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Abstract

Scaling up a photoreactor requires both knowledggptical properties of the slurry medium
and an established kinetic model. Measuring thiéesgag and absorption coefficients of
particles suspended in water involves the use @tiapzed optical equipment, as well as the
partial solution of the radiative transfer equaf®TE). In addition, modeling of the

radiation field in photoreactors with complicatezbgetries offers special challenges.

On the other hand, most of the kinetic models (KiM)phenol photodegradation reported in
the literature were obtained for a single orgahieraical species only. In fact, neglecting all
the intermediate species generated during the praatton, is a common oversimplification
that limits the KM application. As a result, onbe tradiation and kinetic models fully

established, energy efficiencies can be obtained.

In this PhD dissertation, the photocatalytic degtemh of phenol over four different THO
catalysts is studied. It is proven that phenoldggiydroquinone, catechol, benzoquinone,

and acetic and formic acids as main intermediateisp.

The radiation field inside photocatalytic reactigrpredicted by solving the RTE. From the
solution of the RTE, the local volumetric rate akegy absorptionLVREA is also
calculated. The radiation field inside an annulastpreactor is simulated using the Monte
Carlo (MC) method for different Tigsuspensions in water. All simulations are perfame
by using both the spectral distribution, and the@elength-averaged scattering and
absorption coefficients.

The Henyey-Greenstein phase function is adopteepeesent forward, isotropic and
backward scattering modes. It is assumed that théabhp reflects the back-scattered
photons by the slurried medium. It is proven, pkabgorption rates, using MC simulations
and spectral distribution of the optical coeffideragree closely with experimental
observations from a macroscopic balance (MB). &i$® found that the scattering mode of
the probability density function, is not a critidattor for a consistent representation of the

radiation field.



When solving the RTE, two optical parameters aeglad: (1) the absorption and scattering
coefficients, and (2) the phase function. In tleisearch work, the MC method, along with an
optimization technique, is shown to be effectivgiadicting the wavelength-averaged
absorption and scattering coefficients for diffeér€©, powders. To accomplish this, the
LVREAand the transmitted radiatioR;) in the photoreactor are determined by using a MB.
The optimized coefficients are calculated ensutivag they comply with a number of

physical constrains, falling in between boundstdsthed via independent criteria.

The optimization technique is demonstrated by figdhe absorption and scattering
coefficients for different semiconductors that ddghe experimental values from the MB.
The objective function in this optimization is givby the least-squared error for IiéREA.

A photocatalyst is synthesized and its optical props determined by the proposed method.
This approach is a general and promising one; eighrestricted to reactors of concentric

geometry, specific semiconductors and/or particplartocatalytic reactor unit scale.

Based on the proposed intermediate reactions, ropmenological based unified kinetic
model is proposed for describing the obtained erpartal observations in phenol
photodegradation. This Langmuir-Hinshelwood (L-H)ektic model is based on a “Series-
Parallel” reaction network. This reaction modeiasnd to be applicable to the various FiO

photocatalyst in the present study.

This unified kinetic network is based on the idiedi and quantified chemical species in the
photoconversion of phenol and its intermediategrter to minimize the number of
optimized parameters, the adsorption constantseoflifferent intermediate species on the
different catalysts configuration, are obtainedezkpentally. It is shown that the unified
kinetic model requires a number of significant asgtions to be effective; avoiding
overparametization. As a result, the unified kinetiodel is adapted for each specific 710
photocatalyst under study.These different modetsjadtely describe the experimental
results. It is shown that this approach resuligaod and objective parameter estimates in the

L-H kinetic model, which is typically applied to ptocatalytic reactors.

Finally, two efficiency factors, the quantum yieldd the photochemical and thermodynamic
efficiency factor, are obtained, in this PhD diss&gon. These factors are based on the kinetic

model proposed and the radiation being absorbebtepghotocatalyst particles. The

\%



efficiency calculations consider stoichiometricat@nships involving observable chemical
species an@H’ groups. The obtained efficiency factors point tmha high degree of
photon utilization and, as a result, the valuetaftpcatalysis and Photo-CREC-Water

reactors for the conversion of organic pollutants/ater is confirmed.

Keywords

Photocatalysis, Radiation Modeling, Monte Carlo Met, Kinetic Modeling, Langmuir-

Hinshelwood, Efficiency Assessments, ScatteringAlosbrption Coefficients.
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Chapter 1
Introduction

1 Introduction

Water pollution is one of the main threats and leingles that humanity faces today.
Everyday human activities introduce contaminanstaices and wastes into rivers, lakes,
groundwater aquifers and oceans. This contaminatiodifies the environmental water
guality, producing large quantities of water thiag ansuitable for various uses, including
human consumption. Common water pollutants incltebdile dye; herbicides and
pesticides; alkanes; haloalkanes; aliphatic com@sualcohols; carboxylic acids; aromatic
compounds; detergents and surfactants; agro wkstmsecticides, pesticides and
herbicides Bahnemann, 2004, Vidal 1988norganic compounds like heavy metals, such as
mercury, cadmium, silver, nickel, lead; noxiouseggsand pathogens like bacteria fungi and
viruses {/inu and Madras 20)0Both organic and inorganic contaminants canolo@d in
ground water wells and surface waters; these residan cause adverse effects to the

environment and to human health.

Many of the contaminants are so toxic that theyearse health problems in humans at trace
levels. Water pollution also reduces the availaneunt of freshwater resources for both
people, and ecosystems. Freshwater scarcity iachira reality in many developing

countries. The United Nations, for instance, predilcat two-thirds of the world’s population
will live in water-scarce regions by 2026g¢noulis 200R The increase in water demand by
the growing world population and the overuse oferabgether with water pollution and

climate change, are the main reasons for watecisgar

To alleviate the problem, contaminated water neéede treated and re-used. The treatment
of contaminated water is based on various mechlahicdogical, physical, and chemical
processes. After filtration and elimination of paes in suspension (primary treatments),
biological treatment is ideal (secondary treatmetisfortunately, there are certain
products, called bio-recalcitrant (non-biodegradalfor which much more effective non-
reactive systems, such as air stripping, adsormmogranulated activated carbon,

incineration, ozone and oxidation (tertiary treatiisg are needed. These processes aim to



treat wastewaters, and therefore improve watelitgubalut some of these technologies (such
as adsorption and filtration) merely concentrateghbllutants by transferring them to other
phases. The next problem, then, becomes how tepyogisposal of the new pollutant-rich
streams. Therefore, management of toxic chemicessirict environmental legislation,
drives the development of clean and green processebminate the pollutants before they
are disposed into the environment. Furthermorethfese processes to be effective, complete
mineralization and degradation of all organic amafganic contaminants from water and

wastewater, are required.

The strong potential of tertiary treatments caldeiyanced Oxidation Processes (AOPs) for
bio-recalcitrant wastewater treatment is univeysatognized today, and many researchers
around the world are devoting their efforts to deeelopment of these processéisiato and
Blanco 2004; Franch et al., 200Although they make use of different reactionteyss,

AOPs are all characterized by the same chemicalreahe production of hydroxyl radicals
(OH"). A useful attribute of the hydroxyl radicals ietr very low selectivity. These radicals
can virtually destroy any organic contaminant pn¢ge water. They can even destroy
pollutants that are not amenable to biologicalttremts, which are all characterized by high
chemical stability and difficulty to be completetyneralized Andreozzi et al. 1999

In order to apply a decontamination technique &s¢hcases, it is necessary to adopt reactive
systems much more effective than those adoptedrinentional purification processes.
Among AOPs, heterogeneous photocatalysis has coediits efficiency in degrading a wide
range of organic contaminants into & @ater and some readily biodegradable mineral acid
(Chong et al., 2000 Moreover, photocatalysis is not restricted taexgurification only, as

it is also used in air purification, self cleansgrfaces, among otheridgrrmann 1999

Over the past few decades, photocatalysis hastheesubject of extensive research in the
removal of contaminants in air and water streamasL@@sa et al., 2005Several features,
such as ambient operating conditions, completeutsgin of parents and their intermediate
compounds, and relatively low operating cost, hau#irmed its applicability to water
treatment. Photocatalysis processes make useidfssshiconductors that are activated with
UV light. The most common photocatalyst is the J{Ray et al., 2000 So far, the
application of the Ti@Qmediated photoreactions for water treatment ilsestperiencing a



series of technical challenges: (1) separationiOf Tatalyst after water treatment is
considered the major obstaciehpng et al., 2009 (2) catalyst development with a strong
absorption in the visible spectrum regi@o(menares et al., 200q3) understanding the
theory behind common reactor operation parametach as light intensity distribution
inside photocatalytic reactors; and (4) addressiathematical inconsistencies commonly

found in the kinetic modeling.

The rate of degradation in photocatalysis is diyed¢pendant on the radiation intensity. This
step is the single most important factor distingung photocatalytic reactors from the
conventional thermally activated oné%a(eek et al. 2003The radiation field inside a
photoreactor is obtained by solving the RTE. Apgdiien of this approach is receligssano
et al., 199%in photocatalytic systems. The optical propertethe slurry medium (water +
TiO,); namely, the absorption coefficiem)( the scattering coefficient] and the phase
function, play an important role in the overall id@sof the photoreactor. Therefore, the
values for the scattering and absorption coeffisieas well as the expression for the phase
function, need to be established for a rigorousgehesnd in scaling-up applications of
photoreactors. These values are required to ewathatamount of radiation being absorbed
by the catalyst, which will lead to the determipatpf the photonic efficiencies in the rector
(Marugan et al., 2006Experimental evaluation of the effective optipebperties for a
particular fluid-particle system is generally véime-demanding and requires the use of
complex actinometric or spectrophotometric techegy(moberdorf et al. 20038 Therefore,

a numerical approach would be a desirable alterm&ti reduce time, cost and method
complexity for the measurement of such properties.

Most of the photomineralization kinetics over FiSurface involves only a single constituent
model compound. However, due to the non-selectatera of the hydroxyl radicals
produced in the photocatalytic process, numeradigsiediate species are formed before
complete mineralization into G@nd HO is reached. Neglecting this phenomenon is a
common oversimplification in the kinetic modelinfydifferent organic model compounds
(Chong et al., 200)0Even in recent reviews of Tinediated reactions, the kinetic modeling
is treated only for the single model compouxich( and Madras 2010; Gaya et al., 2N08
Some good work on the kinetic modeling of phenatptegradation for multiple

components was published by our research groep.ésa 2009; Ortiz-Gomez et al., 2008



and 200Y. Their model was based on the L-H kinetics. Nbaletss, this model contains
certain limitations, such as (1) high cross-cotretaamong kinetic and adsorption
coefficients, (2) the model was proposed only foe type of TiQ catalyst, DP 25, (3)
adsorption constants of the different organic conmgs on TiQ were not discussed. These
adsorption constants were restricted to the samue Yar the different intermediate species,
and (4) total organic profiles were not includedhia model. In this instance, the total
organic concentration of model and intermediate mmunds can be represented collectively
in the total organic carbon (TOC) profiles. Thidlwield an in-depth and complete

understanding of the photomineralization kinetics.

As mentioned earlier, most of the kinetic modelspmsed in the literature deal with a single
model compound. The method of the initial rate lbeasn the customary approach to estimate
the kinetic parameters in photocatalytic proceg8eobono et al. 2009 and 200&oufi et

al., 2008; Selvam et al., 2007; Sivalingam et200Q4; Mehrvar et al. 2000; Xu and Langford
2000; Chen at al., 1997; Tatti et al. 1997; Rotal €1996; Trillas et al. 1992Nevertheless,
this model fails in systems with more than one tiagcspecies, which is typically found in
photocatalysis. Furthermore, this method includdstantial issues that limit its application.
It has a significant lack of reproducibility givéime subjective nature of the procedure. These

limitations are further discussed in Chapter 3.

Therefore, there is a need for a unified kinetiaelng approach that incorporates not only
the model compound, but also the other detectabdemediate species. This general kinetic
model should be able to predict concentration f@eff organic compounds for different
TiO, catalysts. The model needs to be based on exp#ahtegradation profiles, with the
experimental values for the adsorption constartsroiéned independently. The proposed
approach should allow decoupling kinetic and adsamgparameter determination
minimizing the cross-correlation among parametéis.anticipated this unified kinetic
model should also be able to predict the experieddr®C profiles in the photodegradation

of organic compounds.

The radiation field inside the photoreactor affebts overall performance of the
photocatalytic system. This field needs to be distadd inside the photoreactor so that fully

illuminated conditions are ensured during the ofp@maof a photoreactor. In modeling the



radiation field, the role of the phase functiona®® be investigated in order to understand
the behaviour of light inside the slurry mediumeTrble of the lamp should also be studied.
The final objective is, then, to determine bothaapson and scattering coefficients, and to
calculate the radiation being absorbed by the diffeTiO, photo catalysts and various
photocatalyst loadings. Understanding the radidiled, and the amount of light being used

in the photocatalytic process, allows determiniegctor photo-efficiencies.

Phenol has been used as a model pollutant to égghmperformance of many photoreactor
designs and photocatalyst activitidsyba et al., 2006; Salaices et al., 204 addition,
phenol and its derivatives are well known for theute toxicity and bio-recalcitrant nature.
These compounds are present in wastewater from medogtrial processes. They have been
detected in urban and agricultural waster(ied et al., 201)0around the world. Exposure to
phenol is related to severe illnesses such as meiakand some serious human organ

malfunctions.

A comprehensive identification and quantificatidracomatic and carboxylic acids in phenol
photodegradation allows the formulation of a gehen#ied reaction network (RN). This
permits further development and simplification ddimetic model applicable for a particular
photocatalyst. The expected kinetic model shoutdrnporate the oxidation intermediates
that are kinetically significant. In this respdtie role of iron ions is investigated in the
photocatalytic decomposition of phenol on DP 25 Andtase form Ti@Qphotocatalysts.
Determination of the adsorption constants for tiffer@nt intermediate species participating
in the photodegradation of phenol allows reduchegriumber of optimized parameters
needed in the kinetic modeling. To our knowledbe, éxperimental determination of the
adsorption constants for different phenolic hyditaigd compounds has not been performed.
Furthermore, experimental values for these constaate not been incorporated into this

type of L-H kinetic model.

Finally, with the results obtained from the radatand kinetic models, a comprehensive
method for predicting energy efficiencies is apgli€his method accounts for all ta*
radical species needed by phenol and its interrtesdthroughout the photoreaction. This
method also involves the irradiation absorbed leycdtalyst, and the energy needed to

produce thé®OH’ groups. In this PhD dissertation, the radiati@fdfinside an annular



photoreactor is obtained from experimental datakgnsblving the RTE using MC methods.
Also, the problems in the kinetic model, explairedlier in this Chapter are overcome by
applying a phenomenological unified kinetic modwldifferent TiQ photocatalysts. Lastly,
in this dissertation, efficiency assessments anedor different TiQ photocatalysts. This

thesis is divided in the following chapters:

Chapter 2 of this thesis outlines the main objestiof the research project and the major
areas investigated. Chapter 3 summarizes thetliteraurvey relevant to the area of
research. Chapter 4 describes the experimentalbheind materials used in this study.

Analytical equipment, as well as the experimentatpdures, are also reported in detail.

Chapter 5-Part | reports results and discussionsazaing the experimental determination
and modeling of the radiation field in the annydaptoreactor. The approaches used to
determine the scattering and absorption coeffisiémt different TiQ, the role of the lamp

and the phase function employed in the modelingse reviewed.

Chapter 6-Part Il deals with the oxidation of phHeatamptimum experimental conditions. The
identification and quantification results for phértoydroquinone, catechol, benzoquinone,
and formic and acetic acids are reported. This @nabso presents the results on the
isotherms adsorptions for phenol and its interntediand for different Ti@photocatalysts.
Finally, this chapter closes with the developmdrd anified general reaction network for

the photocatalytic oxidation of phenol and its intediates.

Chapter 7 Part Ill describes the kinetic modelssatered for the different photocatalysts.
The models are validated with experimental datd,isnconfidence intervals and cross-
correlation coefficients are reported. In thesektxmodels, the experimental obtained

adsorption constants are utilized to reduce cros®lation among parameters.

Chapter 8 reports the determination of the photoot& and thermodynamic efficiency
factor and the quantum yield for the reaction sabeobtained in Chapter 7. Results of the
radiation absorbed by the photocatalysts obtain€thiapter 5 are used in the energy
efficiency assessments. Finally, Chapter 9 repmmtelusions and recommendation for

future work.



Chapter 2
Scope

2  Main Objective

This PhD dissertation seeks gaining understanditigeoradiation field and of the kinetics of
the photocatalytic degradation of phenol in waltéore specifically, the purpose of the study
is to elucidate the behavior of UV light insideleopreactor by means of experimental and
theoretical measurements of the optical propeftiedifferent photocatalysts. The final goal
of this research is to establish a unified kinegtwork for phenol photocatalytic

degradation. This unified reaction network is agglio the kinetic modeling of phenol
degradation on different Tigphotocatalysts and can considerably help in tiaduetion of
energy efficiency in photocatalytic reactor. Phesdelected as a model compound given its
refractory nature in water and its impact on humealth associated with its consumption.

Therefore, the following specific objectives forginesearch include the following:

(1) Experimental determination of the radiation fieldtdbution inside a slurry
photoreactor by means of measuring the experiméM@EA with a macroscopic
radiation balance.

(2) Development and implementation of a MC based algworifor the simulation of the
radiation field inside a photoreactor for three coencial TiQ photocatalysts whose
optical properties are given, i.e. absorption aradtering coefficients. The aim of this
MC method is to numerically determine the LVREA foe photocatalysts inside the
photoreactor.

(3) Implementation of an optimization procedure, us@ simulations of the radiation
field, in order to numerically determine opticabperties for different TiQcatalysts.

(4) Preparation of a Tigphotocatalyst by hydrolysis of titanium isopropatexi(lV) and
numerical determine its optical properties.

(5) Development of reaction runs in the Photo-CREC Whtier the photo-oxidation of
phenol and its reaction intermediates. The plamxg@drimental runs are intended to
examine the effect of different T¥photocatalysts at optimum operation conditions

in our reaction set up.



(6)

(7)

(8)

Development and validation of a general reactidwaek and a unified kinetic
reaction model for phenol photodegradation. To émd, quantification and
identification of intermediates compounds in phesheyradation are done by using
HPLC and GC/MS analytical techniques. When develppine kinetic model,
experiments at different levels of initial concexitons of phenol are examined.
Kinetic parameter estimation based on a L-H meadmani his model presents high
correlation among kinetic and adsorption constke@ding to multiple solutions for
the optimized parameters. Hence and to reduce gaeamcross-correlation,
independent determination of the adsorption comstan phenol and its different
intermediates is done experimentally.

Determination of the energy efficiency in the ploat@lytic unit using
thermodynamic principles and quantum yields oneell radiation and kinetic

models are established.



Chapter 3
Literature Review

3  Introduction

This chapter presents a critical literature surmeyhotocatalysis; its fundamentals and
applications. Moreover, the technical literatureafically related to the objectives of this
PhD thesis is covered in detail. In this respecgvéew on radiation and kinetic modeling is
reported. As well, different reactor configuraticared present challenges in photocatalysis
are considered. Lastly, this chapter closes withesalternative applications of

photocatalysis other than water remediation.

3.1 Heterogeneous Photocatalysis: its Fundamentals

Water scarcity and quality are some of the probleomanity faces. Some regions of the
world currently have little or no access to cleatev. In addition, rapid industrialization,
population growth, and the large number of contamis entering the water supply from
human activities, contribute to exacerbate thibjmm. Many health problems are associated
with the lack of fresh and clean water. It has begrorted that 1.2 billion people lack access
to drinking water. Almost 3 billion people have gmaor no access to sanitation
technologies. Additionally, millions of people dianually from ilinesses related to
contaminated wateiMalato et al., 2000 Producing safe drinking water is perhaps thetmos
important issue in water industry. Drinking wateojluted with pesticides, herbicides, and
recalcitrant organic compounds, and lack of sanitais responsible for the death of more
than 5000 children every day; and more than on@bipeople lack access to water with low

levels of contaminants.

