annular reactor with 790y as the catalyst. They reported that
the photodegradation rate increases when the dissolved oxygen concentration increases.

In a more recent study of 3,4-dichlorophenol photodegradation, Axelson and Dunne [9}
confirmed the results found by Matthews and McEvoy and also showed that retarding the

competing electron-hole recombination step is not the primary cause of the degradation
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rate enhancement demonstrated by oxygen addition. Instead, the dissolved oxygen acts
as a hydrogen atom acceptor in the hydroxyl addition to the phenyl ring and an electron
transfer inhibitor at defective titanium sites. Therefore, dissolved oxygen is an essential

component of organic compound photocatalytic degradation.

2.2.3 pH

The literature results regarding the effect of pH on photodegradation rates are incon-
clusive. Some studies have shown slightly increasing photodegradation rates of phenols
with increasing pH values. For example, Abdullah et al. [1] observed maximum oxidation
rates at pH values greater than 3.4 although the dependence was marginal, Matthews
and McEvoy [45] studied a pH range of 3.5 to 8.5 and found a marginal increase in
degradation rate with increasing pH; Ku and Hsieh [37] and Trillas et al. [75] also found
the same marginal effect between pH values of 3 and 11; and Tanaka and Saha [71]
confirmed this phenomena with alkaline solutions having higher degradation rates than
acidic solutions.

In a study of immobilized titania on optical fibres, Hofstadler et al. [30] found that
the degradation rate of 4-chlorophenol actually decreased with increasing pH from 3 to
5.8; however, this is inconsistent with most other literature data. In addition, other
studies found that there was no significant effect of pH on phenol degradation rates, but
higher concentrations of reaction intermediates were found at higher pH values [8, 72].

Despite the conflicting results of the effect of pH on photodegradation rate, a weak
dependence of the rate on the pH is expected (less than one order of niagnitude for
the entire pH range) because of a change in surface charge and ionization state of the
photocatalyst and thus its adsorption capabilities [11, 24]. In addition, a study of phenol

photodegradation using a titania slurry catalyst and solar radiation demonstrates an
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optimal pH value of 6 which is the isoelectric point of titanium dioxide [38].

2.2.4 Rotation

Although many photoreactor designs are not capable of rotation, the benefits of rotation
and the effects of rotational speed for certain reactor configurations are reported in the
literature. For example, studies by Sczechowski et al. [61, 62] use a light-dark cycling
technique to enhance the photoefficiency by 500 % with an optimal illumination period of
72 ms and dark recovery time of 1.45 s. The dark period is significantly longer than the
light period because the dark phase promotes the oxidation of organic compounds and
thereby decreases the amount of reaction intermediates in the system and the occurreﬁce
of undesirable side reactions.

A study by Zhang et al. [83] promotes rotating photoreactors by completing studies
with a platinum-loaded 7O, catalyst on a rotating drum photoreactor to degrade phenol.
They determined that the photodegradation rate is controlled by the mass transfer of
the pollutant to the illuminated surface until the critical rotational speed is reached and
then the rate is controlled by the kinetics of the degradation reaction. Therefore, the
degradation rate increases with increasing rotational speed until the critical rotational
speed is reached (25 rpm) and once this speed is reached the degradation rate remains
constant.

A study of rotational speed effects by Hamill et al. [27] shows a step-wise increase in
degradation rate with rotational speed using a photoreactor system incorporating four
rotating discs. In the range of speeds tested, three regions were observed: O’ —20 rpm (k.
@ 5 rpm = 0.0128 min™!), 20 — 90 rpm (k. @ 67 rpm = 0.0177 min!) and > 90 rpm (k,
@ 136 rpm = 0.0136 min~!). These steps are due to changing mass transfer properties of

the reactor system. Although this is inconsistent with the results provided by Zhang et
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al. [83], the study by Hamill et al. was completed over a much larger range of rotational

speeds and is thus more comprehensive.

2.2.5 UV Transmission

Since ultra-violet light provides the photons necessary for the electrons to jump from the
conduction band to the valence band, the intensity of the light is an important parameter
in photocatalytic reactions. The energy of the photons is inversely proportional to the
wavelength of the light and the energy input of the process is based primarily on the
intensity of the incident light. In a study of the effect of light wavelength using an annular
photocatalytic reactor with phenol as the model pollutant, Matthews and McEvoy [44]
found that shorter wavelengths (254 nm) promoted higher degradation rates than longer
wavelengths (350 nm). This was confirmed by Hofstadler et al. [44] in a study of 4-
chlorophenol degradation; they also found that a smaller amount of intermediates were
formed at shorter wavelengths because of the greater photon energy associated with those
wavelengths.