Conventional treatments of water and decontaminatould solve many of these problems.
However, these methods are often operationallynsite and generate residual streams
containing the removed pollutants. The problem besomes to property disposed these
contaminant-rich streams, this adds up the globtwadaomination problem. In order to resolve
and suppress water pollution, development of adscimechnologies with low operation

costs and high efficiency for the complete destomcdf contaminants is desired.
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In this respect, Advanced Oxidation Processes (A@&# emerged as promising water
treatment technologies for the complete destruaifasrganic contaminants in water
(Thiruvenkatachari et al, 2008; Bahnemann 208DPs for the removal of bio-recalcitrant
compounds in wastewater are universally recogrtiaddy, and many researchers around the
world are devoting their efforts to the developmamd improvement of these processes

(Franch et al., 2004Although they make use of different reactiontegss, AOPs are all

characterized by the same chemical feature, thauptimn of hydroxyl radicals@QH"*). This
radical is an extremely powerful and non-selectixglant, which is capable of oxidizing the
majority of organic compounds very quicklygvarro et al. 2005

Heterogeneous photocatalysis is a tertiary wadatitnent process belonging to the AOPs.
Photocatalytic reactions are the result of theraaion of photons having the appropriate

wavelength with a solid semiconductéiu(ishima et al., 2008; Linsebigler et al., 1995

The general mechanism of photocatalysis is showigare 1. When the impinging light has
energy equal to, or greater than the semicondbetodgap, radiation is absorbed and
electrons are moved from the valence band to thduwion band giving rise to the
formation of electron-hole pair§€@ssano et al., 20R0rhese separated charges walk
randomly to the surface of the catalyst. When tteagh the semiconductor surface they can
recombine, get trapped in a metastable surface, staparticipate in successive reactions.
The holes react directly with an electron doridgyQ or with water to produc®H’ radicals.
The electron reduces the adsorbed oxygen or regitign electron acceptoffyy). These
oxidative-reductive reactions can totally mineraland transform organic compounds into
water, carbon dioxide and some mineral acids. Teehanism described above could be
represented by the following equatiofsgio et al., 1996; Lengrini et al., 1993; Hoffmein
al, 1995; Litter 1999

. v (1)
Semiconduor— €, + hy,
S—»I1—->CQ+H,0 (2)

hy, + OH 4 — OH; (3)
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Figure 1 Principle mechanism of photocatalysis

Some adsorbed substrate can be directly oxidizeddmyron transfer:

h:rb + Dads - D;rds (4)
OH;ds+ Dads - Doxid (5)
€n T Aus > Aus (6)

The considerable reducing power of formed electadlmsvs them to reduce some metals and

dissolved oxygen with the formation of the supedexiadical ion @~, whereas remaining

holes are capable of oxidizing adsorbe®tbr OH to reactiveOH* radicals

€,+0,+tH " >HQ <O +H* (7)
HO +e€,+H" > H,0O (8)
2HO; - H,0, +0, (9)

H,0,+0; - HO" +0,+0H" (10)
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H,0, + hy — 2HO' (11)
H,0, +€e, - OH" +OH" (12)

From Egs. (1) to (12), the production of hydroxadlicals is apparent. This powerful oxidant
is a short-lived, extremely potent oxidizing ageatpable of oxidizing organic compounds
present in waterZaleska 2008 The oxidative pathway leads, in many casesptoptete
mineralization of an organic substrate to£B,0, and in some cases, an inorganic acid.
This also leads to the generation of intermedigitdxylated species before complete

mineralization is achieved.

The energy required for the electron excitationetels on the particular characteristics of the
semiconductors. The minimum wavelength necessartphéphoto-excitation,y) depends
on the bandgap of the photocatalyst. Table 1 draesl gap energies for some popular

semiconductors.

Table 1 Bandgap energy arid,gof various photocatalyst8(atkhande et al., 20p1

Bandgap Bandgap
Photocatalyst Abg | Photocatalyst Abg
(eV) (eVv)

Si 1.1 1127 a-Fe0; 3.1 400
WSe 1.2 1033 Zn0O 3.2 388
Fe,O; 2.2 564 TiQ (Anatase) 3.2 388

Cds 2.4 517 SrTi® 3.4 365

WO; 2.7 459 SnE 3.5 354
TiO, (rutile) 3.0 413 ZnS 3.7 335

Many semiconductors have been tested so far asgatatysts, although only TiOn the
anatase form seems to have the most interestingreecattributes; such as high stability,

good performance and low co&tfishima and Zhang 2006
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In this respect, the photodecomposition power @k, Tfor a wide variety of organic
compounds present in water, has been reporteiliténature Ahmed et al. 2011 Among
the semiconductor photocatalysts tested, Deguss&2 25) TiQ has been proven to be
the most active catalysflifou et al. 2006 However, its wide band gap energy (3.0 eV for
rutile and 3.2 eV for anatase) means that only 5%olar spectrum could be used as light
source in an industrial applicatioB@lmenares et al. 2006; Karvinene and Lamminmaki
2003. Therefore, to use visible sunlight, which comgmthe largest part of solar radiation
(Fujishima et al., 2007 a photocatalyst Ti©with strong absorption in the visible region

should be developed.

To improve the response of Ti@ the visible light, surface modification has beplied.

Three main benefits are the result of these straktihangesl(tter and Navio 1998

(1) Inhibiting the electron-hole recombination by iresang the charge separation and,
therefore, the efficiency of the photocatalytic gess.

(2) Increasing the wavelength response range (i.etagixm of wide band gap
semiconductors by visible light).

(3) Changing the selectivity or yield of a particulaoguct.

Surface sensitization of TgOwith a number of organic dyes, extends the sgitgibf TiO,
into the visible region. This can be accomplishgdhipecting electrons from an excited level
of the dye into the Ti@conduction band.

Also, and in order to modify the electronic struetuadvanced ion implantation techniques
could be applied. For instance, it has been regahiat Cr, V, Fe and Ni shifted smoothly the
response of Ti®in the visible regionKitano et al., 200). The narrowing of the band gap
was attributed to the metal substitution of Ti iamg¢he TiQ lattice. Nonetheless, there is
considerable controversy about this matter. Sowestigators report that doping of ions,
such as V', CU#*, Fe*, and W in TiO, increases its photoactivity, whereas others have
shown that C% and AF* and doping can reduce photoactivit§ir(u and Madras 201))

Some other results concluded that Fesle@talytic activity decreased over time in the
photodegradation of ethandlrana et al., 2004 It has been hypothesized that those different
results are due to the diverse preparation methsed in the doped-Tiratalysts Arana et

al., 2003. Another benefit of ion doping is that it changies lifetime of electron-hole
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separation and adsorption characteristic of thgiral TiO, solid (Wilke and Breuer 1999

By increasing the lifetime of the separated chartfescatalyst activity is increased as well.

More research on Tiratalyst modifications will be forthcoming in thext decades. This
research will aim to produce a catalyst capablgeoferating hydroxyl radicals with visible
irradiation. These new photocatalysts will needéaheap, biologically and chemically
inert, insoluble under most conditions, photostafhe nontoxic in order to compete with the

current most active Ti£Degussa P25 catalyst.

In an annular slurry photoreactor, the efficien€ypuarification, hence the overall degradation
rate, is determined by the UV radiation distribatimithin the illuminated spac® éreek

2005. The first step in photocatalysis is always tteaaption of light by the solid
semiconductor, generating; then, thé@’epairs that produce the hydroxyl radicals. As a
result, the rate of initiation in any photocatatyprocess is intimately related to the radiation
intensity inside the photoreactor. The light inigndistribution inside the reactor should not
be the rate determining step. Therefore, it isrdddio have a well-illuminated reactor with
no dark zones. Nonetheless; due to the natureedfith, catalyst, scattering of light within
the photocatalytic reactor makes the design praeeelen more comple¥areek et al.

2003. In this respect, for design purposes, studyiregrate of energy absorption in the
photoreactor is important. Three parameters shiogllobtained from the radiation field
modeling: (1) the local volumetric rate of enerdpparption Marugan et al., 2006(2) the
optimal photocatalyst concentration ensuring maxmmadiation absorption and no dark
zones within the reactoiMreira et al. 201)) and (3) the phase function that better describes

the interaction of Ti@particles with light Cabrera et al. 1996

3.2 Radiation Studies in Photocatalytic Reactors

The photocatalytic reaction can take place if thletlsource used in the process has enough
energy to promote TiQexcitation. Therefore, an accurate estimationgbitlintensity
distribution is critical in the design and ratinigohotoreactorsKareek et al., 2003This task
involves the estimation of the LVREA. Experimengathe LVREA could be determined by
different methods. The simplest one is chemicahauotetry, which gives high values for the
LVREA, because it assumes that the reacting mediosorbs all photons reaching the inner

reactor wall. Salaices et abqQ01and2002 proposed an alternative experimental method for
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the evaluation of the rate of photon absorptiomdmsn annular photoreactor. This method
uses radiometric measurements, along with a mampascadiation balance (MRB), to
determine the radiation absorbed by the solid gsitahs well as the forward and backward
scattering radiation and the extinction coefficgent

The LVREA can also be obtained by numerically stMRTE Pasquali et al., 1996The
difficulty of the exact calculation of radiativeatrsfer in absorbing and scattering media has
led to the development of approximate solutiongerRTE Carvalho and Farias 1908

The most common numerical methods for finding thlatgn to the RTE are the Discrete
Ordinate method (DO), the Finite Volume method (FMjich is in fact, a conservative
variant of the DO method, and the MC methBdrgek and Adesina 2004

Stochastic simulation methods, such as MC methedp@ferred over deterministic methods
for finding the LVREA for complicated geometrigSHangrani and Raupp 199% has been
stated that a statistical approach to assess #wlabg and scattering phenomena in
heterogeneous systems is the most effective midta et al., 1990 Although the discrete
and finite volume methods are extensively applregalving the RTE, application of these
methods for complicated reactor geometries is ddficult.

3.2.1  Experimental Evaluation of Photon Absorption in an Annular
Photoreactor

Experimentally, the rate of light adsorption isfpemed by doing a MRB around the catalyst

suspension as described in Figure 2

P=P-P-P, (13)

a | t

whereP; is the rate of absorbed photoRsis the rate of photons reaching the reactor inner
surface Pys is the rate of back-scattered photons exitingsirstem, andP; is the rate of

transmitted photons in einsteins s
The various terms in Eq. (13) are estimated asvdali

(@) P;is estimated from the rate of photons emittednaytilack light lampK,) minus the

rate of photons absorbed by the inner Pyrex gRAsga():
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(14)

Reactor Inner Wal| /—\

i Lamp
P

I I:)a-wall(t) :_ . _ Pa(t;_.
| P (t)i 1[P® .
N P()
L 7
. 5; ' ~
Podt) || LSS ] |
| TiO,

- Suspension

b

Figure 2 Schematic representation of the Macroscopic Raxhdialance in the Photo-
CREC Water-1l (Adapted frorBalaices et al., 2002

The rate of photons emitted by the lamp can bergéted from radiometric measurements
and from the lamp emission spectrum. When meastinmgptal radiation emitted by the

lamp, the following equation is applied to get tbil radiation,

27

P = Hq@zﬂrd@dzd& (15)
00

0o

&"—;6‘

where g0,z,1) is the radiative flux obtained from the spectrtnicemeasurements in W
at every wavelength of the emission spectrumthasadial coordinate in m, z is the axial
coordinate in m. The emission spectrum of the larntide presented in future sections of

this thesis.
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Pa-wan IS estimated from transmission measurements thrthainner Pyrex tube. Results

will be presented in following chapters.

(b)  Ppsis approximated from the difference betwé&gand the rate of photons
transmitted when the catalyst concentration appresezeroAugugliaro et al., 1991;
Schiavello et al., 1991; Salaices et al. 2002

Pbs = I:)I - P|c_)0+ (16)

(c) Pyis the addition of the transmitted nonscattereliateon P,s) and the forward-

scattering radiations).

Pt = Pns + Pfs (17)

One should mention th&s andP,s can be estimated by using polished-aluminum tube
collimators, which account for the combined trartgedi nonscattered radiation and forward-
scattering radiationR), and black collimators, which account only foe tinansmitted non-
scattered radiation respectiveBn{), as explained b§alaices et al., 200Hence P is

directly measured at each window position in theeter, using the polished aluminum

collimator. Determination for each term in the MRBI be explained in section 5.1.

3.2.2 Numerical Evaluation of the LVREA

The application of the radiative transfer equaf{lRME) to photocatalytic processes can be
done by making a radiation balance across a talm(shown in Figure 3). The resulting
equation may be expressed Bareek et al., 2008 and 2003; Marugan et al., 2B di et
al., 2003; Matrtin et al., 1996

%:_@ll(&@)—alll(&g)

Fif9+—a, [p(@ > Q) ,(s.Q)d
4

4z

(18)

wherel , is the spectral specific intensity of radiatioving a wavelengtti (einstein it s*
srY), ;. is the absorption coefficient (W) o, is the scattering coefficient (Hof the

participating media, and @( —Q) is the phase function for the in-scattering obtoims.
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The first term on the right hand side of Eq. (l&)resents the loss of photons due to
absorption, the second term considers the losadition due to out-scattering, the third
term accounts for emission of light due to temperaeffects and the fourth term shows the

gain in radiation due to in-scattering.

~

n-scattering

8

Incident
Radiation Outgoing
§ Radiation
Out-scatterin
& v
| |
| ds |

Figure 3 Radiation balance in a slab in the photoreactor

Integration of this partial-integro-differential eation requires at least one boundary
condition, at the point of radiation entrance te teactor volume. This can be provided by an

appropriate lamp emission model.

The radiation balance presented here is normallyemath the following assumptions

(Romero et al, 1997

(a) Scattering occurs, but every scattering is indepenhdf each other. This assumption
is valid for low concentration of Ti&in water, which is typical in photocatalysis.

(b) Scattering is elastic; the loss of radiation ardgurs through absorption by the FiO
particles and out-scattering. Similarly, the gamadiation is by emission and in-

scattering.
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Due to photocatalysis being carried out at low terajures, the emission term can be
neglected. If it is considered that the sumt,péndo; is called the extinction coefficief,
Eq. (18) could therefore be rearranged to give:

di,(sQ)

1 , A
T—_ﬂzlz(S’Q)""EO'zi[p(Q %Q)IA(S’Q)dQ (19)

If the local incident radiation at any point froththe directions is given by:

Q=4r

G,(x,y,2)= J' 1,(s,Q)dQ (20)
Q=0

Then the LVREA at any point can be represented as:
LVREAX,Y,2)=x,G,(x,,2) (21)

The absorption threshold for Ti@epends on the energy bandgap. For anatase,rilgdma
is 3.2 eV, and those photons with a wavelengthtless or equal to the band gap energy

(ﬂEbg = 390nm) promote excitation of electrons in the semiconduparticles. Therefore, the

total LVREA is given by:

LVREA= ZEM(X’ Y, z)= ZKAGA(X, Ys Z) (22)
Z.S/lbg lgﬁbg

In order to find the solution of the RTE, two optliparameters for the different Ti©Gatalyst
are needed: the absorption and scattering coeftscend the distribution function for photon

scattering or the phase function of the slurredimed

3.2.2.1 Optical Properties of TiO, Powders

Since the values for the ando; coefficients for titania powders depend on the el@vgth

of the light source, Eq. (19) needs to be solved¥ery individual wavelength of the
radiation source. In most cases, this complicdtesolution of the RTE, not only because it
requires extensive use of computer memory, butl@sause the determination of absorption

and scattering coefficients is not a trivial exseciTherefore, in the calculations presented in
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this study, the wavelength-averaged values of tisertion and scattering coefficients will

also be considered.

Theoretical determination of the absorption andtesdag coefficients can, to some extent,

be achieved; however, it is hard to utilize a tle@ioal approach to calculate these two values.
Conventional spectrometric measurements can oldwdhe determination of the extinction
coefficient by a simple extinctance measuremertt Wié black collimators (see section
5.1.3). Several studies in the literature haveuatald the absorption and scattering
coefficients for DP 25, Anatase, and Hombikat UNGIBomero et al., 2003; Cabrera et al.,
1996. These authors used an experimental approachethders separate values of the
absorption coefficients. They used independent oreasents with a cell-spaced total diffuse
reflectance equipment, which allows the determamatf all the radiation that is coming out
from the sample cell. The values for the speciatiering and absorption coefficients are

reported in Figure 4 and Figure 5 respectivelyga &mction of wavelength.

For polychromatic radiation, the wavelength-avedagalues for three of the different
photocatalysts used (DP 25, Anatase and HombikaflQQ) is easily calculated over the
useful spectrum of the incident radiation with tbkkowing formulas {oepfer et al., 2006

) J.;max/c;qld/l
K =——— (23)
Jmin a.d%
J‘imax *q dﬁ,
o
o =M (24)

Ilmax q, di

min



21

m2 g-l

G

Figure 4 Specific Scattering coefficientA DP 25, ©) Anatase, and1) Hombikat UV-100.
(Adapted fromRomero et al., 2003 and Cabrera et al., 1996

Amin @ndAmax are the minimum and maximum wavelength of thedewct radiation from the
BL-lamp (310-410 nm)g; is the radiation intensity at wavelengthandk ands” are the

specific absorption and extinction coefficientsadpd in Figure 4 and Figure 5.

Although some experimental values for the opticapprties of some TiOmaterials have
been reported in the literature, the developmemieaf TiG, based photocatalysts requires
that the optical properties for these materialadm®irately determined. Therefore, developing
an easy to apply methodology for the assessmeoyitafal properties for different solid

materials, is of outmost importance.
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Figure 5 Specific absorption coefficientA] DP 25, ¢) Anatase, and) Hombikat UV-100.
(Adapted fromRomero et al., 2003 and Cabrera et al., 1996

3.2.2.2 Monte Carlo Simulations

The LVREA distribution can be determined in any patational domain by solving the

RTE. Several issues have to be addressed befareahibe accomplished. First, the optical
properties of the reaction medium (i.e. absorpéind scattering coefficients and the phase
function) have to be knowrréreek et al., 2003Second, the boundary conditions (light
being received by the radiation source) have tprbeisely established. In MC simulations,
individual photons (or bundles of photons) aredchfrom their creation until the photons are

either absorbed or scattered from the system.

The RTE is an integro-differential equation thasc&es the light intensity distribution in a
photoreactor. For homogeneous photoreaction systamenalytical solution for the RTE is
feasible {okota et al., 1990 For a heterogeneous medium; however, and givka s
particles cause scattering and light absorptiorgraaytical solution is only possible under
simplified assumptiongJolina-Marquez et al., 2009; Brucato et al., 20d62uma et al.,
2007). Furthermore, due to the heterogeneous natufé®fparticles, scattering occurs

according to mechanisms that are quite differemfthose in multiphase gas-liquid systems.
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In photocatalytic systems, the light intensity dimition in a photoreactor is a function of: (a)
lamp type, (b) reactor geometry, (c) type of catgl{d) catalyst concentration, (e) particle
agglomeration size, (f) the nature of the reactallar(highly reflecting reactor walls,
specular and diffuse reflecting walls, non-reflegtwalls), (g) flow rate, (h) pH, (i) recycle
flow rate, and (j) radiation wavelengtigreek et al. 2003;Salaices et al., J0rerefore, a

numerical solution of the RTE seems to be a vialikrnative.

The MC method is a statistical method, which isebla@n following the trajectories and fates
of photons inside the absorbing reactor volumel the photons are either absorbed by the
solid particles, the reactor walls, or outside-wsrat by the slurred medi&dkota et al.,

1999; Pareek et al., 200Emission, reflection and absorption are deteeatiat each point

in the reactor by a random event. The optical prigseof the media, as well as the phase
function, determine the probability distributiomfttions for each event played in MC
method. The number of photons emitted from thet lsglurce’s surface is related to the
emitting power of the radiation source. Once a phas emitted by the light source, it may
be absorbed by the semiconductor particle (detesuniny a random choice based on the
absorption coefficient). If the photon is absorbedew photon is emitted with a new
randomly chosen direction (based on the scatteedficient of the media). If, however, the
photon is not absorbed in the reacting space, libé&op will reach a wall. Once the photon
reaches this point, its fate will be given by tladumne of the rector walls (reflecting or
absorbing walls).

The MC method has been successfully employed wnrgpthe RTE in photocatalytic
reactors. Different MC simulations for radiation aetling could be considered depending on
the underlying hypotheseB8asquali et al. (199&ised MC method to find a two dimensional
radiation field inside an annular reactor with axdal central lamp. They studied the effect
of the optical thickness and concluded that in ptdexploit the reactor volume effectively,
the value for the LVREA inside the annular secsbould be sufficiently large at every point
within the reactor. This LVREA value depends mainlyhe amount of Ti@concentration
used, and that it is desirable to have a catalitbtlaw values for the albedo.

The MC method has also been applied in an annalgkgal-bed photoreactachangrani and
Raupp (1999used two different methods for simulating the phdtansport inside a
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photoreactor packed with alumina reticulated folamhe first approach, the photon flight is
determined by a predefined reticulate structuréhénsecond approach, a random porous
structure is generated as the photons fly insidehigse two approaches yielded almost
identical results. The fates of the photons ingidepacked annular section were determined
by using the optical properties of the medium, gbison and extinction coefficients. The
effect of the role of the lamp in MC methods hasbeen studied in the literature. The fate

of photons that are back reflected to the lamp nesnanclear.

The MC method can easily be used for any complexngéry. However, a large enough
sample of photons must be followed, so that thetgwl has statistical significance. Ideally,
the number of events played in MC should be thal tnaimber of photons which the light
source is emitting. Nevertheless, fewer events teée played, so that the extensive

computer time is not required to obtain simulatiesults with low statistical error.

Pareek et al (200§resented a MC approach for predicting the raafidield inside a 3D
space. In this work, a detailed description of M@ method is explained for an isocratic
phase function. These authors divided the reasjpace into small cubic cells. From the
information of points of absorptions, predictions the LVREA were made. The most
interesting conclusion about this work was thatusations of 6x1¢° photons were obtained
by forming packets of photons. 6xXt@hotons were grouped to give®¥ackets of photons,
which is the number of events played in MC simolasi.Yokota et al. (1999)for example,
considered 10events in a MC simulation for the prediction @i intensity decay in a

heterogeneous medium.

In photocatalysis, there is multiple scatteringoived due to the topography of TiO
particles. The parameter describing the scatteriade in Eq. (18) is the phase function
p(Q’ —Q). This parameter gives the probability that a phawill be scattered from the
directionQ' to the directior®2. Therefore, the selection of the phase functicanigmportant

step in any calculation where multiple scattersgwolved.

Computing the new directions of the scattered piots perhaps the most challenging task
in solving the RTE, requiring a large amount of purter time Binzoni et al., 2008Thus,

complicated phase functions require a large contipatéime, leading to inefficient
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simulations. In an established scattering problemever, the phase function is given, not
chosen. Therefore, it is customary to use a phasibn that preserves the main
characteristics of the real phase function, whiléha same time, rendering manageable
computation of the scattering angl&a(uf et al., 2007

The Henyey-Greenstein (HG) phase function seerbs &n appropriate choice. This is a one
parameter function that is able to reproduce a wadge of scattering probability density
functions Marugan et al., 2006Moreover, most of the studies presented initeeakure on
MC simulations adopted isocratic phase functidteéek et al 2008, Pasquali et al J9%6
has been stated that the H-G phase function appetiin provides adequate results when

the scattering phenomena is close to isotrdpic €t al., 201)L.

The H-G phase function is represented by the fafigvequation:

1 1-g°
(0) 4r (1+ g% -29 cos(<9))3/2 (25)

wheref is the scattering angle agds the asymmetry factor of the scattered radiation
distribution. The H-G phase function is determibgdhe g parameter. Thggparameter
varies smoothly from -1 to +1. In this way, the Hpase function considers completely
backward to a completely forward phase functiomfowheng = 0, it represents an
isotropic phase functiorb@tuf et al., 2005 Figure 6 shows the probability distribution
functions versus the scattering an@lie polar coordinates for different g values. Tigeire
shows that the phase function can model backwardiaird and isocratic phase functions
with a simple mathematical expression. Therefoifeerént values fog are enough to

describe different phase functions with a high de@f accuracySatuf et al., 2006
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MC simulations of photon interactions employ randmmmbers to choose points of
emission, optical depths, scattering angles, alisorpnd scattering probabilities. Since all
these random numbers are generated by a set oithigs in a computer, no output is truly
random. Therefore; in order to produce sequencesimbers that pass a suitable
randomness test, an algorithm has to be develdpedRAND function in MATLAB
provides an excellent and an easy way to genesatiedorandom numbers for MC
simulations Pareek et al., 2008This function (with a period of {2*-1)/2) easily exceeds

any of thecomputational number of simulation steps

Once all the optical properties of the medium aedl astablished, the phase function is
selected and the radiation source is well chanaeigr MC method can easily be applied to
solve the RTE. The mathematical steps and considesaof the MC method need to be

established before solving the problem.

3.3 Kinetic Studies of Photocatalytic Degradation of Organic
Pollutants in Water

Most of the kinetic studies of organic compoundsld@d, catalysts presented in the technical
literature, deal with a single model organic commhuHowever; it has been shown that

during photodegradation of organic compounds, stwetermediate compounds are formed
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(Ortiz-Gomez et al., 2008; Fujishima et al., 2D0While a kinetic model with a single
component might fit well the experimental data,leeging the intermediate compounds and
the total organic profiles to complete minerali@aatiis a common error in portraying the
photodegradation kinetic&fiong et al. 2010 In this respect, kinetic models for the
oxidation of organic model compounds have been iyaintained on the initial rates
method. These kinetic models fail to consider titermediate compounds normally formed

during a photoreaction.

Depending on the degree of complexity in the kmatodel, two approaches can be taken
when modeling phenol photodegradation. First, tigauic concentration of all the species
participating could be expressed together in th€pdofiles. This will lead to a simpler
kinetic modeling with an in-depth understandinglo@ photodegradation kinetics. Second, a
kinetic model based on the L-H equations providasoafor describing the behaviour of the
model compound, as well as the intermediate spéaigsed during the photoreaction
(Hernandez-Alonso et al., 2002)}H model provides the values for the kinetic stamts for
each of the heterogeneous reactions contributipipémol oxidation after a kinetic parameter

optimization evaluation is performed.

Thus, on the basis of the above, two approachédb&iliscussed. The first one considers a
simplified kinetics. The second approach consitesmore rigorous approach involving a L-

H kinetics with several organic chemical species.

Concentration profiles for the model compound dadhntermediate species are considered in
a kinetic model by applying non-linear regressiaalgsis to a combined set of all the
experimental data. This will result in a paramet&imation that is objective and more

accurate, within the mechanistic limitations of #ssumed kinetics.

3.3.1 Conventional Langmuir Isotherm

It has been reported that the pH plays a majorinolkee adsorption of organic molecules on
solids, particularly when the adsorbant is I{Bekkouche et al., 2004It has also been
reported in the same study that the optimum adsorpff phenol occurs at a pH value
between 5 and 6. In strong acidic solutions, trsogation of phenol is lower. This is
explained by the fact that at low pH, the moleaflphenol is non-dissociated (neutral). The
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TiO, surface is also neutral at lower pH values (TiAQH)onclusion, adsorption of phenol

is favoured around the isoelectric point of ZiOne should mention that in the experimental
evaluation of adsorption constants of different poomds on Ti@, it is important to keep

the same experimental conditions as those usdekidagradation experiments: pH, flow

rate, air rate supply and temperature.

The classical model of Langmuir isotherm gives adydescription of the adsorption of
phenol and its intermediates on pial equilibrium Cai et al. 2008 The well known
expression of the Langmuir model is given by tHeWing equation:

2 (26)

where Q (mg-C gaY) and G (mg-Cl™) are the amount of compound per unit weight aed th
concentration in the liquid phase at equilibriugspectively. Qax (Mg-C gai’) is the
maximum amount of organic compound adsorbed thais@ monolayer on the T30

powder and K' (mg-C* | ) is the adsorption constant of comporieffthis constant related

the affinity of the compounds to the binding siteshe TiQ, catalyst.

In order to find K* and Q,ax from experimental data, the expression shown in(E8) needs
to be rearranged. On linearization the equatibbedomes:
1 1

1
Q. Qu. QuKC, 7

From the slope and the intercept of Eq. (27), tdleutation of the two Langmuir parameters
could be obtained when experimental data ocfi@ Q is available.

This approach has been used for different auttitegkouche et al., 2004; Ksibi et al. 2003
All of them concluded that phenol, hydroquinone agdroxylated phenolic compounds, and
carboxylic acids are weakly adsorbed on J#80rface and that adsorption equilibrium is
obtained after 30 minutes.
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3.3.2  Approximation Mmethods for Kinetic Modeling

The complexity of the kinetic modeling in photodwgtia reactions is caused by the fact that
the TOC profiles are a sum parameter that inclugi@sy sub products that undergo diverse
reactions Qrtiz-Gomez et al., 2008Therefore, many different equations are needed t
describe the physical process. From a practicaltdiview, total organic carbon (TOC)
profiles appear to be of zero order; and henceillibe easy to handle them in a kinetic
modeling. The degradation rate of TOC could berreéeto as the maximum degradation
rate since it dictates the degree of total mineasion.

An approximate kinetic solution, having an analtiorm of an L-G equation, can be
applied to the experimental TOC profiles. This daumais given as follows(Ghong et al.
2010; Malato et al. 2009; Minero et al. 1996

. __d[roc}, _ alroc]
0T dt g, +p5[TOC]

(28)

B1, B2 and,Bsare empirical constants. [TOC] is the concentrapmfile of TOC in ppm-C

when phenol is degraded in a photocatalytic prqoeessois the degradation rate of TOC in

mg-C mir'l™. Eq. (28) can be rearranged and the following @sgion is obtained:

1 B 1
[— + L= 9
foco A A [TOd, 29)

By using the experimental TOC profiles at differemntial concentrations, values for the
initial rate can be calculated. From the inter@apd the slope obtained, one can calculate the
ratio of the differenff numbers as shown below.

s

~— =intercept and P
1 1

=slope (30)

Using these values, the experimental TOC profieslme fitted with Eq.(31).

Bl (ITOCL )| . s ~ _
ﬂl[m[—[mq j}rﬂl[[mqo [TOq]]=t (31)
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Hence, values for the empirical constants can beddrom this procedure. The above
equation also allows the prediction of TOC degriatads a function of time and initial

concentration of TOC. In following chapters, thisthodology will be applied.

3.3.3 Langmuir-Hinshelwood Isotherms for Multicomponent System

in Photocatalysis
In photocatalytic processes, the interaction ofdtganic compounds with the semiconductor
surface plays a major rol&gbert et al. 2000 Adsorption of these compounds on the
catalyst’s surface is a prerequisite for a higicedht process. It is also known that
photocatalytic reactions can be modeled using garir-Hinshelwood (L-H) rate equation.
Therefore; for a multicomponent system in photdgats, a set of differential equations,
based on the L-H model, can be developed. Thes#tiegs describe the formation and
disappearance of the model compounds as well asrntermediate species. Due to the
immediate decomposition of the model compound @@ and other intermediates,
influence of these compounds has to be considare¢deoL-H rate equations and this, even if
their adsorption onto Tigsurface is weakXu and Langford 2000)Therefore; the following
assumptions are considered in developing the kimetidel: (a) model compound and its
intermediates adsorb on the catabtgface; hence, the reaction is surface mediabgdin@l
product CQ is not adsorbed by the TiJc) the reaction system is in dynamic equilibrium
(Chong et al. 2010 (d) photolysis is neglected as it has a litffea in the model compound
and intermediate degradation. If these assumptomsalid, the reaction steps only involve
adsorption surface sites, organic molecules andtigsmediates, electron-hole pairs and the

reactive oxygen species.

The general form the L-H equation for photocatalyiactions is given byontoya et al.
2009; Laoufi et al. 2008; Brosillion et al. 2008p1@ et al. 2006;Chan et al. 200ehrvar et
al. 2000:

kK C
N A
1+Z_; K{C,

J

(32)
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where subscriptrefers to component™ r; is the reaction rate (mokg* min?), K is the
reaction kinetic constant (mokg' min™), K% is the absorption constant (rffd), andC; is
the concentration of the participating species (il “j” is the subscript denoting each
component of the chemical species.

When a rector is operated in a batch mode as isabe of Photo-CREC Water 1l a balance

equation for each componemt tan be expressed as follows:

dN,
(_L1dN Vv _VdG (33)
"W dt W dt W dt

with W being the mass of the solid catalyst{gV is the reactor volume)(N; is the

number of moles (mol) andt is the time (min).

Substituting Eq. (33) into Eq. (32), the reactiaterfor each chemical species in the contest

of the slurry reaction unit can be obtained:

Vo ke a
dc Wki K/"C,
dt - n A (34)
1+ Z; KAC,
]:
This last equation can also be expressed as:
dG _ kG
+Z; g
]=
with k; being:
K; :\\//_VkikKiA (36)

The rate constants in Eq. (35) represent apparent constants inThénintrinsic kinetic

constant can be calculated using the following relationshipftum et al. 199}
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kil _ Vestr T Verr (37)
Verr

where \&stris the volume of the tank andbpk is the volume of the photoreactorlin

From the discussion presented above, it can be concluded that fpremgyonent
participating in the reaction scheme, an equation with the form.qf3B}jcan be obtained to
represent the photocatalytic oxidation of the model compoundsaimdérmediates. Several
kinetic and adsorption parameters need to be numerically estimatetim@@atgon of the L-

H model is that for a large number of chemical species, a large nofrkieetic and
adsorption parameters will need to be optimized. This could ¢teambtlels with high cross
correlation. This could be solved to some extend by experimefitalipng the adsorption

constants of the participating components.

3.34 Parameter Estimation Problem

The formulation of the differential equations based on L-H madetjually important to the
actual solution of the problem of parameter estimation. Parameter estirafithe kinetic
constants is done by fitting the mathematical model to therempntal data. The
mathematical model with the best parameter estimate is used to pnechettavior of a
reacting system, where that model is assumed to describe thegblpyseess. The L-G
model, for multiple reactants, is formed by a set of ordinary diffedesquations (ODE).
The set of ODE cannot be solved analytically; hence the optiorizatocess needs an
algorithm that calls for the iterative integration of the set oE®@Ehat minimizes an

objective functionEnglezos et al. 2001

If a dynamic system described by a set of ODEs of the L-H foourisidered; then, the
ODEs cannot be solved analytically. Hence, in these situatiermodel can be written in
the following form Englezos et al. 2001; Constantinides et al. 1999

%: f(Em.uk} €O)=G, (38)

y(t) = AC(t) (39)



33

where

k= [kl, kz,...,kp]T is a p-dimensional vector of parameters whose numerical values are

unknown;

C=[c,,C,....C,[ is an n-dimensional vector of state variables;

C, =[C5.Cu0r---.Cop | is @an n-dimensional vector of initial conditions for the state vhrab

These variables are precisely known from experimental measurements.

i =[u,u,,....u [ is an r-dimensional vector of measured variables.

y= [yl, yz,...,ym]T is an m-dimensional output vector i.e., the setasfables that are

measured experimentally; and

A is the m x n observation matrix which indicatles state variables that are measured

experimentally.

The kinetic parameters should be estimated by nunmg the least square (LS) objective
function. The objective function is a suitable measf the overall departure of the model
calculated values from experimental measurementsa Bystem of ODEs, the objective

function is given by:
ssre S [5- vt~k [5- vt -K] (40)
i=1

where y— y(tt —IZ) is the residual of th&" measurement defined as the difference between

the measured valug;, and the calculated value using the model anéstienated

parametersy(tt - IZ);

When data from more than one experiment is uséakiparameter estimation, the objective

function becomes:
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SSRe > i [9_ y(tt - E)]T [9_ y(tt - E)] (41)

j=1 i=1
Ne denotes the number of experiments

The main objective in estimating kinetic parameteit® obtain values for the kinetic and
adsorption constants with low 95% confidence irdés(Cl) and low to moderate cross-

correlation among optimized coefficients.

3.4 Photocatalytic Reactors

The development and design of water and air tre@tsystems based on heterogeneous
photocatalysis is an area of great technical ingpae: (le Lasa et al., 2005The design of a
highly efficient photocatalytic system is of viiaterest and one of the most desirable, yet
challenging goals in the research of photocatalgactors. An important obstacle in the
development of an efficient reactor is the estabfient of effective reactor designs for
intermediate and large-scale use, as demandedibgtiral and commercial use. To achieve
a successful implementation, several reactor dgsagameters must be optimized; such as,
photoreactor geometry, the type of photocatalydtimconcentration, utilization of radiated
energy, operating conditions, etc.

3.4.1 Photoreactor Configurations

Photocatalytic reactors for water treatment canléssified according to their design
characteristics; the majority of them fall unde tbllowing next categoriesl¢é Lasa et al.,
2005; Mukherjee and Ray 1909

a) State of the TiQcatalyst: slurry reactors or rector with immolelikz

photocatalyst.

b) Type of irradiation: photoreactors can be irradiaising: artificial UV light, UV
polychromatic lamps or solar radiation.

c) Position of the irradiation source: immersed lightirce, external light source and

distributed light sources such as reflectors orcapfibers.
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The majority of the reactors patented are a variadif the slurry reactor and the classical
annular reactor of immersion or the external-tyglerry reactors present larger
photocatalytic activity when compared to reactoith \&@n immobilized catalystigé Lasa et

al., 2005. Most of the kinetic studies presented in theréiture deal only with experimental
data produced in slurry photoreactors. Immobil@awnf the catalyst generally reduces the
overall performance of the photoreactor due tantlags transfer limitations and less catalyst
irradiated areaM(ukherjee and Ray 1999Table 2 summarizes the advantages and
disadvantages of slurry and immobilized photoc#italgactors as reported bye Lasa et

al., 2005; Mukherjee and Ray 1999

Table 2 Suspended versus immobilized photocatalytic systems

Slurry Reactors Immobilized reactors

Advantages. Advantages.
e Fairly uniform catalyst distribution eContinuous operation

elmproved removal of organic material from water
eHigh photocatalytic surface areato  phase while using a support with adsorption

reactor volume ratio properties
eNo need for an additional catalyst separation
e Limited mass transfer operation

eMinimum catalyst fouling effects due

to the possible continuous removal and

catalyst replacement

eWell mix particle suspension

el ow pressure drop through the reactor  Disadvantages
el ow light utilization efficiencies due the light
scattering by immobilized photocatalyst.
eRestricted processing capacities due to possible

Disadvantages mass transfer limitations.
ePossible catalyst deactivation and catalyst wash
eRequires post-process filtration out.

eDifficult to assess light scattering and
absorption in the particle suspended
medium

In the case of photocatalytic reactor with soleadration, most of the reactor’s designs are
TiO; slurry reactorsde Lasa et al., 2005The implementation of solar photocatalytic
reactors needs special attention in the desigolaf ghermal collectors, given the important

characteristics shared by these units. There amever, specific constrains for the design of
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solar photocatalytic reactors; for instance, thednef expensive UV transparent materials.

Solar photocatalytic reactors can operate in caotis and discontinuous mode.

Malato Rodriguez et al., 19%iudied the degradation of several real wasteveai@ples at
the Plataforma Solar de Almeria (Spain) applyirspkar photocatalytic reactor. They proved
the feasibility of solar photocatalytic detoxifigat with added oxidants for the treatment of
industrial effluents with organic loads of hundredgpm. They studied a solar slurry
photocatalytic reactor with TiCas a catalyst in two different configurations; gamuand
parabolic concentrating reactor and parabolic thagygstem. Their results showed that the
degradation of industrial waste water can be tbaiéh heterogeneous photocatalysis within

the range of medium or low concentration on TOGI$oa

3.4.1.1 Operating Conditions in Photocatalysis

The degradation rates of organic compounds in @atadysis are highly dependent on a
number of the operation parameters. These parasrsiarmarized as follow&fiong et al.,
2010:

1. TiO; Loading: the amount of TiQs directly proportional to the overall
photocatalytic reaction rate. This also dependtherreactor geometry and state of
catalyst in the system (either fixed or slurry bgg. The photoreactor should be
operated at a catalyst concentration that enstiieept photons absorption and does

not create dark zones within the reactor.