In a study of solar-assisted photodegradation [81], experiments using a reflector to
concentrate the light had five times higher degradation rates than those without the
reflector and the rate was found to be proportional to the square root of the intensity.
Increasing degradation rates with increasing light intensities has been shown in other
literature as well [42, 59], and it was reported by Ollis et al. [51] via Equations 2.5, 2.6

and 2.7 where I is the intensity of the light and k£, is the degradation rate.
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When I is low : k, oc I*° (2.5)
When I is medium : k, o< I°® (2.6)
When I is high : k, oc I%° (2.7)

2.2.6 Catalyst Surface Area

The nature of the catalyst in photocatalytic processes is crucial to the performance of
the system. Studies indicate that increasing the surface area of the catalyst particles
or the loading of the catalyst significantly enhances the degradatioh rate [11, 81]. This
is due to a greater production of reaction sites for the photodegradation to occur. In
addition, when optimizing the degradation rate based on the incident light wavelength,
Matthews and McEvoy [44] found that the optimal degradation rate which occurred
at the lower wavelength actually required less catalyst loading than was necessary at
the higher wavelength. Furthermore, it has been found in a study of the degradation
of 2,4-dichlorophenol with T%0; slurries that increasing the catalyst loading increases
the removal rate to a limiting value at 1.4 g/L of TiO,; increasing the catalyst loading
beyond this limiting value decreases the degradation rate [37]. This is said to be due
to the inhibited light penetration that accompanies the increased catalyst loading. In
agreement with this study, Crittenden et al. [16] found that increasing the light intensity
increases the optimal catalyst loading because with increased light intensity the light has
an enhanced ability to penetrate the catalyst.

There have been various studies optimizing the photodegradation rate based on im-
mobilized TiO, catalysts on corrugated plate reactors [65, 85, 87, 88]. These studies

show that corrugated-plate photoreactors have significantly faster pollutant conversion



Literature Review 17

(up to 150 %), are more energy efficient and have higher mass transfer rates (up to
600 %) than flat-plate reactors. This performance improvement is due to the unique
ability of the corrugation profile to deliver reactants to the illuminated catalyst surface
area and to recapture reflected light. The corrugations also provide an increased surface
area, for catalyst immobilization and thus increase the amount of available reaction sites.
Furthermore, it was also determined that the angle of the corrugations on the reactor
plate is an important performance factor because decreasing the corrugation angle not
only increases the surface area, but also increases the photon delivery to the catalyst
surface and increases the ability of the reactor to recapture and use reflected light rays

[85].

2.2.7 Initial Concentration

Some studies have shown that the photodegradation rate of phenol is independent of the
initial concentration of the substrate in the reaction medium. For example, in a study of
solar-assisted photodegradation with initial phenol concentrations between 71 ppm and
480 ppm [81], no dependency of degradation rate on concentration was found.

Other studies using lower initial concentrations of substrate show a dependence of
reaction rate on initial concentration. For example, phenol degradation in an air lift
loop reactor with initial pollutant concentrations between 4.7 ppm and 18.8 ppm [70],
demonstrated a scattered, but linear dependence between the initial concentration and
the degradation rate. Another study confirmed these results at very low phenol con-
centrations using immobilized TiO; on a glass reactor tube [42]. In addition, a study of
solar radiation in a 74O, slurry reactor showed an optimal initial phenol concentration of
30 ppm [38]. A study of a large scale multiple tube reactor [59] also showed an increasing

reaction rate with increasing initial concentration from 1 ppm to 50 ppm.
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With an annular photocatalytic reactor [45, 44], it was found that the degradation
rate of phenol increased with increasing concentration, but at low concentrations the
effect was much stronger than that at higher concentrations. Therefore, it has been
demonstrated that there is a dependence of photodegradation rate on the initial substrate
concentration for the degradation of phenol at low concentrations (less than 50 ppm),
but at high concentrations (greater than 50 ppm) there is negligible dependence. This
phenomenon is consistent with the Langmuir-Hinshelwood reaction kinetics previously

discussed.

2.2.8 Hydrogen Peroxide

Similar to photocatalytic degradation, organic compounds can be completely degraded

using hydrogen peroxide according to the reaction in Equation 2.8.

The addition of hydrogen peroxide to photocatalytic reactions enhances the degrada-
tion rate because it removes surface trapped electrons and thus lowers the electron-hole
recombination rate, it photolytically splits to produce hydroxyl radicals and it supplies
oxygen to the system [51]. In a comparison of solar photocatalytic and photochemical
degradation [81], the phenol degradation rate in the photochemical process was slightly
faster than in the photocatalytic process, but there were higher concentrations of reaction
intermediates in the photochemical process and the total organic compound degradation
rate was the same in both cases. Therefore, a comparison of the expected operational
costs for a reactor with a 1 m®/h effluent flow capacity and 200 mg/L initial phenol
concentration (photocatalytic 0.4 $/h and photochemical 1.8 $/h) showed that the pho-

tocatalytic process has the potential to be a more viable option.
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Photocatalytic reaction rates are known to be enhanced when low concentrations of
hydrogen peroxide are present because it accepts conduction band electrons and therefore
augments the charge separation [26, p.7] [30]. However, the instability and corrosiveness
of concentrated hydrogen peroxide limit its applicability for photocatalytic reactions

despite enhancing the degradation rate [42].