2. pH: this variable depends on the isoelectric poirthe surface charge of the
photocatalyst used. For TiCthe point of zero charge lays in the pH rangé.57.0.

3. Temperature: this variable has little or no eff@ttthe photocatalytic reaction rate.
However, it was shown that an increase in photbgataeaction temperature (>80
°C) promoted the recombination of electron holergba Gaya et al., 2003
Moreover; temperatures below 80 °C actually favemsorption of contaminants on

the TiG, surface, resulting in getting kinetics followingetof L-H model.
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4. Dissolved oxygen: oxygen is an electron scavengdra photocatalytic process;
hence, providing continuous oxygen to the systesums that the reaction limiting

step is not the lack of oxygen.

5. Contaminants and their loadings: under same opgratinditions, different initial
concentrations of organic compounds will requiféedent irradiation time to achieve
complete mineralization. Excessively high concditraof organic substances could
saturate the Ti@surface and block the UV light reaching the catiadysurface.

6. Light Wavelength: UV light used in the process reeedhave sufficient energy to
promote electron hole formation. For Li@he activation threshold occurs at 388 nm.

Therefore, UV light withh < 388 nm is required for the activation of theatyst.

7. Light Intensity: A linear dependency of the photadgic reaction rate on radiant
flux changes to a square-root dependency abovaiténreshold value. Zefoorder
dependency is found at really high radiation inites

3.4.1.2 Photoreactor Modeling

Photocatalytic reactions have a very distinctivarahteristic: the reaction is activated by
light absorption; and consequently, the radiatistridbution inside the photoreactor must be
obtained. Therefore, the geometry of a photoreastoruch more important than in thermal
reactors due to the light propagation inside tlagtieg zone. An important limitation in the
radiation modeling is placed by the pre-establissteapes and sizes of the different radiation

sources.

Designing a photoreactor starts by selecting itsyggry; the light source will be a decisive
factor in doing so. Once the geometry has beerteelemass balances has to be performed.
These mass balances allow calculating the intriregiction rate, independent of the reactor
shape and configuration. Ideally, this reactioe ttould be obtained experimentally with
the proper degradation experiments. At this stiggereaction mechanism (or kinetic
network) should be known so that the proper rafgessions are obtained. The radiation
field inside the reactor needs to be determinextesihe activation of the catalyst only occurs

when light is present in the system.
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Design and scale-up of photoreactors, as wellr@estiki studies of photocatalytic systems
always requires that the LVREA inside the reacsddriown. Fortunately, methods are now
available for the correct evaluation of true phoadasorption rates in the most commonly
used cylindrical reactor geometrigsféno et al., 2000 However, the solution of the
complete radiation transmitted equation is nongpg task Cassano et al., 20p0n any
event, successful modeling and design photoreast@sombined exercise considering both

kinetics and radiation modeling.

3.4.1.3 Photoreactor Efficiencies

Efficiency determinations in photocatalytic reastalow for a comparison between
experimental results obtained from different labarias and under different experimental
conditions Galaices et al., 2002Several efficiency definitions are availablehe technical

literature.

The most frequent parameter is the quantum ykeloh (et al., 1996 which relates the

radicals produced on the catalyst surface duriegptimary reaction processes per absorbed
photon. Serrano et all$97) also proposed a photochemical thermodynamicieffay factor
(PTEP. This parameter relates the energy needed tapeo@H radicals over the irradiated
energy absorbed by the photocatalyst. In eithes;afticiency determination involves the
same key variable, the rate of photons absorbebtéphotocatalyst. Hence, it is important

to accurately determine this parameter.

3.5 Application of Photocatalytic Processes

Due to the multidisciplinary nature of Ti@hotocatalysis, numerous researchers have
devoted studying photocatalysis and its applicatidnO, photocatalysis is classified into
many different subjects: (1) reaction kinetics amechanisms, (2) reactor design and
engineering, (3) material synthesis and modificgt{d) surface and colloid chemistry, (5)
photoelectrochemistry, (6) charge recombinationtasaasfer dynamics, and (7) thin film and
coating fabrication@hoi 200§. Thanks to the interdisciplinary nature of Fif@lated
research and the diversity of its applications,lig3certainly one of the most frequently and

thoroughly studied materials in the world. Applioat for TiG, photocatalysis are
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summarized in Table 3. This table was built frortadaresented in the literatureujishima
et al. 2008 and 2007; Choi 2006; Diebold 2003

Table 3 Summary applications for Tgphotocatalysis

Application Category Examples
Water Purification Wastewater  Decontamination of river water, ground water, lakes
treatments industrial wastewaters, airport and agricultural

wastewater, pool water, fish feeding tanks, water
disinfection, oil spill remediation, killing
microorganisms and pathogens in water, etc.

Air Purification Indoor air Room air cleaners, air conditioning, tunnel anddings
cleaners air purification, deodorization and disinfectioninfloor
Outdoor air air, air cleaning units for refrigerators, etc.
purifiers

Self-cleaning surfaces  Materials for Window blinds, exterior tiles, kitchen and bathroom
residential and components, plastic surfaces, traffic signs anectdrs,
offices tent materials, building windows, spray coatingdars,

indoor lamp covers, etc.

Self-sterilizing Hospitals Titles and coatings to cover floor andilsvia operating

surfaces rooms, hospital uniforms, public restrooms, peebreg
rooms.

Photocatalytic metal ~Automotive Metal corrosion prevention using Fighoto anodes,

corrosion prevention photocatalytic coating of Ti£on metal surface for

corrosion prevention, etc.

Photocatalytic Others Development of alternative lithographic psxutilizing
lithography photocatalysis.
Water splitting Energy Water splitting for the puation of hydrogen from

water using photocatalysis.

As presented in the above table, applications O photocatalysis are very diverse. The
principles of photocatalytic reactions taking placethe surface of Tigcan be applied to
the development of many different technologies. @dgtion of pollutants in water, air, and
even solid phases, and the production of hydrogen fvater, are among the most studied

areas of TiQ photocatalysis.
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3.6 Conclusions

The following are the conclusions of this chapter:
(a) Photocatalysis is a potential solution for comphaiaeeralization of organic
compounds present in water. This technology camtadsapplied in air treatment,

production of materials with self-cleaning propestiand production of hydrogen

from water.

(b) Experimental determination of optical propertiephotocatalytic reactors is still a

difficult task and this despite the vast informatregarding methods for modeling the

radiation field inside those reactor units. Thaagitproperties of the Ti@water
medium need to be obtained in order to solve thE.RT

(c) The MC method is a viable alternative for solvihg RTE. However, studies on
different phase functions, as well as the effe¢heflamp in the modeling are still

needed.

(d) Most kinetic studies in the literature deal witmple approaches and single chemical

species. However the photocatalytic degradaticorgdinic pollutants should involve
not only the model reactant species but varioweim¢diates. Thus, kinetic modeling
of photocatalysis reactions is still area worthymestigation. In particular, the L-H
model seems to be a viable alternative for germdlkinetics applicable to a

plurality of semiconductors.

(e) Give all the above, this PhD thesis intends to rioute to the numerical
determination of optical properties in TiGlurries as well as photocatalytic reaction
kinetics involving the various chemical speciesspr.
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Chapter 4
Experimental Methods

4  Introduction

This chapter describes the experimental apparatpsoged in this PhD research project.
The reactants; and the analytical techniques fatehpollutant and reaction intermediates
identification and quantification are also presdnteastly; the technique for catalyst
preparation and characterization, as well as tperxental procedure employed, is

discussed.

4.1 Reactor Setup

The photocatalytic degradation of phenol over u#idi0, catalysts was carried out in an
annular photocatalytic reactor. A schematic repregmn of the photo reactor is shown in
Figure 7. This reactor is called the Photo-CREC-@WHtand it is constituted by the
following components: (1) 15-W black light lamp (&L lamp), (2) Pyrex glass inner tube
with diameter of 3.58 cm, (3) replaceable Pyrexemube with diameter of 5.6 cm, (4) silica
windows, (5) black polyethylene outer tube, (6)retl tank, (7) centrifugal pump, (8) air

injector and, (9) sampling port.

Seven 1.1-cm diameter circular windows, made ofdusilica, are equally spaced along the
reactor’s outer cylinder wall to allow radiatiommismission measurements. The external
cylinder, represented by number 5 in Figure 7, made of non-reflecting black
polyethylene in order to eliminate the reflectediaion from reaching the inner surface
wall. The lamp used in the photoreactor is a 15-88-m radius, 41.3-cm length, black-
light UV lamp. It is positioned symmetrically ingdhe inner tube of the reactor. A typical
radiation spectrum of this type of lamp is giverfFigure 8. The characteristics of the lamp
are presented in Table 4 along with a summaryhferdimensions of the photo reactor. The
reactor is equipped with a four-point distributiojecctor at the entrance. This injector ensures
uniform and intense mixing. The four injection pisiare located on the top section of the
reactor at 90°-radial and 45°-azimuthal positidrtee pump allows a recirculation flow rate

of 161 min™. The inner Pyrex reactor tube was selected basés @ansmittance. As shown
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in Figure 9, this material has good UV transmisgawperties, allowing for more than 90%

of the UV radiation longer than 315 nm.

0% o
o o
o o

Figure 7 Schematic representation of the Photo-CREC Wateattor

Table 4 Dimensions for the photocatalytic reactor and laing@racteristics

Component Parameter Value
Annular reactor internal radius 1.76 cm
external radius 4.44 cm
height 445 cm
internal Pyrex glass thickness 0.23 cm
llluminated Reactor Volume 2.51
Black Blue Light Lamp input power 15W
(UVP-XX-15BLB) output power 4w
length 41.3 cm
radius 1.33cm
emission range 300 - 420 nm

emission rate 1.1910x10 einsteins $
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4.2 Reactants

For this study, the following reactants were usedreceived, without any further treatment:
a) phenol 99+% (Sigma-Aldrich Lot 0001446411), ajechok99% (Sigma-Aldrich Lot
10021AA), c) hydroquinone 99% (Sigma-Aldrich Lot0d@46411), d) p-benzoquinone
(Fluka Lot 0001333985), e) resorcinol 99+% (Signidrish Lot MKBB5334), f) oxalic acid
99+% (Aldrich Lot 241172-50G), g) formic acid (Faukot BCBB9543), h) ortho-
phosphoric acid 85% (Fluka Lot DCB0522), i) maletid (Fluka Lot 0001451383), j)
fumaric acid 99+% (Sigma-Aldrich Lot MKBB7131), K,SO, (Caledon, Lot 100602), I)
HCI (Sigma-Aldrich Lot 01050DJ), m) 2-proparef9% (Sigma-Aldrich Lot 56096EK), n)
titanium (1V) isopropoxide 97% (Aldrich Lot 07009Ip o) dichloromethane (Caledon Lot
72672), p) sodium sulfate (Caledon Lot 73205, neath&lPLC grade (Caledon Lot 70930)
and, q) FeSx7H,0 (J.T. Baker, Lot Y40470).

Table 5 and Table 6 show the names, acronyms adicél structure of the aromatic and
carboxylic acids compounds used in the presenystud

Three TiQ photocatalysts were used for the photoconversipergments. These catalysts
include Degussa P25 (Evonik Degussa CorporatiotL68012489), Anatase >99%
(Aldrich Chemicals Lot 23,203-2) and, Hombikat UG@L(Sachtleben Chemicals)

4.3 Substrate Analysis

4.3.1 Identification of Intermediate Species by GC/MS

Identification of intermediate species in the pHeytwmtodegradation was performed by using
a variation of the EPA method 8270D, with the prapan technique 3580. This method
identifies semi-volatile organic compounds in wdigrgas chromatography/mass
spectrometry (GC/MS).
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Table5 Names, acronyms and chemical structure for the aticrnompounds employed in

this study
Name Acronym Chemical Structure
OH
Phenol Phenol
OH
para-dihydroxybenzene )
(Hydroquinone) p-DHB
OH
OH
ortho-dihydroxybenzene OH
(Catechol) 0-DHB ©/
0
1,4,-Benzoquinone
(p-Benzoquinone) 14-BQ
0
OH

Resorcinol

Resorcinol @\
OH

Table 6 Names, acronyms and chemical structure for thesaariaployed in this study

Name Acronym Chemical Structure
@]
Acetic acid AcAc )k
OH
@]
Formic Acid FoAc )J\
H OH
HO O
Oxalic Acid OxAc H
O OH
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The method consists of extracting the possiblenmeeliate species in water by using an

organic solvent. This technique is summarized Hgvis:

(@) For an initial concentration of 20 ppm of C in pbkra sample of 25 ml is taken from
the photoreactor after 3 hours of reaction times Bample is transferred into a
separation funnel.

(b) 10 ml of dichloromethane (Cil,, pesticide quality or equivalent) is measured and
immediately transferred to the separation funnel.

(c) The funnel is shaken for 5 minutes; pressure shioelceleased every 30 seconds by
opening the separation funnel from the top cap.

(d) The organic phase is separated from the funnepanhah a 25 ml crystal vial.

(e) 1 g of sodium sulfate, previously purified by hagtit at 400 °C for three hours in a
furnace and cooled down in a desiccator for one,hsadded to the sample and
shaken for 2 minutes. The sodium sulfate trapsrtiveo drops of water present in the
sample.

()  The extracted sample is filtered with a pipett@tigh glass wool and is placed in a
vial. 1 uL of this sample is injected into an Agilent 5978tiNork GC system with a

Mass selective detector.

For the GC/MS analysis, an Agilent 19091z-205 3%& tidP-1 capillary column of 50 m x
200um x 0.5um nominal was used. The inlet injection temperatuas fixed at 310 °C with
a split ratio of 1:30. Helium was used as the eamgas at a flow rate of 67.5 ml riin

Temperature of the MS detector was fixed at 320S&@nples were run for 35 minutes.

4.3.2  Quantification of Model Pollutant and Intermediate Species

The quantification analysis of aromatic componevese performed in a Shimadzu High
Performance Liquid Chromatograph prominence LC 20A#B an autosampler SIL-
20AC.HT and a column oven CTO-0AC with a Diode Ardetector SPD-M20A. An
Altima HP C18 column (% 150 mm x 4.6 mm, Lot 50198212) and a mobile phése o
methanol and water (miliQ water) 67/33 % v/v aloavfrate of 0.5 ml miff, were used. The

temperature of the column oven was kept at 25 f@uthout all the analysis. The
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wavelength of analyses for phenol, p-DHB, o-DHB antBQ were done at 270, 290, 275

and, 255 nm respectively. Injection volume forsalimples was 1(0L.

Quantification of the two major carboxylic aciddelged (acetic and formic) was done in a
Waters 1525 binary pump HPLC, with a 2487 du&lbsorbance detector equipped with a
Waters 717 plus Autosampler. A Supelco C-61H colg&thcm x 7.8 mm, Lot 043010) and
a mobile phase of 0.1% phosphoric acid at a flae 04 0.5 ml and a wavelength of 210 nm
was employed for the separation in the HPLC sysiidm.injection volume of all the
samples was 10L at 25 °C. For all the photocatalytic degradagomperiments, the total
organic carbon was also analyzed using a Shima@«ti+Vcpy, equipped with an ASI-V

autosampler.

4.3.3 Catalysts Characterization

The catalyst surface areas)(®@ere measured using a Micrometritics Chemisonptio
Controller ASAP 2010. The Tisamples were degassed for 120 minutes at 300ft€r. A
degassing the samples; Was contacted with the catalyst sample immersdiduid N,. The
amount of N adsorbed at the operating temperature was usestitoate the total catalyst
surface area. Patrticle size distribution of the le@alysts was performed by a Brookhaven
Instruments ZetaPALS Zeta potential analyzer. Iz sieasurements, samples were diluted

in MiliQ water and measured for at least 120 s.

XRD analyses were performed on a Rigaku rotatimgdarX-Ray Diffractometer employing
CoKa radiation. Monochromation was achieved byaisirturved crystal, diffracted beam,
graphite monochromater. The instrument was opaatd5kV and 160mA, using the
normal scan rate of 2@wo-theta per minute. X-rays were collimated gsihdivergent and
scatter slits, and a 0.15-mm receiving slit. Sangghns were completed at a rate of 10

degree/minute.
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4.4 Experimental Procedure

441 Radiation Inside the Photoreactor

The photoreactor unit described in Figure 7 comstagven circular windows (S1-UV grade
fused silica, 0.32 cm-thickness x 2.54 cm-diamefngse windows are equally spaced
along the reactor outer cylinder wall. They all@adiation transmission measurements
through the annular section of the reactor. Ramlatiansmission through the different FiO
catalysts at different concentrations was measoinegl StellarNet EPP2000C-25 LT16
spectrometer. For the radiation measurements, LAGwp and inner polished collimators
were attached to the reactors windows to limitaimunt, and the angle, of the radiation
transmission through the catalyst suspensions.opague collimators (2.3 cm-length x 1 cm
—diameter, angle view of 44.4°) were used to detegrthe extinction coefficients since their
non-reflecting surface minimizes the forward-saattgradiation reaching the detector.
Aluminum polished collimators (2.3 cm-length x 1 egtiameter. Angle view of 160°)
allowed the assessment of the total transmitteidtiad throughout the slurred medium.
Figure 10 shows a view of the black and inner-pe@liscollimator tubes used when
determining the extinction coefficient in the phatactor. The view angles for each of these
two collimator tubes are also reported. Figure Hdwss a detailed view of the sensor

collimator arrangement.

Titanium dioxide suspensions for radiation transmis measurements in the photoreactor
were prepared with distilled water. Before any nueasient, the reactor was thoroughly
washed to ensure that no foreign particles wersgmteduring any measurement. The
radiation transmission was measured first for aptgmeactor with and without the internal
tube, in order to measure the transparency ofrteerial Pyrex tube. The next step was to fill
out the reactor with both 6 liters of distilled watand; then, adjust the pH of the solution at
3.7+0.1 with HSO. After that, the TiG concentration was increased from 0 to@|3, for
every catalyst concentration, the radiation trassion in the seven windows was measured.
When building the radiation transmission profilesgasurements for windows 2 through 6
were averaged. Windows 1 and 7 were not considezeduse the radiation transmission was

low.
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4.4.2  Sol-Gel TiO, Catalyst Preparation

The synthesized Ti{xatalyst; hereafter referred to as Sol-Gel Cat, pvapared from the

hydrolysis of titanium (IV) isopropoxide. The follang procedure was implemented:

(@ 20 ml of miliQ water were mixed in 100 ml of 2-pal inside a 500 ml beaker.
This solution is referred as Solution A.

(b) 100 ml of 2-propanol are put in a 250 ml beakezn{lL0 ml of titanium isopropoxide
are carefully added to this solution while keepinggorous magnetic stirring. This
solution is referred as Solution B.

(c) Solution B is slowly added drop wise to Solutionvfgorous stirring is kept during
the entire procedure.

(d) The final solution is sealed and kept with magnstiicing for 2 hours.

(e) The gel formed is aged for 120 hours and it is itheéed for 12 hours, at 80 °C, inside
an electric oven.

(H  The final powder is grinded and calcined at 583&1Gwo hours with a heating ramp
of 5 °C per minute.

(g) The final TiG powder is labeled Sol-Gel Cat.

4.4.3  Photoconversion Experiments

Phenol was the model compound employed in the pbateersion experiments. The
abundance of experimental results, based on plasroimodel compound, makes the use of
this contaminant very valuable for comparison pagso Although, phenol has been
extensively used as a model compound in many studiea laboratory scale, there are still

several issues such as the phenol striping andifidation of intermediate species.