2.3 Applications

There have been several review articles published that indicate the current and potential
applications of photocatalytic reactions [2, 4, 10, 28, 29, 53]. For example, TiO; has
been used as a coating to create self-cleaning surfaces that degrade oily and organic
deposits; a purification and deodorization technique for indoor, outdoor and effluent air;
a water purification technology to produce drinking water from various sources, to clean
wastewater and to remediate contaminated groundwater; a water-splitting procedure; a
method for cooling buildings via catalyst coatings and smart windows; and a medical
technique for cancer treatment via organic matter degradation and for self-sterilizing and
self-cleaning catheters [2]. In addition, slurry T%O; photoreactors have been shown to be
successful in degrading organic coloured compounds that exist in wastewater from the
textile dyeing industry so that those waters can be reused within the industry [39, 40].
Photocatalytic reactions are also useful for cleaning waters that have been contaminated
with pesticides and herbicides so that they can be reused [2, 73]. |

On the basis of wastewater treatment, photocatalysis is useful for degrading organic
and inorganic pollutants and recovering noble metals. Some of the organic pollutants
that have been studied and deemed successfully degraded via photocatalysis are alkanes,
haloalkanes, aliphatic alcohols, aliphatic carboxylic acids, alkenes, haloalkenes, aromat-

ics, haloaromatics, nitrohaloaromatics, phenolic compounds, halophenols, amides, aro-
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matic carboxylic acids, acids, surfactants, herbicides/pesticides, organo-phosphorus and
dyes [11, 28].

Despite the potential for photocatalysis in air, water and soil purification technologies,
there are few commercial or industrial applications [10]. Some of the barriers that pre-
vent photocatalytic reactions from full-scale commercialization and acceptance are cost
and photoefficiency [10, 53]. Thus, solar applications are quite promising and studies are
necessary to overcome the low-order dependency of photocatalysis on light intensity and
to prevent electron-hole recombination reactions. Although immobilized catalyst config-
urations have lower surface area to volume ratios in comparison to slurry reactors and
have inefficiencies due to light scattering and absorption by the reaction medium, they
are promising for commercial applications because it is not necessary to remove the cat-
alyst from the reaction medium via filtration, centrifugation, or coagulation/flocculation
[29]. Despite the drawbacks of photocatalytic degradation, some reactor configurations
are used for actual and pilot plant water treatment systems such as parabolic trough,
thin film fixed bed, compound parabolic collecting, double skin sheet and fluidized bed
[10].

Deutsche Bundesstiftung Umwelt (DBU) in Osnabruck, Germany has developed a
highly efficient photocatalytic reactor for the degradation of pollutants that are resis-
tant to biological degradation. They use a titania catalyst immobilized on glass tubes.
Figure 2.7 shows the laboratory scale reactor that is used to validate the titanium diox-
ide coating and Figure 2.8 shows the pilot scale photocatalytic reactor that is used by
DELTA Umwelt-Technik GmbH in Teltow, Germany to decontaminate groundwater by
photocatalysis and air stripping [31]. These reactors are low maintenance and, although
they are not currently operated with solar radiation, they can be easily adapted for this

use.
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Figure 2.8:

.
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i

DBU pilot scale photocatalytic reactor [31]

21
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In addition, Purifics Environmental Technologies Inc. [57] in London (Ontario,
Canada) has developed a photocatalytic water treatment system called Photo-Cat®)
that can be used for groundwater remediation and industrial wastewater treatment (Fig-
ure 2.9). They use a suspended titania catalyst system that incorporates a filtration

process to remove the catalyst from the reaction medium.

Figure 2.9: Purifics Photo-Cat@®) system [57]

2.4 Configurations Previously Studied

There have been numerous studies to overcome photocatalytic commercialization barriers
by designing more efficient photoreactors. Table 2.1 shows a list of some photoreactor
designs using titanium dioxide as a catalyst that have been presented in the literature

and the important results found based on the configurations.
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Three of the successful reactor configurations presented in the previous table are

considered in further detail as they were used as a basis for the proposed reactor design.

2.4.1 Corrugated plate

Studies by Zhang et al. [85, 87, 88] and Shang et al. [65] consider a titanium dioxide
coated corrugated plate reactor for the degradation of 4-chlorophenol and ammonia under
ultra-violet lamps and found very promising results in enhancing the energy efficiency of

photoreactors. This reactor configuration is shown in Figure 2.10.

»

Figure 2.10: Corrugated plate reactor [88] — top view and cross-section

Experimental analysis of a continuous corrugated plate reactor system with 30 mg/L
of 4-chlorophenol [88] showed that corrugated plate reactors were up to 150 % faster
than flat plate reactors given similar dimensions and had degradation rates comparable
to a 1 g/L slurry reactor, the electrical energy was estimated to be near that of a slurry
system and the mass transfer rates were found to be 400 % to 600 % higher than flat

plate reactors [88]. In addition, significant analysis of the corrugation angle indicated
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that decreasing the angle, and thereby increasing the surface area and the number of
corrugations, enhanced the rate of degradation for the range of angles studied (7°, 10°,
14°, 20° and 40°). These benefits are due to the enhanced surface area and ability to
deliver photons and reactants to the reactor surface. In addition, Langmuir-Hinshelwood
kinetics was found to be applicable for such a reactor system.

Extensive modelling and experimental validation of a corrugated plate reactor con-
figuration using a local-area-specific rate of energy absorption (LASREA) distribution
indicates that a smaller corrugation angle is more efficient because it recaptures reflected
light photons, but it does not have a uniform adsorption rate across the plate [65, 85, 87].

Finally, analysis was completed of the corrugated plate reactor system for the pre-
treatment of groundwater contaminated with ammonia and other compounds as an alter-
native to carbon adsorption [86]. Although further analysis is necessary, the corrugated
photoreactor showed promising results for this pre-treatment — up to 60 % of the am-

monia nitrogen was nitrified.