As proven in the experimental section, phenol isstriipped to detectable extents by the
airflow circulated in the forms of bubbles throughthe slurry TiQ suspension.
Identification of chemical species is an area tieterves special attention when analyzing

experimental results

With this end, for every experimental run, the teasystem was cleaned thoroughly with
clean water and washed with distilled water in otdaemove any particles present from

previous experimental runs. Desired initial concaiins for the different experiments were
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prepared from a stock solution of 2400 ppm of @henol. In all the experiments, the
reactor was prefilled with de-ionized water, thenpuwas set to 16min™ and the airflow set
to 61 min. When filling the reactor with water, the pH watjusted to 3.7 +0.1, using
H,SO, solution on an Orion 2 star pH meter. Before agdire desired amount of T3@0.15
g ™), the reactor was kept running for five minuteferathis time a reference sample was
taken. Next, the photocatalyst TiQvhich had been previously dissolved in 100 muefer,
was added to the mixture. The final volume of t&cting solution was 6 liters with the
desire phenol concentration (10-30 ppm of C).

Before turning the UV lamp “on” and starting thactor irradiation, phenol was allowed to
be in contact with the catalyst for 30 minutes. iDgithis period, henceforth referred to as
the dark period, the reaction media was pumpednarthe system in order to reach
adsorption equilibrium of phenol on the catalydteAthis period, another sample was taken.
The lamp was then turned “on” and the timer wastrszero to start irradiation period. The
operating conditions (airflow, recirculation flowte, catalyst concentration) were kept
constant, except for the pH, which was not adjuafest the reaction started. All the
experiments were carried out at a temperature afl30@C. Samples were taken every 30
minutes until the model compound and the deteciabéemediate species were photo-
converted to concentrations below 1% of the int@hcentrations. Each sample was filtered
using PTFE filters (Mandel, 0i2m) before being analyzed on the HPLC and TOC. én th
experiments with F& ions, the F& solutions were premixed with the Ti@ 100 ml for 30
minutes. Optimum concentrations of 5 ppm of'Reere used in all the experiments.

4.4.4  Adsorption of Phenol and its Intermediates on TiO,

Experiments of adsorption of phenol and its intediaies on the different TiQwere
conducted in the Photo-CREC Water Il reactor &naperature of 30 +1 °C. Operating
conditions for the reactor were the same as iplirdodegradation experiments. First, the
reactor was filled with 6 liters of water at cent@ontaminant initial concentration (10, 20,
30, 40 and, 50 ppm-C in the contaminant). One sanvpk taken at this point in order to
measure the actual concentration of the specigsT8en, 0.15 ¢* of the respective Ti©
catalysts was added to the solution. The reactihgien, with the catalyst, was left running
for one hour in order to reach adsorption equilibyri After this period of time, a sample was
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taken in order to measure the concentration inigfoed at equilibrium (G). With these two
concentration values, the adsorption capacity ailibgum time will be determined with the
following formula:

o, = Ca=C.V (42)

M cat

where G and G are the initial and equilibrium concentrationdtué adsorbate respectively (
mgl™). V is the total volume of the solutioh),(andMc is the mass of the Tiatalyst. In
this manner, the adsorption isotherm for phenolitmishtermediates was built for all the
catalysts studied. The effect of*féns on the adsorption of the different species wa
studied for DP 25 and Sol-Gel Cat. The generalgutare for determining the adsorption
isotherms was the same; however, 5 ppm f Were added to the solution before the

catalysts were weighed and added to the solutiotisei reactor.

When separating the Ti(articles from the liquid phase, using a centefugps the best
option. When filtering the samples through PTFEef8, equilibrium concentrations were
really scattered and no reproducibility was achieve

45 Conclusions

This chapter reports the equipment configuratieagtor, spetroradiomenter, aluminum and
UV-opaque collimators); analytical techniques foepol and its intermediates’
identification and quantification (GC/MS, HPLC, TQEXxperimental procedures for
radiation measurements; as well as photodegradexiperiments, are fully described. It is
found that establishing the analytical methodsthedexperimental procedures is essential
for achieving the goals of this PhD dissertation
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Chapter 5
Results and Discussion Part I: Radiation Modeling in the Photo-
CREC Water Il Photoreactor

5 Introduction

This chapter presents the experimental evaluatitineoradiation being absorbed by four
different TiG, catalysts (DP 25, Anatase, Hombikat UV-100 and®&ell Cat) by using
Macroscopic Radiation Balance (MB). The MB allovetatmination of radiation being
absorbed by the catalyst, radiation transmissiooutjfhout the reactor at different catalyst
concentrations, and evaluation of the extinctioafitccients using black collimators tubes.
Then, modeling of the radiation field in the Ph@BEC Water Il reactor is developed using
a Monte Carlo method (MC). The purpose of the MGhoe is to calculate the radiation
being absorbed by the catalysts at different camagons. Experimental and simulation
results are compared. Lastly, an optimization nmetib@resented in order to numerically
determine the absorption and scattering coeffisiémt of the titania samples and the

synthesized TiQ

Before presenting the simulations for the radiabeimg absorbed by the photocatalysts, the
physical properties for the Tgphotocatalysts employed in this work are repomda@ble 7.
The primary crystal sizel, was determined from the XRD measurements and étkead
presented byakardjieva et al., (2005)

Table 7 Physical properties of various Ti®amples used in the present study

Catalys ZS‘i ] dor d, Composition’
m?g nm nm
DP 25 474  35(A), 20 (R) 477 80% A, 20% R
Anatase 12.6 47 316 99% A
Hombikat UV-100 252 10 1009 99 % A
Sol-Gel Cat 57.4 18 (A), 25 (R) 318 94% A, 6% R

* A refers to anatase phase and R refers to rpltibese
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Agglomerate external surface areg) (S reported in the first column of table. Homhika/-
100 is the catalyst with the largest agglomerattasa area and the smallest primary particle
size @,r). Sol-Gel Cat also presents sntill Concerning the particle agglomerate stg (

for the solids dispersed in water, all the sampldsbit a significant degree of
agglomeration. Hombikat UV-100 forms larger aggloates than the rest of the TiO
samples. The last column in Table 7 reports thecgiral composition for the powders used.
Anatase is the predominant phase in all caseyuath DP 25 and Sol-Gel Cat contain rutile
phase as well.

5.1 Determination of the Absorption of Photons by a
Macroscopic Balance

The MB already reported in the literature reviewtsm is applied in this chapter to obtain
the experimental LVREA for the different photocgttlstudied. Each parameter involved in

the MB will be discussed separately.

5.1.1 Radiation Emission by the UV Lamp

The first step in determining the radiation beibg@bed by the Ti@photocatalysts is to
characterize the light source. Figure 12 repotypeal radiation flux along the axial
position of the BL-Lamp. This Figure shows quiteyanmetrical distribution along the axial
coordinate. Previous studiesglaices-Arredondo 20D 2eported that similar lamps with
more than 1000 hours of operation might presennasstric radiation emission in the axial
direction. Figure 13 illustrates an asymmetric baistribution of BL-lamp used for 1200 h.
For the photodegradation experiments, six diffetamips displaying only symmetric
radiation distribution were used in order to avagymmetric radiation profiles in the

photodegradation experiments.

It can be observed from Figure 12 that in the @mégion from 10 to 36 cm axial length, the
radiation profile develops with essentially no ces of the radiation levels. This is the
region of the reactor where the radiation measun¢sreee more reliable.
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Figure 12 Typical BL lamp axial radiation flux measured at 8m from the reactor axis

Consequently, it is postulated that measuremerttssiregion will be performed neglecting
the end effects of the lamp. This will be explaimedhore detail in further sections. The
decay of the lamp emission was assessed for otieydar lamp with utilization time of

more than 1000 hours with an exponential lamp devagel of the following form:
R =Ry expEALt) (43)

wherePy is the lamp emission rate in mW énPy; is the initial lamp emission rate (mW tm

%); B.is the lamp decay coefficient ahé the time in hours.

Figure 14 reports the emission decay of the stuldieh as well as the best fit for the model
in Eq. (43). A value of 5.89x1bh™ was found for the lamp decay coefficient.
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Figure 13 Typical BL lamp asymmetrical axial radiation fluarflamps used more than 1000

hours
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Figure 14 Exponential decay function for a BL-Lamp.) Experimental values measured at

6.85 cm from the lamp axis{) model presented in Eq. (43)
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Although decay in the emission power in the BL-La@xsts, the emission spectrum remains
constant with lamp utilization (results not shoverd). Therefore, the lamp power decay is
equivalent to the decay in the emission of photpnthe lamp. These findings are consistent
with the ones reported &alaices-Arredondo 200t this study, four different TiPwere

used and P& ions in solution were also studied for DP 25 arel$ol-Gel Cat. Hence, six
different BL lamps were utilized in the photodegradn experiments. For the
photoconversion experiments, the lamps were usedare than 100 hours. This ensures
constant emission of photons throughout the exparim

The spectrum of Lamp A is reported in Figure 1ghtimeasurements were made at 5.8 cm
from the lamp axis and 22.2 cm axial position. Tigare shows that the BL lamp emits
mainly in the range of 310-410 nm with three peatk312, 365 and 405 nm. In this figure
the Agng for TiO; is also reported. Wavelengths larger thag, do not promote electron hole

generation (388 nm).
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Figure 15 (——) Emission spectra of the Lamp A and (- — —) sgeeéariation through the

inner Pyrex glass
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Each point of Figure 15 represents the radiatiue ithtegrated over the wavelength spectrum
%
R, =[a,,d2 (44)
A

Thus, the rate of emission of photons by the I&y)ps estimated by using Eq. (44) and the
lamp spectrum in Figure 15. The estimated valueghidsix lamps used in this study are
reported in Table 8. This table includes the lammission power at= 0 in einsteins $ and

in watts. The table also includes the lamp efficigny, with respect to the nominal power
reported by the manufacturer (15 W). All the laraibzed in the photodegradation
experiments presented efficiencies lower than 30%.

Table 8 Emission rates for the different lamps used in shisly

Lamp Po(engteins)  Wo (W) n (%)

A 1.1910x10 4.03 26.9
B 1.1446x1G 4.01 26.7
C 1.1830x10 4.11 27.4
D 1.2121x1¢ 3.94 26.2
E 1.1620x10 3.94 26.2
F 1.2340x16 4.18 27.9

5.1.2 Rate of Absorption of Photons by the Pyrex Glass and Photons
Entering the Annular Section of the Photo-CREC Water Il

The rate of photons being absorbed by the Pyressgéaeasily estimated by measuring the

transparency of this material. The extinction coedht of the Pyrex materiaBy) is

estimated using Beer’s Law. The change of thisfaoeht with respect to wavelength is

sketched in Figure 16. It can be seen from therEithat the extinction coefficient decreases

rapidly with the wavelength reaching a value ofs<émi* for wavelengths above 320 nm. It

was also shown in Figure 9 that transmittancegbitlby the inner Pyrex wall is more than

90% for wavelengths longer than 320 nm. Therefihie glass material is essentially

transparent to these wavelengths.
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In Figure 15, the variation spectrum through ti#86cm-thinckness Pyrex glass is presented.
In this respect, the spectrum of Lamp A remainsoglminchanged after crossing the Pyrex
wall, with a slight change in intensity. Hence, tage of absorption in the Pyrex glass is
estimated for all the lamps by using the variagpectra and Eq. (44).

14
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Figure 16 Extinction coefficient of the Pyrex glass

Table 9 Energy distribution for the inner Pyrex glass

Lamp I:)i Wi (W) Pa—wall Wa—wall I:)|/ I:)O I:)awalll I:)O
(einstein s (einsteins) (W) (%) (%)
A 1.1210x10° 3.79 7.003x10 0.25 94.1 5.9
B 1.0782x10 3.64 6.638x10 0.23 94.2 5.8
C 1.1085x16 3.75 7.453x10 0.26 93.7 6.3
D 1.1467x10 3.87 6.545x10 0.23 94.6 5.4
E 1.0888x10 3.68 7.321x10 0.26 93.7 6.3
F 1.1661x16 3.94 6.787x10 0.24 94.5 5.5
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Once the Rwaiterm is experimentally determined, the radiatinteeng the annular section

in the reactor is calculated by using Eq. (14).l&@ &summarizes these values. In this table,
the fraction of light entering the annular secti®also presented with respect to the emission
intensity of the lamp.

5.1.3 Transmission of Photons in the Annular Section in the Photo-
CREC Water Il Photoreactor

The second parameter needed to calculate thedigurbed by the different Ti@atalysts is

the transmitted radiatio®;. This parameter is determined from radiometric sneaments of

the radiation transmission through the differeotihg catalyst suspensions at the reactor’s

windows. As expressed in Eq. (17), the total trattechradiation is measured by using the

polished-aluminum collimator at 6.85 cm from thenfaaxis.
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Figure 17 Axial distribution of the radiation transmissionthre photoreactor when Ti@P
25 and aluminum collimator are used) 0, (x) 2, ¢) 6, (A) 10, @)15, (V) 20, (%) 30, (+)
50 and [) 90 mgl™
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The transmitted radiation along the axial positiothe reactor is measured at the different
window positions. Figure 17 displays typical pre§ilfor the transmitted radiation at the
different window positions in the photoreactor. $a&alues were found for T3P 25 at a

flow rate of 16l min™.

In the central region of the reactor, the radiapoofiles remain constant. This is the region
were all the radiation transmission measuremeetslane. For all the measurements, an
average of windows 2-6 is taken, and the end effax neglected. Similar results are
obtained when the UV-opaque collimators are usedexXample of this profile is presented

in Figure 18 when an UV-opaque collimator at 1Z@rom the lamp axis is used.
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Figure 18 Axial distribution of the radiation transmissionthre photoreactor when Ti@P
25 and black collimator are used) Q, (x) 2, ¢) 6, (A) 10, @)15, (V) 20, (%) 30, (+) 50
and () 90 mgl™

Figure 19 shows the total radiation transmissioaughout the annular section as a function
of catalyst concentration for the four catalystesidered in this study. Results in this plot

were obtained by using the polished collimators amaverage reading of windows 2-6.
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When the black collimators are used for the trattsshiradiation measurements, the
transmitted non-scattered radiation is the onlytaken into consideration. This parameter is
shown in the first term of the right hand side op EL7). The profiles for these measurements

are shown in Figure 20.

P., einstein ¢

0.00 0.05 0.10 0.15 0.20

Figure 19 P, vs. catalyst concentration expressed in einsteinteen aluminum collimator is
used. ) DP 25, ©) Anatase, ) Hombikat UV-100 and) Sol-Gel Cat
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Figure 20 Transmitted non-scattered radiation vs. catalystentration expressed in
einstein &. (A) DP 25, ¢) Anatase, ) Hombikat UV-100 and() Sol-Gel Cat

The Beer-Lambert law was fitted to the averageiremdfrom windows 2 to 6 of the data
presented in Figure 20 to obtain the true extimctioefficient for the different catalysts
according to the following formula:

P

A=— Iog(P—”Sj = €.Coat (45)
ns0

where A is the absorband®;sis the transmitted non-scattered radiation inteinss® at

different catalyst concentration;sois the transmitted non-scattered radiation inteinss

at zero catalyst concentrations is the true extinction coefficient @%); and Gais the

catalyst concentration ().

The results for this linearization are presenteBigure 21 for the total non-scattered
transmitted radiation. Specific extinction coeféiats s in units of cmi g*, are also

reported in Table 10, with true and specific eximt coefficients being related with the

following equation:
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gcat (46)

ﬁcat =

wherel is the path length where the photons of lighteétdv= 2.69 cm for the photoreactor.

Absrobance

0.0&
0.00 0.01 0.02 0.03 0.04 0.05

CTio, gl

Figure 21 Linearization of Eq. (45) for the determinationtisé true extinction coefficient

ecar (A) DP 25, ) Anatase, ) Hombikat UV-100 and() Sol-Gel Cat

Table 10 True and specific extinction coefficients for th&etent catalysts

Catalyst € (L gh Bea (cm? g
DP 25 155.8 57903.3
Anatase 94.8 35228.3
Hombikat UV-100 62.2 23112.3

Sol-Gel Cat 37.5 13950.2
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5.1.4 Rate of Back-scattered Photons Exiting the System

Salaices et al. 200dndSalaices-Arredondo 20G&dopted two assumptions for the
development of Eq. (16). This allows the determarabf the rate of back-scattered photons
in the photoreactor. The first assumption consitiesa number of backscattering centers
are located in a boundary layer close to the ighess tube wall. The second assumption
considers that there is a maximum number of stagfeenters in this boundary layer, and
once that number is reached, no additional ceotmasr. Using these two assumptions and
Eq.(16), the rate of back-scattered photons is estiofateeach catalyst.

5.1.5 Rate of Absorption of Photons and Experimental LVREA

So far,P;, P,andPys have been determined. Therefore, the radiatiomgosibsorbed by the
different catalysts can be calculated using Eqg). (l3the photodegradation experiments, a
catalyst concentration of 0.15I"* was employed for all the catalysts. Table 11 respitre
values for all the parameters involved in the MRB4 catalyst concentration of 0.¢5™.

Table 11 Parameters involved in the MRB at 0.15’gatalyst concentration

einstein s-1
Catal ygﬁ Po Pa Pi Pt I:)awall Pbs

DP 25 1.1910x1® 9.6781x1¢ 1.1210x1F 2.0630x10  7.0030x10  1.3253x10
Anatase 1.1446 x10 8.9664x1F 1.0782x1F 1.5611x10 6.6380x10  1.6597x1C
Hombikat  1.1830x18 9.8256x1¢ 1.1085x10 1.1412x10  7.4530x10  1.1798x10

Sol-Gel Cat  1.2121x10 1.0360x10 1.1467x10 1.0000x10 6.5450x10 1.0621x10

Once the radiation being absorbed by the catalgstdetermined, the next step is to find the
experimental local volumetric rate of energy ab8orp(LVREAeyy). This variable is easily
found from theP, variable applying the following relationship:

P
LVRE,%xp = V_a (47)

R
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whereVk is the total volume of the photoreactor ifiand LVREAy in einstein 8 m®. The

LVREA.y, for the four catalysts is sketched in Figure 22.

x10°

LVREA,,, einstein S m”

O (A‘ T T T
0.00 0.05 0.10 0.15 0.20

CTio,, g I

Figure 22 Experimental LVREA for4) DP 25, ) Anatase, ) Hombikat UV-100 and{)
Sol-Gel Cat inside the Photo-CREC Water |l

For low catalyst concentrations, it is found theg DP 25 and Anatase catalysts absorb more
light than Hombikat and Sol-Gel Cat. However, aschtalyst concentration increases,
Hombikat and Sol-Gel Cat present a larger valub®EVREA From these profiles, it can be
seen that the absorption of light strongly depemdthe catalysts used, which ultimately
impacts the photodegradation rate. Values for tieggy absorbed by the different catalysts
will be used in Chapter 8 in order to calculatergctor efficiency for the different catalysts

employed in the photodegradation experiments.

5.2 Monte Carlo Simulations for the LVREA in the

Photoreactor
In this section, MC simulations are performed ttedaine the LVREA for the Photo-CREC
Water-1l reactor for the different types of Tiphotocatalysts. In the simulation, four
parameters are used: (i) an extinction coeffici@ntthe probability of photon absorption,
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(i) the probability of backward scattering absiop by the internal Pyrex glass tube and
(iv) the Henyey-Greenstein phase function desagilie forward, isotropic and backward
scattering. It is also assumed that the inner Uihplaeflects photons back-scattered by the

TiO, suspension.

As well, an optimization method is employed to nugsly find the absorption and

scattering coefficients more adequate for the warghotocatalysts used in the present study.

5.2.1  Optical Properties of TiO, Catalysts

Applying Eq. (23) and (24), with the spectrum presd in Figure 15 and the data in Figure
4 and Figure 5, the wavelength-averaged coeffisiarg calculated and reported in Table 12.
Values for Sol-Gel Cat are not presented becausedbalyst was synthesized in our

laboratory and its optical properties are uknown.