2.4.2 Rotating Disks

Hamill et al. [27] studied a rotating disk photocatalytic reactor comprised of four glass
rotating disks immobilized with titanium dioxide and ultra-violet lamps mounted between
the discs (see Figure 2.11). This reactor design showed degradation rates approaching
that of a slurry reactor (0.0242 min~" for the rotating disc reactor and 0.0330 min™! for
the slurry reactor). A step-wise increase in degradation rate was found for rotational
speeds from 0 rpm to 136 rpm due to changing mass transfer properties of the system
with changing rotational speeds. Little effect of oxygen concentration was found except
at very low concentrations, therefore the dissolved oxygen in the system is not limiting

for the conditions studied. The effect of light intensity at two rotational speeds (20 rpm
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and 136 rpm) was studied — at 20 rpm there was an increasing degradation rate with
increasing intensity up to 2 mW/cm? and no further increase was observed; however, at
136 rpm the degradation rate continued to increase with increasing intensity within the
entire range of intensities studied (0 mW/cm? to 6 mW/cm?). Finally, the effect of pH
was studied indicating that a 23 % increase in degradation rate constant was found by
lowering the pH of the system from 4.6 to 2.

A similar reactor configuration studied by Dionysious et al. [18] with one titanium
dioxide coated rotating stainless steel disk (Figure 2.12) and a continuous experimental
set-up with phenol, chlorinated phenols and lindane as the model pollutants. No chang-
ing degradation rates with rotational speeds of 12 rpm to 25 rpm were observed due to a
lack of mass transfer limitation in the system. In addition, an increasing degradation rate
following Langmuir-Hinshelwood kinetics was observed for 2,4,6-trichlorophenol concen-
trations from 25 ppm to 206 ppm. However, this increase was accompanied by a decrease

in the pollutant removal efficiency.

FRONY VIEW BIDE VIEW

Figure 2.11: Four rotating disks reactor [27)

2.4.3 Rotating Drum

A study by Zhang et al. [83] considers a photocatalytic reactor with a platinum-loaded

titanium dioxide coated rotating glass drum (see Figure 2.13) for the degradation of
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Figure 2.12: Single rotating disk reactor [18]

22 ppm of phenol. Using this reactor design for 25 mL of contaminated medium and
25 rpm, the phenol was degraded to undetectable concentrations within one hour under
solar light. This degradation is much slower than that when two 6 W mercury lamps
are used (1.635 mg/m? for solar light and 4.88 mg/m? for mercury lamps). Loading the
titanium dioxide catalyst with platinum was found to increase the degradation rate by
about 75 %. Finally, considering rotational rates of 5 rpm, 25 rpm and 55 rpm, there was
an increase in degradation rate between the 5 rpm and 25 rpm runs, but not between

the 25 rpm and 55 rpm runs.

Mercury ultra-
violet lamp

el
INZIN

a) Solar light b) Artificial light

Figure 2.13: Rotating drum reactor under solar and mercury light [83]



Chapter 3

Proposed Photoreactor

Configuration

In this work, a novel photocatalytic reactor is proposed. The reactor system is comprised
of a titanium dioxide coated rotating drum with a corrugated surface that is partially
immersed in a phenol and distilled deionized water solution with an ultra-violet light
source to illuminate the drum from above.

A corrugated surface was chosen for the reactor drum to increase the available surface
area for catalyst immobilization, to exploit the potential to recapture reflected light and
to improve the mass transfer of polluted water to the reaction sites. The main benefit of
adding rotation to the drum is to continuously transfer reactants to the catalyst surface
and products to the reaction medium. In addition, the rotation also takes advantage
of periodic illumination effects which have been shown to decrease amounts of reaction
intermediates in the system and promote organic compound oxidation. The combination
of the rotation and the corrugated surface also enhances the agitation in the system which
is beneficial in maintaining a completely mixed reactor system and adding dissolved

oxygen to the reaction medium.
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Several drums of different corrugation configurations were studied primarily to de-
termine the effects of the additional surface area and the configuration design. Three
of the drum configurations have angled corrugations with different angles that are used
to compare the effect of corrugation angle and surface area. Three other drums have a
finned configuration instead of angled with different numbers of fins equi-spaced around
the reactor drum. These drum configurations were compared to each other and to the
base-case of a non-corrugated rotating drum reactor.

In addition to the effects of surface area and drum configuration, the effects of rota-
tional speed, initial pollutant concentration and illumination intensity were considered.
Finally, the reaction kinetics and the reproducibility of the reactor system were studied.
This study is intended to facilitate the design of reactor systems by providing a unique
drum configuration with higher organic pollutant degradation rates than those of typical

photocatalytic reactors.



Chapter 4

Materials and Methods

The following sections reveal the materials used for these experiments including the
chemicals and reactor equipment, and discuss the methods used including the catalyst

immobilization, system start-up, experimental procedure and analysis techniques.

4.1 Chemicals

The catalyst for these experiments is Aeroxide® P25 titanium dioxide from Degussa
Corporation (New Jersey, United States) which has an average particle size of 30 nm.
To immobilize the catalyst on the reactor drums, a standard slurry of 180 g/L T%O,
was prepared by dispersing the 79O, powder in an aqueous solution of 25 % methanol
by volume (Optima®) 99.9 %, Fisher Chemicals, Ontario, Canada) in distilled deionized
water.

The model pollutant used for the experimental runs was 99.9 % phenol from Sigma-
Aldrich Inc. (Missouri, United States). For the experimental runs, an approximately
20 mg/L (5 mg/L or 40 mg/L for initial concentration experiments) solution of phenol

in distilled and deionized water was used.
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Finally, for the HPLC analysis, HPLC grade acetonitrile and phosphoric acid from
Fisher Chemicals (Ontario, Canada) were used as the mobile phase. The mobile phase
was 49.575 % acetonitrile, 50 % distilled deionized water and a buffer of 0.425 % phos-

phoric acid (by volume).

4.2 Reactor Equipment

The experimental apparatus (not including the illumination source) used is depicted
in Figure 4.1. The 2.09 L (21.59 cm x 15.24 cm x 6.35 cm) reactor tank and drums
were constructed in-house from stainless steel. The tank is a double-walled container
that allows cooling water to flow between the walls without contaminating the reaction
medium, while maintaining the temperature of the reaction medium at approximately

10 °C.

Figure 4.1: Experimental apparatus for photocatalytic contaminant degradation

The reactor tank holds a drum partially immersed in the reaction medium for the
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Table 4.1: Available catalyst immobilization surface area
Drum Configuration Surface Area (cm?)

No Corrugations 405
16 Fins 1704

28 Fins 2679

40 Fins 3653

30° Angle 1164
20° Angle 1402
10° Angle 2411

experiment. The drums were made from 6.35 cm diameter and 20.32 cm long stainless
steel cylinders, and the corrugations on the drums were made from 0.08 cm thick stainless
steel and are 2 cm high. As shown in Figure 4.2, the seven drum configurations used
are (a) no corrugations, (b) sixteen fins, (c) twenty-eight fins, (d) forty fins, (e) thirty
degree angle, (f) twenty degree angle and (g) ten degree angle. The surface area available
for catalyst immobilization for each of the drums is shown in Table 4.1. In addition to
affecting the number of available reaction sites, the surface area also affects the total
amount of contaminant that is on the drum surface during the rotational cycle and the
ability of the drum to recapture reflected light.

The illumination source used to activate the catalyst consists of three Philips Actintic
mercury 40 W reflector blacklights (TLK 40W/10R UV-A) from Microlites Scientific
(Ontario, Canada) with an average wavelength of 353 nm. Each of the light tubes was
58.42 cm long and 3.81 cm in diameter, and they were positioned 3.18 cm from the edge
of the drum corrugations with the middle tube centered on the drum and the other tubes
spaced 1.91 cm on either side of the center tube. The position of the lights in relation
to the reactor drum is shown in Figure 4.3. The support for the lights and the reactor
cover were also made in-house of stainless steel.

The drums were rotated with a Dayton parallel shaft 12 V DC gear-motor with a

nameplate speed of 50 rpm from Acklands-Grainger (Ontario, Canada) and the rotational
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(a) No Coi’rugations
G Jj&g’ .

(b) 16 Fins (c) 28 Fins

5y ’ o ¥ =<_" d
(e) 30° Angle (f) 20° Angle (g) 10° Angle

Figure 4.2: Reactor drum configurations for photocatalysis experiments
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speed was controlled with a variable DC power supply from EPSCO Inc. (Illinois, United

States).
Reactor
91.44 cm? })vi 45.72 cm?
Light
60.96 cm? Support 19.05 cm?
Lamp Ballast
L | Lamp Tube
& 3.175cm2]
& Drum
g
Tank E
o
[o2]
0
N
Support @

Front View Side View

Figure 4.3: Schematic representation of experimental apparatus

4.3 Catalyst Immobilization

In preparation for catalyst immobilization, each of the drums was cleaned with liquid
detergent (Liqui-Nox, Alconox, New York, United States) and rinsed with distilled water.
They were then heated to 200 °C for two hours. Upon cooling at room temperature, a
thin coat of the 740, slurry was applied evenly to the drums and they were dried at

275 °C for five hours to immobilize the titanium dioxide. After cooling again at room
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temperature, the drums were then rinsed with distilled water to remove any detached

T'iOy before commencing the experimental runs.

4.4 System Start-Up

Before each experimental run, the reactor tank and drum were rinsed with distilled water
to remove any detached T'i0Jy and residual reactants, intermediates and products. The
flow of cooling water was turned on, the drum was installed in the reactor tank and
the drum rotation was initiated. When the water temperature and the rotational speed
stabilized (approximately ten minutes), 1.25 L of reaction medium (solution of phenol
and distilled deionized water) was added to the reactor tank. Finally, the illumination

source was turned on and, thus, the reaction was initiated.

4.5 Experimental Procedure

After completion of the system start-up procedure, the reaction continued until there was
less than a 3 % change in pollutant concentration over a sixty minute period. During this
time (approximately six hours), samples were taken every thirty minutes and analysed
for pollutant concentration with the spectrophotometer. Where necessary, the samples
were kept for subsequent HPLC analysis. The rotational speed and the reaction medium
temperature were also monitored regularly throughout the experimental run to ensure

that there was no substantial change in either parameter during that run.
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4.6 Analysis Methods

The samples taken during the photoreactor experimental runs were analyzed for ab-
sorbance with a GENYSYS 10-UV Spectrophotometer from Geneq Inc. (Quebec, Canada).
Prior to starting the experimental runs, the scanning function on the spectrophotometer
was used with a standard solution of 20 mg/L phenol and distilled deionized water to
determine that the highest absorbance peak for phenol occurred at a wavelength of 209
nm. Subsequently, a calibration curve for the range of concentrations used in the exper-
iments was developed (Figure A.1). Each of the samples was analyzed using the 209 nm
wavelength and the calibration curve. The spectrophotometer was recalibrated monthly
to ensure that there was no substantial drift in the measurements.