Table 12 Experimental specific wavelength-averaged coedfits for different TiQ

Catalyst K (m*g?) oy (M’g?)
DP 25 0.6394 5.6077
Anatase 0.3957 3.1149
Hombikat 0.2747 2.3415

Given that the absorption and the scattering caefits expressed in Eq. (18) are given in
length® units, the specific averaged coefficients of Taleare converted into the adequate
units using the following formula:

k=K, XW,

cat

" (48)
=0, XW,

cat

wherex ando coefficients are given in ThandW. is the catalyst loading in g™ The

values presented in Eq. (48) are the ones useddimf) the solution of the RTE.
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5.2.2  Solution of the RTE Using Monte Carlo Method

The radiation scattering mechanism in a photocttalgactor starts when a photon is
emitted from the lamp, travels a distahcand then is either absorbed or scattered witten t
reacting medium. The generated photons interatt thé reacting medium according to
probabilistic interactions determined by the ab8orpand scattering coefficients &ndc)

of the reacting medium, and also the phase funclibe MC simulation begins with a given

total energy input which is a function of the laoged in the photocatalytic process.

The spectrum intensity of the lamp used in thislgtas previously reported. Table 8
showed the lamp emission rates and the emissies raaching the reactor inner Pyrex glass.
From this table, it can be seen that approxima&@ély of the emitted radiation by the lamps is

absorbed by the inner Pyrex glass.

For the MC simulations performed in the Photo-CRE®&ter —II, the following model

assumptions are adopted in this study:

(@) Emission of photons from the lamp surface is assutmde uniform and

directionally independent,

(b)  Emission of photons from the lamp surface is cargid to be a stochastic

process,

(c) Photons emitted by the lamp have a defined proibatbol be absorbed by the
inner Pyrex glass tube before entering the reactiadium. This probability is
defined by the transparency of the Pyrex tube.ghaons reflected to the
lamp by the slurry medium have the same chancbeinf absorbed by the

inner Pyrex tube,

(d) Photons scattered by the reacting medium are detednby the H-G phase
function. Forward, isotropic and backward scatgare considered for the

simulation, with photon reflection being assumeaset,
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(e) Photons reaching the outer polyethylene reactoravalconsidered absorbed
by the reactor wall. As a result, these photongcaumted as transmitted (i.e.

its trajectory is terminated at the wall).

Assuming one photon is emitted in a random directiom the lamp surface, it enters the
annular region of the reactor (illustrated in Fig@B), and it travels a distanicg > 0) with a
finite probability of arriving to a point “A” throgh the heterogeneous medium, without
being scattered or absorbed. Once the photon regdiet A, there are two possibilities for
the light ray Pareek et al., 2008(a) the photon is absorbed and thus, its cosragested,

(b) it is scattered according to the H-G phasetionand its flight continues until this

photon is either absorbed by a catalyst particieeaches the reactor wall and its trajectory is
terminated. On the other hand, if the photon ikbaflected towards the lamp, after
travelling a distanck the photon can be re-emitted at the same axgtipo but with

different equatorial and angular angles.

For this simulation, experimental results were usethodel the spectral distribution of the
BL-lamp. The number of photons associated with egavelength was experimentally
determined for the range 300 it < 410 nm using spectrometric measurements. The rate
of photon emissions for every lamp used in thiglgtare presented in Table 13. This
experimental data is used as a starting pointiistmulations. Once the number of photons
is determined for every wavelength, their fateasé¢d using the MC simulations. In this

way, the number of events considered in the MCutalions becomes dependent on the
number of photons at every wavelength. Simulatamesperformed by using the averaged
wavelength absorption and scattering coefficieitg (48)), and also the spectral

distribution of such coefficients as reported bgufe 4 and Figure 5.



70

V4
Polyethylene

Pyrex glass

j

a0

Annular Region
IR |
V)

%

(
\

*6

Figure 23 3D view of the annular region used for MC simulatio

Table 13 Rate of photon emission for different UV lamps

Po (einsteins')  Po (photonss™)

Lamp
A 1.1910x10° 7.172x16°
B 1.1446x10 6.893x10°
C 1.1830x10 7.124x16°
D 1.2121x1¢ 7.299x16°
E 1.1620x10 6.998x10°
F 1.2340x16 7.431x16°

5.2.3 Mathematical Steps in MC Simulations

The annular region presented in Figure 23 was dd/idto small cubic cells. Every time a
photon is absorbed in a cubic cell, its value isedan the corresponding cubic cell so that

the LVREA can be calculated. The whole annularaegs considered for the MC
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simulation, using a coordinate system as desciib&tgure 23. The trajectories of the
photons for every wavelength are traced usingdhewing steps in the context of the MC

simulation:

(1) The photon emission location on the lamp surfackeisrmined first by using two
random numbers$}; (R; < 1) sets the location along the z coordinatee(ref Figure

24)U(1.6 cm, L+1.6 ciwhile R; (R, < 1) fixes its circumferential positidd(0, 27).

(2) Once the photon emission coordinates are set,tbetidn of the photon flight is
established in spherical coordinates by two angrtdardinates; the zenitB)and

azimuth ¢) angles, by using the H-G phase function:

1 1-g°
pHG(‘g):_ g

49
4 (1+ 9% -29 cos(S’))S/2 (49)

The random event for which the zenith angle fallg{ a probability density function
given by Eq. (49)) for thed[, 6 +d0] interval Binzoni et al., 200Bis calculated by

using a random numb& uniformly distributed in the range [0,1] such that
0
[ Puc(@)de' =R (50)

To calculate the zenith angle, Eq.(50) has to Ibeedpin order to obtain a solution
that expresse® as a function oR, with this equation being solved numerically.
However, this approach increases considerablydhgatation time in MC
simulations. As an alternative, a probability dgn&inction can be conveniently
found by slightly modifying Eq.(50) a8{nzoni et al., 2008

- 1 1-g°
pHG(cose»=§( g (51)

1+ 9°-2g cos(S’))S/2
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Figure 24 Dimensions for the Photo-CREC Water-II photoreactor

Therefore, a distribution fop,;(cosg)) can be represented as,

[ Buc(cost)d(cost)) = R (52)

With Eq. (52) having an exact analytical solutioqpreessed by:

2 2
il P g% - Sl B g#0
cosf) =< 29 1-g+2gR (53)

2R-1, if g=0

Two random numberdl§ andR,) uniformly distributed in the range [0, 1] are
generated to calculate the zenith and azimuth angiaencoq0) is calculated with
Eq. (53) by usindrs, the zenith (latitude) angle for the photon fligivection is
obtained by computing the= a cog(cog0)). For the azimuth angle, the same
probability of reflection is assigned; therefollee scattering angles are calculated as

follows:
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(4)
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6 =acos(cosd))
$=21R,

(54)

In the simulations, different values fgwere studied to include the different

scattering modes. For isotropic scattering, g ad &qg. (54) becomes:

6 =acos@R, -1

(55)
¢=2R,

Photons have a 6% probability of being absorbethbyinner Pyrex glass tube. This
probability is determined by the transparency & tilbe material (refer to Figure 8
and Table 9). If the photon is absorbed by the YPglass, its trajectory is arrested
and a new photon is generated (step 1). If at ang, tthe photon of light is back-
scattered by the suspension towards the lamp, tl@ops again have a 6%
probability of being absorbed by the Pyrex glakthé photon is not absorbed by the
inner Pyrex glass tube, it is considered lamp cé&dié at the same axial position, but
with a different angle.

Once the photon emitted in the first steps entexgeaction zone, it travels a distance
| without an interaction occurring along this pathen, the next step is the evaluation
of the photon flight lengtl. The probability of this event is given biydreek et al.

2009:

P()=e” (56)

where g, is the extinction coefficient of the medium. THere, the flight length can

be calculated by a random numer(Rs< 1) as follows:

I=—j}wm&) 57)

A

Yokota et al(1999)present a slightly different definition for theé& path length,
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1
| =——In(l-R) (58)
B,
This definition; however, renders the same redoltdshe simulation because ([Rs) is
also a random number between 0 and 1.
If after traveling a distancé the photon is located in point “A”, its Cartesian

coordinates are simply determined by:

Xoew = Xoa + €
Yoew= Youa T eyI (59)
Zoow= Zoa + €]

where “old” refers to the previous location of hteotons inside the reactor and “new”

refers to the new location once the photon traeeldistancel. The utilization of
Cartesian coordinates for establishing photon lonatpresent computational
advantages because a photon’s direction is unigpagified by the direction cosines
(e.8,6), with respect to the coordinate axéhg@ngrani and Raupp 199%pecific
details for the determination of the direction are presented Appendix A.
If the position of the photon after traveling atdigcel is inside the annular region,
two possibilities can happen; either the photoabsorbed by the medium or it is
scattered to a new location. This step involves ghebability calculation of the
photon being absorbed. For photons crossing inrélaetor annulus, their fate is
determined by an absorption criterion, which is fhebability that the photon is
scattered. This absorption criterion is given Géngrani and Raupp 1999
Ki__ K

B, k,+0,

Thus, another random number is generakd<(1), if P(a) > Rs; then the photon is

P(a) = (60)

absorbed and stored in the corresponding volumke Aelthis point the photon



75

trajectory is terminated and the sequence of catliculs is re-initiated for a new photon
emitted by the lap surface (step 1). Otherwise, gheton is scattered and a new
direction for the photon is established (step 2pwhelver; if the photon of light is
outside the outer polyethylene tube, the photomlliewed to escape as a forward
scattered photon and is assumed to be absorbetiebyan-reflecting wall. These
mathematical steps are summarized in Figure 25.
In the MC simulations a large number of events ntasbe considered until the physical
properties under investigation have small staastituctuations. Ideally, the number of
events traced should be equal to the number obpsagmitted by the lamp per unit time as
presented in Table 132&reek et al., 2008However, this is a demanding computational
process because the BL-lamps emit in the ordebBfphotons per second (2€instein ).
For the simulations in this study, ~7.2"4@hotons were accounted forming’ Jackets of

photons, and as a result, events could be calculei@g an Intel Core Duo PC (2 GHz).
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Figure 25 Algorithm for MC simulations

The RAND number generator in MATLAB was considesadtable for MC simulations of

the LVREA. The reasons for selecting this algoritere discussed in the Chapter 3. Thus;
for the simulations presented in this study, MATLABgrams are developed to estimate the
absorbed photons in the Photo-CREC Water-1l reaatibh the RAND function being used

for the generation of random numbers in all cases.

One proposed MC method simulation (Simulation I)redict the LVREA assumed that
those photons that are back-scattered by the medindiimpinge on the lamp, are reflected
at the same axial position, (i.e., there is no giigm of photons by the fluorescent BL
lamp). On the other hand, another MC simulatiomieesl that photons reflected by the
medium impinging on the lamp, were actually absdre the lamp (Simulation 2). For the

above described simulations, the wavelength-averagattering and absorption coefficients
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were used (EqQ. (48)) and isotropic scattering veasimed. Eq. (54) was employed to

calculate the reflecting angles for the photonglmshe reactor (i.eg = 0).

Radiation absorption experimental results and MQugations for Simulation 1 are reported
in Figure 26 for DP 25, Anatase, and Hombikat U\@-t@talysts. MC results for Simulation
2 are reported in Figure 27. The LVREA predictipnssented in Figure 26 confirm that the
use of wavelength-averaged parameters rendersgyeddttion for the LVREA. However,
the prediction for the LVREA is not very accurabe the case of Hombikat UV-100 catalyst.
In Figure 26 one can notice an under estimatioiferLVREA at low concentrations of
TiO, Hombikat UV-100.

Given that “Simulation 1” provides a more realig@enario, it is chosen for the evaluation
of the LVREA in the Photo-CREC Water-Il reactor.Whver, to assess the influence of the
absorption and scattering coefficients, a “Simola” was performed.

In simulation 3, the spectral distribution of tHesarption and scattering coefficients were
used as reported in Figure 4 and Figure 5. Indh$®, a polynomial equation was adjusted to
the experimental values in order to determine tedficients at the required wavelength in
MC simulations. Figure 28 reports these results widtropic scatteringy(= 0) being

assumed.

Comparing Figure 26 and Figure 28, one can condluaeby using the spectral distribution
for the MC simulations, a more accurate predicfamrthe LVREA and the transmitted
radiation inside the reactor is obtained; howegrperimental determination of these
coefficients for a large number of different wavejths could be a burden process, requiring

more computational time.
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Figure 26 Experimental results for the LVREA and the transaditradiation and comparison
with “MC simulation 1”. Experimental dataA) DP 25, ©) Anatase, and1) Hombikat UV-
100 and (—) MC simulations
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Figure 27 Experimental results for the LVREA and the transaditradiation and comparison
with “MC simulation 2”. Experimental dataA) DP 25, ©) Anatase, and1) Hombikat UV-
100 and (—) MC simulations
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Figure 28 Experimental results for the LVREA, and the trartssdli radiation and
comparison with “MC simulation 3”. Experimental dafA) DP 25, ©) Anatase, and)
Hombikat UV-100 and (—) MC simulations

Table 14 summarizes the errors from experimental dad MC Simulations 1, 2, and 3
adopting the isotropic scattering assumption. Kmgwhat “Simulation 3”, which involves
the spectral distribution of scattering and absomptoefficients, renders the smallest errors
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for both LVREA and B “Simulation 3" is proposed for further calculai®to establish the
significance of asymmetry factors. With this en8iiulation 4” involving a variation of the
asymmetry factor (see Eq. (53)), is implementedhwhts factor changing from a narrow
forward peakd = 1) to a narrow backward pea € -1). Results for different values gf
are shown in Figure 29 for DP 25, whereas TablpréSents the least square errors from

experimental data for these simulations.

Table 14 Least square error calculation for MC simulation2 and, 3

DP 25 Anatase Hombikat UV-100

Ca% LVREAerror Pt error LVREAerror Pt error LVREAGITOI‘ Pterror

Simulation 1  8.762x10 2.287x16  1.097x1¢ 6.250x10 5.272x1¢  4.818x16
Simulation 2~ 7.573x1® 2.307x16  6.442x10C  4.006x10  6.526x10  2.703x16

Simulation 3 8.339x1® 5.253x1d  5.451x10° 4.112x10  4.103x1¢  5.708x16

From Figure 29 and Table 15, it can be seen tleahifhest deviation from experimental
values is found when g = £1 (i.e. narrow forwardisected peak and narrow backwardly
directed peak scattering). For g values in theeal® < g < 0.8, the differences from MC
simulations and experimental values are not vegetdess than 10% in all cases. These
findings suggest that for the mentioned range pinasetry factors, a precise evaluation of
the mode of reflection of the scattered photonmtsvery critical for a good representation of
the experimental values. Results reported in tiidysare in agreement with those found by
Pasquali et al1996).These authors studied two different distributiemsity functions,
isotropic and diffuse phase functions. They conetuthat both phase functions render good

modeling of the radiation field in an annular phrettor.
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Figure 29 Asymmetry factor influence in MC simulation 4y)(experimental results for DP
25,(---)g=1,(---)g=-1, (green —) g B8@nNd -0.8, (blue —) g = 0.5 and -0.5 and (red
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Table 15 Least square error calculation for MC simulatiohditierent g values

DP 25 Anatase
G LVREAg /o Praro LVREAg o Praror
1 7.316x10 1.749x16 1.009x1C 6.209x10
0.8 1.427x16 9.867x10 5.937x10 7.048x10
0.5 2.852x10 4.893x16 2.265x10” 2.173x10°
0.1 9.802x1¢ 3.240x10 5.142x10°" 3.913x10°
Isotropic 8.339x10°® 5.253 x10* 5.451x10’ 4.112x16
-0.1 7.601x10°® 3.017x10° 5.643x10 4.088x18
-0.5 2.065x10 4.099x16 3.584x10 2.569x10
-0.8 1.156x16 8.155x10 5.680x10 7.337x10
-1 4.238x10 1.536x16 4.794x10 3.361x18

In the present study, the most accurate represemtat the LVREA andPt profiles were
obtained with g = O (isotropic scattering), and@%-for DP 25, and witg = 0.1 for
Anatase. Thus, the isotropic phase function camsieel in MC simulations for both DP 25
and Aldrich catalysts. However, for Anatase, weakkward scattering mode produced
better simulation results when compared to the ex@atal values. These findings differ
from those reported byatuf et al. (2005who found that for DP 2% varies from 0.6 to 0.4

and that for Aldrichg varies from 0.8 to 0.4 for a wavelength range 20805 nm.

In photocatalytic systems, the slurry system castai countless number of irregular Titania
particles. However; since Tigaggregates, this creates smoother aggregate sides
explains the good results obtained in MC simulatidth isotropic scattering averaging

individual particle shape$/odest, 200}

Figure 30 shows the radial profiles for the LVREAd#ferent photocatalyst concentrations
for DP 25 for the isotropic scattering mode. Simiksults are obtained for catalysts Anatase
and Hombikat UV-100. It can be observed that th&BA exhibits a quick uniform drop

with the radial coordinate. One can also notice ithaases where the photocatalyst
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concentration is high, the particles closer torda#ation source absorb most of the radiation

entering the reactor.

Finally; one can also conclude that if a suffichgmigh photocatalyst concentration is used,
a close-to-the-wall highly irradiated zone withklareas towards the reactor center line
develops. Thus, there should be an “optimum phdabyest concentration” which maximizes
photodegradation in the photocatalytic reactorsTutimum photocatalyst concentration
also provides an optimally irradiated conditionidesthe reactor without dark zones.
Photocatalyst concentrations above this maximunwsioessentially negligible effect on
LVREA. According to Salaices et ak{01), and in agreement with our MC simulations, this
optimum photocatalyst concentration is achievednie= 0.2%P; in the photoreactor
employed here. Furthermore, one can also notideatgeeat advantage of the MC
simulations is that this “optimum photocatalyst cemtration” can also be predicted by

determining the LVREA at different catalyst concations.
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Figure 30 Radial profiles of LVREA for different DP 25 comdeations by MC. ¢) 0.14, )
0.09, (\) 0.07 and, ) 0.04 gI**
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Furthermore, one should expect that this “optimdmotpcatalyst concentration” is close to
the one determined in photocatalytic reaction e@rpemts. Figure 31a reports the LVREA
profiles for different concentrations of DP 25. Tdreow shows that the LVREA fét; =
0.2%P; is reached at 0.141d. It is interesting to observe that in both cases‘optimum
photocatalyst concentrations” are in agreement thighones inferred from the overall
reaction rate for phenol degradation, as shownguarg 31b. It can be seen that the overall
reaction rate reaches a maximum value of aboutm@-C I™* min™ for catalyst

concentrations higher than 0.147g

As a result, one can conclude that the MC simuiatiare not only valuable to define the
“optimum photocatalyst concentration” leading tdimum irradiation, but also an excellent
tool to identify the operating conditions leadiogat best possible photocatalytic rates for a

given photocatalytic reactor configuration.

5.3 Prediction of Absorption and Scattering Coefficients Using
MC Simulations in the Photo-CREC Water-I|

In the previous section of this chapter, it was tioered that thé.VREAIs found from the
solution of the RTE. In order to numerically soths equation, the absorption and scattering
coefficients and the phase function should be kn@asrwell as the boundary conditions

(light being received by the radiation source). elnidest scenario situations, the extinction
coefficient ca), Which is the sum of the absorption coefficiaat§ and the scattering
coefficient E¢a), can be readily obtained from experimental measents. In a
heterogeneous medium, where absorption and scattevexist, the extinction coefficient
could be found by “extinctance” measurementsg(#/I¢]) using a conventional
spectrophotometer or black collimator tubes (ré&fesection 5.1.2, Eq. (45)). Thus,
conventional spectrophotometry can be carriedmotder to find the addition of both

coefficients, which can be represented by the ¥alg equation:

ﬁcat =Kear T Ocat (61)
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Figure 31 (a) LVREA inside the Photo-CREC Water-Il as a fumetof DP 25 loading. (b)
Overall reaction rate for phenol degradation veBB25 concentration (as presented by
Salaices et al., 2001
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Although, the extinction coefficient is easy to kexsde (values are reported in Table 10), it
does not provide sufficient information of the i@thn distribution inside an annular slurry
photoreactor. Therefore, it is necessary to ol#dher the absorption or the scattering
coefficients independently so that the absorptiwh scattering coefficients are fully
established. Experimental measurements for evalyéttie scattering and absorption
coefficient of fluid-particle systems are generalgry time demanding and may require the

use of complex actinometric or spectrophotomegatihiquesi(moberdorf et al., 2008

In order to find the values for the absorption aodttering coefficient for the different
catalysts used in this study, an alternative agraareported to numerically evaluate the
wavelength-averaged absorption and scatteringicaefts. First, th&VREAand the
transmitted radiation throughout the reactor asd@ated by using a macroscopic radiation
balance. Extinction coefficients are evaluated gisive MB and a black collimator of 2.3 cm
long. Once these experimental parameters are deeanMC method is applied along with
an optimization to find the absorption and scatigoefficients that best fit the
experimentaLVREAandP; data. For the optimization, the experimental vétuehe
extinction coefficient is considered to be the swuatian of the absorption and scattering
coefficients (refer to Eq. (61)).