Some of the experimental runs were analyzed with the HPLC in addition to the
spectrophotometer to determine the effect of UV-absorbing reaction intermediates. The
samples and a set of standards were tested starting from low concentrations to high
concentrations with double injections of 5 ul. each to ensure that the most accurate
results achievable were obtained from the HPLC. The HPLC unit consists of a Waters
486 Tunable Absorbance Detector, 600E System Controller and 717 Autosampler. The
mobile phase used was 49.575 % acetonitrile and 50 % distilled and deionized water with
a 0.425 % phosphoric acid buffer (by volume). All samples were analyzed at a wavelength
of 210 nm because this is the literature wavelength of maximum absorption for phenol.
As with the spectrophotometer, a calibration curve for the HPLC was also developed

(Figure B.1).
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Results and Discussion

Experimental runs were completed to assess the effects of various reactor parameters on
the photodegradation rate. Before beginning the actual experimental runs, control runs
were completed to ensure that there was no pollutant degradation without the catalyst,
lights and rotation all present. The first set of experimental runs was completed to
determine the reproducibility, and thus the reliability, of the experimental data. Next,
various runs were completed to determine the effects of drum configuration, rotational
speed, illumination profile and initial pollutant concentration. HPLC analysis was com-
pleted to analyze the presence of reaction intermediates. Finally, the applicability of
Langmuir-Hinshelwood kinetics for this photoreactor system was considered.

Each experimental run had a pollutant degradation trend similar to that shown in
Figure 5.1 for the 16 fin drum at 15 rpm and an initial phenol concentration of 20 ppm.
As shown, the initial degradation rate is equal to the slope of the trend-line for the zero

order (linear) portion of the data.
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Figure 5.1: Example pollutant degradation trend for photocatalysis run
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5.1 Control Runs

Five control runs were completed using the 28 fin drum configuration, to determine
whether phenol degradation occurs under other conditions than photocatalytic. As in-
dicated in the Table 5.1, the only phenol degradation occurs with all factors present —
~the catalyst, illumination and rotation. Therefore, this system operates purely under
photocatalytic degradation.

Table 5.1: Control run experimental results
Phenol Concentration

Run Catalyst Lights Rotation Initial (ppm) Final (ppm) Time
1 none off on 24.71 24.90 332 min
2 none on on 24.07 24.59 323 min
3 present off on 25.76 24.86 341 min
4 present on off 21.42 21.76 330 min
5 present on on 23.56 3.29 325 min

5.2 Reproducibility

A series of tests were completed to determine the reproducibility of the degradation
rates obtained from the experimental runs. Figure 5.2 shows degradation rates from the
experimental runs for the 20° angle drum and the 28 fin drum with the same operating
conditions (20 ppm initial concentration, 15 rpm rotational speed and all three lights on).
A slight decrease in the degradation rate as the runs progress due to catalyst detachment
during the experiments is expected. As shown in Figure 5.2, the first run has a very high
degradation rate (20° drum) and the sixteenth run has a very low degradation rate (28 fin
drum). The decrease after the first run was also observed with the other drums as there
is substantial catalyst detached during the first run, but minimal detachment during the

additional runs.
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Figure 5.2: Reproducibility of degradation rates at 15 rpm and 20 ppm

Table 5.2: Sample mean and standard deviation for reproducibility tests
Drum Data Sample Mean Standard Deviation:

20° Angle 1-11 0.00375 0.00028
20° Angle 2-11 0.00359 0.00010
28Fins 2-16 0.00439 0.00040

28 Fins 2-11 0.00458 0.00008
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Table 5.2 shows the sample means and standard deviations for the data in Figure 5.2
including all runs and just including the second to eleventh runs, i.e. omitting the first
run for the 20° drum and the sixteenth run for the 28 fin drum. The magnitude of the
variances shows that the data are much more reproducible without including the first run
or the sixteenth run. Therefore, to maintain consistency in the experimental data, results
were only compared between the second and eleventh experimental runs (inclusively) as
this range shows the best data reproducibility. The standard deviation for the initial

degradation rate used to calculate the standard error in the following graphs is taken as

0.0001 min~!.

5.3 Drum Configuration

An extensive study of the effect of drum configuration on the phenol initial degradation
rate was completed. Although there is significant scatter in the data, Figure 5.3 shows
an increasing trend of initial degradation rate (C/Cp/min) with increasing surface area.
There is approximately a 200 % increase from the degradation rate of the lowest surface
area drum (no corrugations) to that of the highest surface area drum (40 fins). Because
the configurations with higher surface areas have an increased amount of catalyst and,
therefore, more reaction sites, the degradation rate tends to increase with increasing
surface area. This trend is consistent with that found in experimental studies using
corrugated plate reactors [85].

The graph in Figure 5.4 shows that there is generally a decreasing trend of degradation
rate with increasing surface area on a unit surface area basis (65 % decrease from the
non-corrugated drum to the 40 fin drum). This indicates that the drum configurations
with high surface areas do not make efficient use of that surface area. This phenomenon

is expected because with a higher surface area the illumination intensity per unit surface
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Figure 5.3: Effect of drum configuration and its surface area on degradation rate
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area decreases. Thus, the surface area unit intensity of the illumination decreases when
additional surface area is added to the drum configuration. As previously reported, the
degradation rate is expected to decrease with decreasing light intensity which supports

the observed results.

a7 rpm

E15 rpm
B30 rpm
4.0E-06 - W45 rpm
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Initial Degradation Rate
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405 cm? 1164 cm? | 1402cm? | 1704cm? | 2411 cm? | 2679 cm? | 3653 cm?

None 30° Angle | 20° Angle 16 Fins 10° Angle 28 Fins 40 Fins
Drum Configuration and Surface Area

Figure 5.4: Effect of drum configuration on unit surface area degradation

5.4 Rotational Speed

Figures 5.5 and 5.6 show the effect of rotational speed on the phenol initial degradation
rate for the drums with angled corrugations and finned corrugations respectively. There

is no distinguishable trend of the effect of rotational speed on the degradation rate
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when considering a range of rotational speeds from 0 rpm and 45 rpm. Therefore, these
results are not consistent with the previously reported results that demonstrate a critical
rotational speed of 25 rpm for a rotating drum photoreactor to degrade 25 mL of a
22 ppm phenol solution [83]. However, they are consistent with the results observed by
Hamill et al. [27] that indicate step-wise increases in degradation rates with increasing

rotational speeds.
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Figure 5.5: Effect of rotational speed on degradation for angled drums at 20 ppm

Since higher rotational speeds have improved transfer of reactants to the catalyst
surface, the lack of distinct correlation between the rotational speed and the degradation
rate indicates that the reaction is not limited by mass transfer at 20 ppm. However, no

conclusion as to the exact effect of rotational speed on the degradation rate can be made
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Figure 5.6: Effect of rotational speed on degradation for finned drums at 20 ppm
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from these experimental data.

5.5 Initial Pollutant Concentration

A study of the effect of initial phenol concentration at different rotational speeds using
the 28 fin drum was conducted. For this comparison, the initial degradation rate was not
normalized to the initial concentration so that a comparison of the actual degradation
rates at the different initial concentrations could be made. As shown in 5.7, the results
are consistent with the reported literature [45, 44] and Langmuir-Hinshelwood kinetics
— at low concentrations (5 ppm to 20 ppm) there is an increase in degradation rate with
increasing initial concentration, but high concentrations (20 ppm to 40 ppm) no further
improvement in degradation rate is observed.

In addition, at 5 ppm there is a dependence of reaction rate on rotational speed — the
degradation rates at 30 rpm and 45 rpm are 76 % higher than those at 7 rpm and 15 rpm.
The dependence of degradation rate on rotational speed at 5 ppm and the increase in
degradation rate between the 5 ppm and 20 ppm experiments indicate that at such a low
concentration (5 ppm) the reaction is limited by the ability to transfer reactants to the
catalyst surface. Conversely, at 20 ppm and 40 ppm the lack of significant increase of
degradation rate with increasing rotational speed or initial concentration indicates that

the reaction is limited by the reaction kinetics at these conditions.

5.6 Illumination Profile

A brief study of the effects of illumination profile on the degradation rate of phenol in
the photoreactor was completed. The lights used for each experiment are positioned

differently (see Figure 5.8) — for the run with three lights the lights were centered on
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the drum, for the run with two lights just the two outside lights were used and for the
run with one light just the middle light was used.

As shown in Figure 5.9 the degradation rate using two ultra-violet lamps is 19 %
higher than the run using a single lamp, while the degradation rate using all three lamps
is 73 % higher than that using one lamp. The large difference between the degradation
rate with two lights and that with three lights is expected because of the position of
the lights. In the run with all three lights, the middle light was added which is closer
to the drum and thus provides light with a stronger intensity giving an increase in
degradation rate of 45 % over the two light configuration. From Figure 5.9 it is evident
that, as indicated in the literature [51], the degradation rate does increase with increasing
light intensity for this reactor configuration. However, because this experimental design
couples the effects of light intensity and radiation pattern, it is not conclusive as to the

exact effect of either parameter independently.
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Figure 5.8: Configuration of lights for illumination profile runs
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5.7 Reaction Intermediates

For several experimental runs, the samples taken were analyzed with the HPLC as well
as the spectrophotometer. Figure 5.10 shows a comparison of the HPLC concentrations
and the spectrophotometer concentrations for a run with the twenty-eight fin drum at a
rotational speed of 15 rpm and all three lights on. As shown in this graph, the HPLC
concentrations are lower than the spectrophotometer concentrations which indicates the
presence of reaction intermediates in the system. Since the same trend exists in both
curves, the ultra-violet light absorbing reaction intermediates have minimal interference

with the experimental data.
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Figure 5.10: Comparison of HPLC and spectrophotometer concentrations
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Figure 5.11 follows the absorbance of unknown compounds in the system as indicated
by the HPLC chromatograms. Three main reaction intermediates were evident from the
chromatograms; their retention times are 2.98 minutes, 3.20 minutes and 3.98 minutes
and phenol has a retention time of 6.04 minutes. As shown in the previous graph, the
interference of the reaction intermediates is minimal. However, there is an increased
reaction intermediate presence at the end of the experiment that is not evident from the

previous graph.
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Figure 5.11: Reaction intermediates from HPLC analysis
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5.8 Reaction Kinetics

Using the Langmuir-Hinshelwood (L-H) kinetics equation presented in Section 2.1.2 and
~shown below, the kinetics of the photocatalytic reactions were examined for each of the

drum configurations at 15 rpm.