In order to compare the values for the coefficidatsd in this study, Table 16 presents the
wavelength-averaged coefficients calculated froenvllues reported by Cabrera et al.
(1996 and Egs. (23) and (24) for three photocatalygaiA, for MC simulations, the specific

averaged coefficients have to be converted intatleguate units using Eq. (48).

Table 16 Experimental specific wavelength-averaged coeffitsdor different TiQ

Catalyst ket (M PD o (MPD B (M*gH
DP 25 0.6394 5.6077 6.2471
Anatase 0.3957 3.1149 3.8106

Hombikat UV-100 0.2747 2.3415 2.6152
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The calculation of both scattering and absorptioefficients (denotes as i ands” . in Eq.
(48)) involves an optimization calculation whereeatarts with a pair of coefficients and
searches the ones that better fit the experimgataés for theeVREAand the B obtained
from a MB. Fitted coefficients shall be calculatesing statistically based methods with
small spans for the 95% confidence interval. Thethad of absorption and scattering

coefficient calculation with optimization is dedmed in Figure 32.

The optimization Toolbox “fminsearch” in Matlabused in this study to find the best values
for the coefficients. This optimization tool finttee minimum of a function specified by the
user by using the derivative-free method. This fiamcprovides convergence criterion,
which for this study, is defined as the summatibthe least squared error for thfREA

and R. Ideally, the error should be defined as the sutitmaf the error differences for
LVREAand Pt as follows:

error =" (LVREA(W) — LVREA: W) f + Y (RIW) o - R W), f (62)

whereLVREAW) andPt(W) denotes values in watts , exp is for experimerdales and MC

denotes values found from MC simulations.

However, experimentd; andLVREAare related according to Eq.(13). Hence, the error
function needs to be redefined in order to avoitinmging two dependent functions.

Consequently, a new definition of error was defiasdollows:

eI ypea= > (LVREA, (W) - LVREA,. (W) (63)

error, =+ (R(W).,, —~ R(W),c f (64)

As a result, when the optimization is performetheri Eq. (63) or (64) can be used as the

error definition. In our case, Eq. (63) is adopf®dall calculations.
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Initialization
Initial ©,” (orx;")

fminsearch
optimization Calls Monte Carlo Method.
K =By -0
or

o, =By - K,

Print results when a
minimum is found

Figure 32 Optimization procedure in finding the specific afpgimn and scattering

coefficients

During the optimization process, different pairdtad absorption and scattering coefficients
might be found, satisfying the convergence critesaich show the existence of local
minima. Accordingly; and in order to develop a magful calculation, it is proposed in the
present study to proceed as follows: a) the expartally extinction coefficients are
determined experimentally (i.Bea), b) During the optimization proceduregif, is the
optimized coefficient, then, the; coefficient is determined within the MC code byngs

Eg. (61) as follows:
K,=8,-0, (65)

The optimization process starts with an initial ggiéor the adjusted coefficient; eithéy, or
¢, half of the value of experimental extinction dagént was used as an initial guess in all
cases. Then, the optimization calls MC simulatidncl generates results for thb¥ REAuc
andPyc. Once these results are obtained, MC calculatesritor expressed in Eq. (63). The
error value is then returned to the optimizatiostrumction, and the process continues until a

minimum is found. At this point, the program st@pel prints the results.
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Solution for the determined coefficients should tte® different constrains: (a) coefficients
have to be positive and (b) coefficients have tsiaEqg. (61). These two physical

constrains are considered when analyzing the opgidnwvalues found with fminsearch.

Results from the optimization, and the comparisith experimental results for the
absorption and extinction coefficients, are rembrteTable 17. This table also reports the
error between experimental values and the optimipedficients. From Table 17, one can
see that the confidence intervals (Cl) are sméilan 10% for all the cases. The low value
for the CI validates the utilization of MC methaat the prediction of optical coefficients in
the Photo-CREC Water-Il photoreactor.

Figure 33 displays the experimental data fortR&EAandP; and the results found from
MC simulations when the optimized coefficients ased in the calculations. Good
agreement between experimental and predicted vadeand for both casekVREAandP:;.

Table 17 Optimizedk.x andoca coefficients vs. experimental values

Kcal* (m2 g'l) Gcat* (m2 g_l)

Catalyst Exp. Estimate Cl error(%)} EXxp. Estimate  Cl error(%)

DP 25 0.6394 0.5771  0.052 9.74 5.6077 5.6700 0.0371.11

Anatase 0.3957 0.4397 0.025 11.12 3.4149 3.3709 250.0 1.29

Hombikat 0.2747 0.2664  0.017 10.30 2.3415 2.3689 02D. 1.21

Sol-Gel Cat ND 0.1438 0.006  ----- ND 1.2512 0.050 -----

! Represents the error with respect to experimeaiale. ND = not determined.
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fitted absorption and scattering coefficients agedu(\) DP 25, ) Anatase, ) Hombikat

UV-100 and, ¢) Sol-Gel Cat
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5.4 Conclusions

The following are the conclusions of this chapter:

(@)

(b)

()

(d)

(e)

MC based method can be employed to simulate thedd¥ation field in an
annular heterogeneous reactor for four differef, ihotocatalysts (DP 25,
Anatase, Hombikat UV-100 and, Sol-Gel Cat). The Mé&thod is an effective
tool for solving the RTE, providing an easy to asel easy to apply alternative
to circumvent the problems associated with anay/golutions. The MC
simulations can be applied for virtually any reactonfiguration or geometry
allowing precise predictions of optimum catalyshcentrations and reactor
designs.

The determination of absorption and scatteringfaeits in photocatalytic
reactors require an optimization procedure. Thithoakinvolves the
experimental determination VREA P; and extinctance in properly designed
photocatalytic reactors with special black collioraubes, such as is the case of
Photo-CREC Water-Il reactor.

The optimization calculation also requires MC siatigins, allowing
determination of both absorption and scatterindfmients. The determined’;,
ando ;. coefficients can be established complying withumher of constrains,

as well as with narrow spans and low cross-coicglat

Spectroradiometric measurements in the Photo-CRE&@&M allow the
determination of the radiation being absorbed [fifgint TiO, catalysts. Other
parameters involved in the MB are obtained withibkp of inner polished and
UV-opaque collimators. The MB allows determining total radiation
transmission, the non-scattered radiation transomsand the back-scattering
radiation exiting the system.

UV-Opaque collimator minimizes the in-scatteringl aut-scattering collected
by the detector allowing the determination of tRérestion coefficients for the

different TiG, catalysts.
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(H  MC simulations, with back-scattered photons reagkte BL-lamp and
reflected with different angular and longitudinalgées, provide a more accurate
result for the LVREA than when the lamp absorbshquiwotons. It is
demonstrated that for isotropic scattering, spedistribution for the absorption
and scattering coefficients used in the MC simatetj provides an accurate
evaluation of the LVREA. This solution is comparabhlith the one obtained

when the averaged-wavelength absorption and seaftevefficients are used.

() Narrow backward and forward peaks= -1 andg = 1, respectively) in the H-G
phase function are not suitable for MC simulatidds.the other hand, it is
demonstrated thatgvalue close to zero provides good representatiothe
experimental LVREA. It is found that for the ran@e8 < g < 0.8, differences
from MC simulations and experimental values areveoy large; less than 10%
in all cases. This suggests that the adoptionspiegific phase function is not
crucial for a good representation of the radiafield, provided it is kept in the
-0.8 < g < 0.8 range. It is shown that by compatimglight absorption rates and
the transmitted radiation from both experimentaebations and the MC
simulations that there is satisfactory agreememerdfore, one can use the MC
simulation as an effective tool in finding the LVREor concentric
photocatalytic reactors designed on the same ptexas the Photo-CREC
Water-II.

(h)  The LVREA reaches a maximum value for DP 25 conmed¢ion at the optimum
photocatalyst concentration of 044". It is further demonstrated that this
optimum catalyst concentration for reactor irragiatis in close agreement with
the optimum value found while developing phenoltpbatalytic degradation

rates experiments.
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Chapter 6
Results and Discussion Part Il: Mineralization of Phenol and its
Intermediates

6 Introduction

This chapter reports the photocatalytic degradatigshenol and its intermediates. Four
different TiG, photocatalysts were used in the photodegradatiparements. The influence
of Fe ions in solution was also studied while uddi®)25 and Sol-Gel Cat T{O
photocatalysts. All the experiments were performedptimum operational conditions
previously found from other recent studies in thet® CREC photoreactor unib(tiz-
Gomez 2006 and Salaices-Arredondo 206kw rate, air being supplied, radiation
intensity, catalyst loading were kept constantaibthe experiments. The pH of the reacting

system; however, was set at the beginning of esxpgrimental run at 3.7£0.1 with, 8O,

The first section of this chapter includes the tdmation and quantification of the
intermediate aromatic species and carboxylic acidslived in phenol photodegradation. The
second section is devoted to report the degradatioiiles for phenol, total organic carbon
and reaction intermediates at different initial pbleconcentrations. The final section in this

chapter includes the study of adsorption of phandl intermediate species on different ZiO

6.1 Detection of Intermediate Species in Phenol
Photodegradation

Evidence of the reaction intermediates existencmgyphotodegradation was obtained by
using different analytical techniques. Total orgararbon (TOC) measurements were done
using a TOC analyzer. TOC profiles show the extémbineralization of phenol and its
intermediates. Phenol and aromatic intermediates weantified using a HPLC with a C18
column. Carboxylic acids were quantified employingPLC with a Supelco C-61H column.
The conditions for all the analyses were discussdide experimental methods section of this
PhD dissertation. Detection of aromatic compounds performed on a GC/MS by using the
EPA method 8270D. Data for the identification adraatic components are presented in
Appendix B It was found that the major aromatic compoundsated are three

hydroxylated compounds, hydroquinone (o-DHB), daté¢p-DHB), resorcinol, and 1,4-
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benzoquinone (1,4-BQ). These observed species agréement with previous findings
reported bySalaices-Arredondo 2002; Ortiz-Gomez 2006 and 2008

In this respect reviewing the technical literatunee can notice that many compounds are
reported as intermediate species of phenol degoadan TiQ, photocatalysts including
hydroquinone, catechol, 1,4-benzoquinone, and cexur These species are identified as
potential hydroxylated intermediate compounds. ifdidally, several carboxylic acids have
been detected as intermediates, with the main logieg fumaric acid, maleic acid, oxalic
acid, lactic acid, and formic aciéi¢ et al., 2010; Vinu et al., 2010; Laoufi et 2D08;Ortiz-
Gomez et al., 2008 and 2006; Wang et al., 2005p€éabal., 2004; Sobczynski et al., 2004

Regarding phenol intermediate species presenphotoreaction, other studies also
attempted to elucidate the reaction mechanism ehplhphotodegradation by Ti@nder
UV light (Sobczynski et al., 2004These authors found that during phenol degradain
addition to phenol five hydroxylated aromatic compds are present, including 1,4-
benzoquinone and four aliphatic compounds. Theyglooled that catechol, hydroquinone
and 1,4-benzoquinone were the three aromatic irg@iates kinetically important and that
their concentrations, along with that of phenobudd be known in the course of the
photoreactionSobczynski et al., 200dlso reported a reaction mechanism for the
photodegradation of phenol on Ti@nd included acetic and formic acids as the nvamn t

carboxylic acids.

Figure 34 shows the concentration profiles for ghamd its intermediates when DP 25
catalyst is used at initial pH of 3.7. In this figu30 ppm-C was the initial concentration. The
experimental TOC profiles are also reported, wi@CTreporting the addition of carbon
masses of various intermediate species, as obseitte¢tHPLC. It can be noticed that the
curve representing the species mass addition agreglewith the experimental TOC curve.
Hence, it can be speculated that the major intelaegispecies involved in the

photodegradation were detected during the HPLCyaisal
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C., ppm-C

Time, min

Figure 34 Concentration profiles foro) phenol, ¢) TOC, (A) p-DHB, @) 0-DHB, () 1,4-
BQ and, {V) species mass addition for DP 25

On the other hand, Figure 35 reports the interntediancentration profiles for those other

components detected and present during phenol ditgra over DP 25.

It should also be mentioned that both hydroquiname catechol were the two major
aromatic intermediate species detected in phergdation on DP 25. Benzoquinone and
resorcinol were also detected but at significaladyer concentrations. In addition, two major
carboxylic acids were also quantified: formic awétec acid. All these intermediates,
aromatic and carboxylic compounds, were consistelgtected when various Ti@atalysts
were used in the degradation experiments. Resillteeweported in detail in the upcoming
sections of this PhD dissertation.
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Figure 35 Concentration profiles for intermediates species@nt at lower concentrations
during phenol photoconversioruzjAcetic acid, ¢) Formic acid and (x) 1,4-benzoquinone

and ()resorcinol

Once it was established that, in addition to pheaabther intermediate species are produced
during the course of the photoreaction, it was tated that their quantification was
important. Therefore, for the photoreaction resyltenol, hydroquinone, catechol,
benzoquinone, resorcinol, acetic acid and formid aere analyzed by using the HPLC
methods explained in the Chapter 4. Also, TOC waasured during the reaction time, in
order to assess the extent of total mineralizatigphenol.

6.2 Photocatalytic Oxidation of Phenol

This chapter reports experimental TOC plots fordiferent catalysts followed by phenol
and reaction intermediates profiles. Four differeattlysts were tested using the
photodegradation of phenol. These catalysts aré@®)Rnatase, Hombikat UV-100 and Sol-
Gel Cat. The influence of iron ions in the phota@deigtion of phenol was also studied for
DP 25 and Sol-Gel Cat, which were the two catalystis the highest phenol degradation
rates. The optimum B&ions concentration used was 5 ppdnt{z-Gomez et al., 20Q8For

each catalyst, a different lamp was used in omletitninate the potential influence of lamp
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power decay, known to take place after more th&anhturs of utilization. Table 18 reports

the photocatalyst used, the lamp utilized and i@l power of each of the lamp.

Table 18: Catalysts tested for phenol photodegradation

Catalyst Lamp P, (einstein s™)
DP 25 A 1.1910x10
Anatase B 1.1446x10
Hombikat UV-100 C 1.1830x10
Sol-Gel Cat D 1.2121x10
DP 25+F&" E 1.1620x10
Sol-Gel Cat+F& F 1.2340x10

pH

O T T T T
0 200 400 600 800 1000

Time (min)

Figure 36 pH change for 30 ppm-C of phenol &) DP 25, ¢) Anatase, (x) Hombikat UV-
100, @) Sol-Gel Cat, ¢) DP 25+F&",and () Sol-Gel Cat+F&
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For all of the catalysts tested, initial concemntrag of 10, 20, and 30 ppm-C in phenol were
considered as initial substrate concentrationss Wais required to have enough experimental
data for kinetic modeling. As described in the expental section, for all the experiments,
the pH of the solution was initially adjusted t@ 8vith H,SO,. Figure 36 presents the
evolution of pH for the all the catalysts employedhe experiments, for an initial

concentration of 30 ppm-C in phenol.

For all the catalysts employed, a slight increageH was observed during the first 100
minutes of reaction. After that, an apparent plateas reached with essentially no further
change in the pH of the reacting solution. Thisva#td us to neglect the pH effect in the

degradation rate of phenol and to establish theceffith the photocatalyst type used.

Thus, once pH and lamp power decay were contraliednext step was the quantification of
intermediate species during phenol photocatalyoversion for different photocatalysts.

These results will be presented in the followingtisas of this chapter.

6.2.1 Degussa P25

A first set of experiments was performed by empigyDP 25. This Ti@powder has shown
the highest photocatalytic activity and it has based often as a standard photocatalyst
(Rengifo et al., 2000 Figure 37d reports the TOC and phenol profitesifferent initial

phenol concentrations at different irradiation ttsm@®ne can notice that the TOC decay curve

displays a close to zero-order reaction kinetics.
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Figure 37 Concentration profiles during phenol photodegramhatin DP 25.4) phenol, {)
TOC, (A) hydroguinone, ) catechol, ) benzoquinone 0} acetic acid and (x) formic acid.

(&) 30 ppmC, (b) 20 ppmC, (c) 10 ppm-C, and (d) pamnson of TOC and phenol profiles

Figure 37 a, b, and ¢ show phenol and detectethietdiate species during phenol
degradation over DP 25 at different initial phecohcentrations. Three major aromatic
intermediate species were observed: hydroquinatechkol and benzoquinone. In addition
two carboxylic acids were also quantified: acetid éormic acids. In this case, resorcinol

was detected at very low concentrations only. Tioeee resorcinol is considered not to be
required in the kinetic analysis for DP 25.
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Figure 38 Concentration profiles of phenol photoconversiadernmediate species at several
initial concentrations on DP 25\ hydroquinone, q) catechol, 1) benzoquinone 0 acetic
acid, and (x) formic acid. (a) 30 ppmC, (b) 20 ppr(c} 10 ppmC, and (d) comparison of
hydroquinone profiles

Figure 38 a, b, and c report the concentrationilegobf phenol oxidation intermediates at
different initial concentrations. Figure 38c shavsomparison of hydroquinone profiles,

which is the intermediate oxygenated species prediat highest concentrations.

6.2.2 Anatase

Figure 39 provides a comparison between phenoll&@fd decay profiles. It can be seen that
Anatase behaves differently than DP 25 when it cotoe¢otal mineralization. The TOC
profiles in Anataseseem to decay very slowly, aswshby Figure 39c, indicating a

controlling step or the production of an interméeliamore resistant to the photodegradation.
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Identification of phenol intermediates again wadqrened for the case of Anatase. Results
showed that hydroquinone, catechol and benzoquinene produced during phenol
photodegradation. No other intermediates were fdayndsing the technique described in the
experimental section. From the results above howewe can speculate about the
production of an unknown oxygenated intermediatee €an notice that while for phenol and

its intermediates there is total degradation, t&&Tprofiles display a slow and incomplete
mineralization.
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Figure 39 Concentration profiles during phenol photodegramhatin Anatase f phenol,
(V) TOC, (1) hydroquinone,q) catechol, ) benzoquinone 0§ acetic acid and (x) formic

acid. (a) 30 ppmC, (b) 20 ppmC, (c) 10 ppm-C, ah)admparison of TOC and phenol
profiles
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Figure 40 provides a detailed description of tHéetknt intermediates produced at different
initial concentrations. For the case of Anataserbguinone and catechol are formed in
higher concentrations. No significant amounts offfic acid were detected and the
concentration of benzoquinone could be consideegfigible.
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Figure 40 Concentration profiles of phenol photoconversiaenmediate species at several
initial concentrations on Anatasex)(hydroquinone, ) catechol, /) benzoquinone 0}
acetic acid, and (x) formic acid. (a) 30 ppmC,Z0)ppmC, (c) 10 ppmC, and (d) comparison

of hydroquinone profiles

Figure 41 shows a comparison between the experah@®C and the addition of carbon
masses of the various intermediate species, asvaaseith HPLC. It can be noticed that the
curve representing mass addition does not agrédetiatexperimental TOC. Hence, other
non-identified intermediate or intermediates amspnt during phenol degradation when

using Anataseas a photocatalyst. These unknowrnmatikate/intermediates could not be
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identified using GC/MS, with this photocatalystrgihe only one presenting such a

behavior, as well as the lowest activity amongstuelied photocatalysts.
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Figure 41 Concentration profiles for{) experimental TOC ana) species mass addition of

the quantified intermediates species for phenotgdunversion using Anatase

6.2.3 Hombikat UV-100

Figure 42 shows phenol and phenol reaction interatesi photodegradation using Hombikat
UV-100. Total mineralization was not achieved dgrine 600 minutes of irradiation. There
were, as reported in Figure 43, significant chargdestermediates produced: a) catechol
was not detected, b) benzoquinone was formed Atehigpncentration than when using

either DP 25 or Anatase, c) formic acid was the @arboxylic intermediate found.