—-dC _ k.KC
dt 1+ KC

The first step of this study was to find an appropriate average adsorption coefficient
for phenol. This was achieved by minimizing the difference between the experimental
—dC/dt and that found using the kinetics relationship presented in Equation (2.3) by
changing the values of the kinetic constants. The average adsorption coefficient of phe-
nol found was K = 0.120 L/mg. Next, using the same methodology, but only changing
the value of the overall reaction rate constant (k,), the optimal value for k, was deter-
mined for each drum configuration. Two graphs showing the applicability of Langmuir-
Hinshelwood kinetics for the experimental data are shown below (Figures 5.12 and 5.13),
while the remaining graphs are in Appendix C (symbols represent experimental data and
lines represent kinetics data).

In addition, the values for k. were compared to the surface area for catalyst immobi-
lization for the drums to determine if there is any correlation between the surface area
and the overall reaction rate constant. As shown in Figure 5.14, there is an increasing
trend of overall reaction rate constant with increasing surface area which was expected

since, as mentioned in Section 5.3, there is an increasing reaction rate with surface area.
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Chapter 6

Conclusions

This photoreactor demonstrated promising results for the photodegradation of a phenol
pollutant in wastewater. The drum configuration design increased the catalyst immobi-
lization surface area and promoted reactant loading at the reaction sites; and the rotation
improved agitation, allowed reactant transfer to the illuminated drum surface and ex-
ploited periodic illumination effects. From this series of experiments, the photocatalytic
reactor design has promising potential for solar-activated wastewater treatment with
low manufacturing and operating costs. The following conclusions were drawn from the

experimental studies:

e The addition of corrugations significantly improved the performance of the reactor
up to 200 %, but it decreased the efficient use of the surface area up to 65 % by

decreasing the effective illumination intensity.

e Although increasing the rotational speed did increase the reactant contact with the
catalyst, no significant improvement in the reactor performance could be attributed
to the rotational speed for the 20 ppm or 40 ppm initial phenol concentration

experiments.
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At 5 ppm there was a 76 % increase in the reaction rate between the 15 rpm and

30 rpm experiments indicating a degradation rate limitation based on the ability

to deliver reactants to the catalyst surface.

e Between 5 ppm and 20 ppm there was a significant increase in degradation rate
with initial concentration, but not between the higher concentrations of 20 ppm

and 40 ppm which is consistent with the Langmuir-Hinshelwood reaction kinetics.

e An increase in light intensity increased the degradation rate by 73 % from a single
lamp configuration to a three lamp configuration due to the enhanced activation

of the catalyst.

e Consideration of the other compounds (besides phenol) present in the reaction
medium showed that there were three main reaction intermediates in the system

with retention times of 2.98 minutes, 3.20 minutes and 3.98 minutes.

e Langmuir-Hinshelwood kinetics was found to be applicable for this reactor design
and the overall reaction rate constant was found to increase with increasing sur-
face area from 0.0458 mg/L/min to 0.1551 mg/L/min. The average adsorption

coefficient for phenol in this system was 0.120 L/mg.

Therefore, although very encouraging results were found from this series of experi-
ments, further study is necessary to fully define the potential for this reactor design in

industrial settings.



Chapter 7

Recommendations

Based on the results and conclusions from this study on the photocatalytic degradation

of phenol, the following recommendations are proposed for future studies to promote the

commercialization of photocatalytic wastewater treatment by implementing practical

reactor designs.

A study of titanium dioxide application techniques that accommodate consistent

and precise catalyst coating.

An experimental study of photocatalytic degradation of other compounds under

varying operating conditions.

A study of the treatment of wastewater with varying characteristics and pollutants
to provide insight on the practical applications of this photoreactor system and its

versatility.

An experimental optimization of other reaction parameters such as temperature,
pH, catalyst loading and dissolved oxygen content to determine the optimal oper-

ating conditions for this system.
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e Studies of reaction intermediate identification, water film pollutant degradation

and residual absorbance correlations for the system.

e Comprehensive modeling to fully describe the kinetics of the photocatalytic degra-

dation.

e An exhaustive study of scaling of this photocatalytic reactor design and the appli-

cability of solar-activated applications.

Execution of these studies will provide well-needed insight as to the practicality of

commercial photocatalytic water purification and wastewater treatment facilities.
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“Spectrophotometer Calibration
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Figure A.1: Spectrophotometer calibration curve for phenol
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HPLC Calibration
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Figure B.1: HPLC calibration curve for phenol
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Langmuir-Hinshelwood Kinetics
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Figure C.1: L-H kinetics: no corrugations k, = 0.0458 mg/L/min
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Figure C.2: L-H kinetics: 16 fins k, = 0.1294 mg/L/min
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Figure C.3: L-H kinetics: 28 fins &, = 0.1534 mg/L/min
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Figure C.4: L-H kinetics: 40 fins k, = 0.1551 mg/L/min
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Figure C.5: L-H kinetics: 30° angle k, = 0.1366 mg/L/min
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Figure C.7: L-H kinetics: 10° angle &k, = 0.1211 mg/L/min
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