In summary; for Hombikat UV-100, hydroquinone, begainone and formic acid were the
only intermediates formed. The addition of thegermediates species and phenol (see
Figure 44) yields curves close to TOC profilexdh, as a result, be hypothesized that all

species were adequately quantified during photoexsion using Hombikat UV-100.
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Figure 42 Concentration profiles during phenol photodegramhatising Hombikat UV-100.
(*) phenol, V) TOC, (A) hydroquinone, €) catechol, i) benzoquinone 0 acetic acid and

(x) formic acid. (a) 30 ppmC, (b) 20 ppmC, (c) ¥hpC, and (d) comparison of TOC and
phenol profiles
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Figure 43 Concentration profiles of phenol photoconversiadernmediate species at several
initial concentrations on Hombikat UV-100%)(hydroquinone, ) benzoquinone 0 acetic
acid, and (x) formic acid. (a) 30 ppmC, (b) 20 pprc} 10 ppmC, and (d) comparison of
hydroquinone profiles
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Figure 44 Concentration profiles for{) experimental TOC ana) species mass addition of

the quantified intermediates for phenol photocosigr using Hombikat UV-100

6.2.4 Sol-Gel Cat

Figure 45 reports the photo degradation of phendifeerent initial concentrations using
Sol-Gel Cat. Figure 46 shows the various compogndduced during the photoreaction as
follows: a) hydroquinone is again the major intednaée, b) catechol and benzoquinone are

detected in lower concentrations however, ¢) a@tetformic acids are the carboxylic acids
present.
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Figure 45 Concentration profiles during phenol photodegradatising Sol-Gel Cats}
phenol, V) TOC, (A) hydroquinone, ) catechol, €1) benzoquinone 0§ acetic acid and (x)

formic acid. (a) 30 ppmC, (b) 20 ppmC, (c) 10 ppraad (d) comparison of TOC and
phenol profiles

Comparison between TOC and the addition of thenméeiate species masses, as detected
with HPLC, is reported in Figure 47. It can be ned that data agrees well during the first
irradiation period, indicating that most of the clps formed were quantified. Nevertheless;
following the initial irradiation period, the curdeeporting mass addition remains
consistently below the TOC. This difference coutdassigned to the following: (a)
intermediate species neither detected nor quashtiffeHPLC or GC/MS and (b) adsorption
of detected and undetected intermediates. Thedatbese two possibilities seems an
unlikely one, given phenol and intermediate doausgorb strongly on Ti©
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of hydroquinone profiles
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Figure 47 Concentration profiles for\() experimental TOC ana) species mass addition of

the quantified intermediates for phenol photocosier on Sol-Gel Cat

In summary, four TiQsamples were studied experimentally. All experitaavere

performed at the same experimental conditions atlteassame catalyst concentration of 0.15
g|™. The photodegradation of phenol over the diffefiéa, catalysts is reported in Figure

48. Phenol profiles for these same experimentaltseare presented in Figure 49. The fastest
phenol degradation was achieved by Anatase. Howplienol mineralization did not show
complete degradation of the organic intermediatepmmunds generated during the
photoreaction. Measurements of TOC were essent@gtermining the complete removal or
organic contaminants in water. As it can be obskmehe two figures mentioned above, the
fastest TOC depletion was achieved using Sol-Gel[@R 25 also showed a significant

photocatalytic activity, with Anatase being theatgst with lower activity for total

mineralization.
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Figure 49 Phenol photoconversion profiles over several;ls@mples: ¥/) DP 25, (x)
Anatase, ff) Hombikat UV-100, ¢) Sol-Gel Cat
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Following this first set of experiments, the twaatgsts displaying the best photocatalytic
properties (DP 25 and Sol-Gel Cat) were selectetufther research regarding the influence

of iron ions the photocatalytic activity.

6.3 Effect of Fe®* lons on Phenol Photocatalysis

This section reports the effect of Fe ions on #ie of photocatalytic oxidation and
mineralization of phenol and its reaction internagels.Ortiz-Gomez 2006tudied the
influence of Fe ions in solution. Fe0H,0 was utilized as an iron ions source at an
observed optimum 5ppm Feon concentration. This author concluded that &os have

a strong influence on the phenol photocatalytictieas. High ions concentrations lead to a
decrease in the mineralization rates, while lowtents promoted a significant increase. It
was found that 5 ppm of Eerendered the highest phenol oxidation réteiz-Gomez 2006
also demonstrated that ferric ions’Fand ferrous ions E&promoted the same enhancement
in the photodegradation. It was postulated thatrtbeease in the photoactivity on the FiO
catalyst was due to a facilitated electron transféhe electron scavengers. This process
occurs through a continuous oxidation-reductiorieeyé the Fe cations adsorbed onto the

catalyst surface.

In Figure 50, the effect of 5 ppm of ferric ionglsmonstrated for the oxidation of phenol at
several initial concentrations on DP 25. Figureédorts the effect of Fe ions in the total
phenol mineralization. It can be observed thagitition of 5 ppm of F& to the reaction
solution promotes a higher photodegradation ragewtmen DP 25 is used alone at a pH of
3.7.

It can also be noticed that the effect of Fe i@s¢dd throughout the reaction and its effect
does not fade away with time. The intermediate iggsgaroduced during phenol degradation
on DP 25 with 5 ppm of Béare reported in Figure 52. When compared with BRI&ne,

the presence of iron ions yielded larger conceommaif hydroquinone. Catechol and acetic
acid were also formed in higher concentrationstargiwhen compared with the profiles
found with DP 25 alone.
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Figure 50 Influence of 5 ppm of ferric ions on the rate bbpoxidation of phenol at

different initial concentrations{) DP P25 ¢) DP 25 and 5 ppm F&in solution
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Figure 51 Influence of 5 ppm of ions on the total minerdiiaa of phenol at different initial

concentrations.\) DP 25 ¢) DP 25 and 5 ppm E&in solution
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Figure 52 Concentration profiles of phenol photoconversiaernmediate species at several

initial concentrations on DP 25+5 ppm>Fin solution: (\) hydroquinone, €) catechol, )

benzoquinonef acetic acid, and (x) formic acid. (a) 30 ppmQ,46 ppmC, (c) 10 ppmC,
and (d) comparison of hydroquinone profiles

It is then concluded, that Eespecies both accelerates the phenol photoconneasio
formation-consumption of reaction intermediateshveih overall increased degradation rates.
This also leads to a faster TOC decay. Furtherntbeginfluence of iron ions on Sol-Gel Cat
photocatalytic conversion performance was alsogtigated. The observed effects are
essentially the same as those observed when DRaZ®&mployed.

Comparison of phenol and TOC profiles for DP 25 SotiGel Cat, and the influence of*fe
ions, is reported in Figure 53a and b. It is obsdrhat the catalyst with the lower

degradation time was Sol-Gel Cat. This suggestdhiearon ions influence on the
photocatalytic degradation is not a selective pe@nd its enhancement does not necessarily
depend on the TiDmaterial.
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Figure 53 Influence of iron ions on the photocatalytic degtash of phenol (a) phenol and
(b) TOC profiles for V) DP 25, ¢) DP 25+F&" in solution, {) Sol-Gel Cat, and) Sol-

Gel Cat+F&" in solution
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Ortiz-Gomez 2006ound that F& and F&" had a similar influence on the photocatalyst
activity. This author also concluded that wheniteiwns were used, they were rapidly
reduced to ferrous ions once the reaction wasated. Iron ions were adsorbed onto the
catalyst surface with an improvement on photocatadygtivity. Thus; iron ion induced
phenol photodegradation appears to be a surface@ddpohenomenon, where electron
transfer from the catalyst conduction band to keeteon acceptors, is enhanced. Such

reaction mechanism is schematically representé&agure 54.

The first step is the adsorption of Fe ions on®TIO, surface. When the catalyst is
activated with UV light, the adsorbed’Féons are reduced to Fewith the photogenerated
electron (&p). The second step is the scavenging of the eleétomn Fé* by an electron
acceptor (e.g. €, and re-oxidize it to P& This mechanism applies when iron is fed &5 Fe

This reduction-oxidation cycle continues throughitg reaction.

hv €

\ N

step 1| TiO,— TiO, Fe*— TiO, Fe
he he

£

step2 TiO, e po=0s —TiO, Fé"+0=0"

\_ . "

Figure 54 Reduction-oxidation cycle of iron ions on TiGurface. Adapted fror@rtiz-
Gomez (2006)

While similar results could in principle be obtainigy doping the Ti@catalysts, the use of
iron ions in solution does not require pre-imprdgma Pre-impregnation is a lengthy

procedure that may include a long period of dryang calcinations at high temperatures.
Arana et al., (2003fpr instance, prepared a catalyst containing Oag%f Fe. This Fe-TiQ

showed an improvement in the oxidation of carbaxgliids. However, the preparation
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method described a lengthy procedure that incladéd hr period of mixing a solution
containing Fe ions and Ti®Zatalyst. After these mixings, the catalyst wasdlat 393 K for

24 hours and finally calcined at 773 K.

Being acquainted with the previous work developg®hiz-Gomez 2006the objective of
the experiments with iron ions in solution in tRBD research were addressed to study the
following: a) the Fe ion influence on the phototgtia activity for different TiGQ , b) a

kinetic model that can be applied to a wide rangéi©@, materials, c) the calculation of
photonic efficiencies.

From the results presented in this chapter, itbmnbserved that in all cases, three major
aromatic intermediates were detected and quantifireg the photoreaction was initiated as
follows: hydroquinone, catechol and benzoquinoremHikat UV-100; however, did not
produce catechol, and only negligible amounts ozbguinone were identified. For most
photocatalysts employed, two carboxylic acids wasected; formic and acetic acids.

Hombikat UV-100 did not produce acetic acid and tasa did not form formic acid.

The photocatalysts studied exhibited a rapid rednaif TOC even at the early stages of the
reaction. This phenomenon was noticed when Feviane used. Thus, there is a quick total
mineralization of phenol to C{and water. Therefore at this stage, phenol photsion
proceeds very rapidly, with phenol forming oxygembaromatic species and aromatic
species, being converted into carboxylic acids,@®d On the other hand, there is also an
opportunity for the aromatic intermediates to beled into carboxylic acids and GO
Finally, carboxylic acids generated from the oxiolaiof all aromatics, can be converted into
CO..

Considering all the above described facts, it Gardncluded that the oxidation of phenol
can be represented with a “series-parallel” reacticheme. All these steps are summarized
in Figure 55. These results coincide with previmgilts QOrtiz-Gomez, 2006; Salaices,
2002.
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Figure 55 Series-Parallel RN for the photodegradation of phervolving measurable

chemical species

It has to be emphasized that the above reacticeanselapplies for all the catalysts studied,
and also for the catalyst where iron ions in solutivere used. For Hombikat UV-100;
however, the step involving the production of catd@nd acetic acid from phenol, is not
included given these species are not detected iexpatally. Similarly, and for the same
reasons in the case of Anatase, the formic acidtion steps from phenol are also not

considered.

6.4 Oxidation of the Major Intermediates: Hydroquinone,
Catechol and, Benzoquinone

Oxidation experiments were performed using thetr@aentermediates species observed
during the photodegradation of phenol and usingitfierent photocatalysts. These

experiments will help decoupling the phenol photo@sion kinetic modeling allowing to
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define independently the kinetic parameters forpthetoconversion of intermediates,

reducing as a result, the number of kinetic paransahvolved.

When hydroquinone was employed as a model compdieamt,oquinone was produced in all
cases, at very low concentrations. Figure 56a tefbe concentration profiles for
benzoquinone intermediates, while using DP 25 #hiown that catechol was not produced
while acetic and formic acids were formed in vea Iconcentrations. This behavior was
observed both for various photocatalysts and for ions present in solution. Moreover, one
can notice in Figure 56b that TOC profile presenssgnificant reduction during the early
stages of photoconversion. Therefore, it is cormtluithat hydroquinone is simultaneously

oxidized to benzoquinone and carboxylic acids, @rdpletely mineralized to GO
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Figure 56 Concentration profiles of hydroquinone photoconwerand its intermediates on

DP 25. (A\) hydroquinone, ) benzoquinone ) acetic acid andQf formic acid ¢) TOC

Figure 57 reports catechol concentration profies20 ppm of C in catechol using DP 25. It
can be observed that hydroquinone is the main aroiméermediate produced with acetic
and formic acids also being formed during categiatodegradation. Benzoquinone was not
found as an intermediate. Hence, one can conchatecatechol is oxidized to hydroquinone
and carboxylic acids, and at the same time, ibmgetely mineralized to CO
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Figure 57 Concentration profiles of catechol photoconversiad its intermediates on DP

25. (A) catechol, ¢) hydroquinone,df) acetic acid and§ formic acid ¢) TOC

Benzoquinone was also used as a model compound wratBation and in the presence of
TiO,. Figure 58 reports the concentration profiles@fizbquinone and the intermediates
produced during the photoreaction on DP 25. Oneobaerve in this figure, that the
concentration of benzoquinone decreases rapidlyimihe first few minutes of reaction

time. Similarly, the concentration of hydroquindnereases during the same period, in about
the same order of magnitude that benzoquinonealiscesl. These results suggest a fast
reduction of benzoquinone to hydroquinone. This aBn explain the fact that for most of

the degradation experiments, benzoquinone is fatinery small concentrations, while
hydroquinone is always the intermediate compouegqmt at higher concentrations. Again,

acetic and formic acids were detected in small entrations.

From the results presented above, one can hypath#st during the photocatalytic
degradation of benzoquinone, hydroquinone is predas the major intermediate
compound. There is also a decrease of the TOClgsafuring the initial irradiation,
indicating complete mineralization of benzoquinamel hydroquinone to CQeven at these
early photoconversion stages.
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Figure 58 Concentration profiles of photoconversion of bepioone and its intermediates

on DP 25. {\) benzoquinoned) hydroquinone,d) acetic acid and{§ formic acid ¢) TOC

From the experimental results presented in this@ea “series-parallel” reaction scheme
can also be proposed for hydroquinone, catechobandoquinone. Figure 59 summarizes
the experimental findings for the photodegradatibthe main aromatic intermediate
compounds of phenol. In all cases, direct prodactibCO, from the model compound is
observed.

Given that hydroquinone, catechol and benzoquiramaentermediates species in the
photocatalytic oxidation of phenol, an overall tg@t scheme for the photodegradation of
phenol can be postulated. This overall reactiomswhhas to account for all the detected
intermediates.

When proposing an overall reaction scheme for pheéegradation based on the decoupling
of the determination of kinetic parameters, itypdthesized that all the intermediate species
behave the same as a model pollutant or as amiatigate. For instance, benzoquinone is an
intermediate in the oxidation of phenol for all tegalysts used. Moreover; when
benzoquinone is used as a model compound, thissfagmroquinone as the major
intermediate compound. It is assumed; then, thatdeuinone is produced from phenol, but

at the same time, it produces hydroquinone.
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Figure 59 Serial-Parallel RN for the photocatalytic oxidatioi(a) hydroquinone, (b)
catechol and, (c) benzoquinone

The overall reaction network for the oxidation dfepol on the different TiQcatalysts is
presented in Figure 60. This reaction scheme carmesely applies to all the catalysts used in
this study. The dashed arrow represents the séstiould not be included for Hombikat
UV-100 because catechol is not produced and/octigtevhen this catalyst was employed.
Furthermore, the step showing the benzoquinone fribemol could also be neglected during
the kinetic analysis, given that benzoquinone waslgced in only very small concentrations

only.
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A similar general reaction scheme for phenol degfiad was presented in previous studies
(Ortiz-Gomez, 200@ndSalaices-Arredondo 200.2The main difference between this
reaction scheme and the one presente@iy-Gomez (2006js, that in our study, only
those species actually detected and quantified@rsidered in the reaction netwotktiz-
Gomez (2006presented all those intermediates that could eadigtbe formed during
phenol photoreaction, even if they were not detketgerimentally. By doing so, there is an
increased risk of kinetic model over parametrizatwithout significant gain in the

calculation both in the observed chemical speanektiae related energy efficiencies.

Figure 60 Detailed Series-Parallel RN for the photodegraaatif phenol on Ti@catalyst

As a result, the proposed reaction mechanism sfRhD Dissertation includes the
following:

(a) A single “series-parallel” reaction mechanism tbex be applied for the
photodegradation of phenol regardless of the cstagmployed. Those species not

identified/quantified are not to be included in tieaction scheme.
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(b) All the catalysts employed in this study produoe same reaction intermediate
species. Hombikat UV-100; however, does not proadatechol as the other
photocatalyst tested do.

(c) Acetic and formic acids were the only two carboxycids quantified during phenol
photoreaction. While it is believed that more campic acids are formed during the
photodecomposition, inclusion of these other chathspecies will require further
study on the intermediate species quantification.

(d) Both, benzoquinone and catechol produce hydroqeimstheir major intermediate
species. This could explain that hydroquinone waslygced in higher amounts during
the photocatalytic reactions, in all the catalyitalied. It was also observed that

benzoquinone rapidly oxidized to produce high an®wh hydroquinone.

The detailed “Series-Parallel” reaction networksgrged in Figure 60 was developed by
considering the individual photocatalytic conversi@f phenol, hydroquinone, catechol and
benzoquinone as model pollutants, and their cooredipg intermediates species. This
overall reaction network incorporates consisteallyexperimental reaction steps that were

proven relevant for the various aromatic pollutardssidered in this study.

This overall reaction network was developed untderassumption that all organic
contaminants follow the same behaviour when theyirgermediate or model compounds.
For instance, phenol produces benzoquinone asrietkate compound and when
benzoquinone is used as model compound, it produa®quinone. Therefore, it is
assumed that when benzoquinone is an intermediat#), produce hydroquinone. This
means that regardless of a compound being an ietBate or a model compound, it is
expected to produce the same intermediates, asguathireaction conditions are kept the

same.

Based on the above-mentioned observations, Fiduie ¥ery likely to describe the

photoconversion of phenol and its intermediate iggec
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6.5 Adsorption Isotherms of Phenol and its Intermediates on
the Different TiO, Catalysts

According to the data reported in the previousieastof this chapter, for most
photocatalyst, phenol photodegradation produceddaydnone, catechol and acetic acid as

the major intermediates.

On this basis, in the upcoming Chapter 7 of thési, a kinetic model will be developed and
established in order to find kinetic parametersploenol photodegradation. In this kinetic
model, the adsorption constants of the differeeintical species participating in phenol
degradation will be included. Therefore, experiraénmeasurements of the adsorption
constants of phenol, hydroquinone, catechol anticageid on the different Ti®

photocatalysts, are also reported in this section.

When measuring the equilibrium adsorption of défgrchemical species, slurry
recirculation rate in the reactor in all the expernts was kept at the same value as for the
photodegradation experiments. Figure 61 showsinie needed to reach equilibrium of
phenol degradation at a concentration of 30 ppm-ghenol. From this figure, it can be
observed that equilibrium is reached at close ton8tutes. This experimental finding is in
agreement with previous results in the literaturere adsorption of phenol on Ti@as
studied Bekkouche et al., 2004; Ksibi et al., 200#t lower concentrations; however, one

should expect a decrease in adsorption time.

As a result, and when determining the adsorptiothexm for both phenol and its
intermediate photoconversion species, a total cgatee time of 60 minutes was used. This
secured that the slurry conditions considered \mdrae representative of the equilibrium

liquid phase concentrations on LiO

Figure 62 reports the changes of adsorbed amoé@iptsenol, hydroquinone, catechol and
acetic acid as a function of the equilibrium ligpidase concentrations. Thus, this figure
describes the characteristic Langmuir chemisorpggotherms for different phenolic and
carboxylic acid species on DP 25. This is conststeth the studies oRobert et al. (2000).
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The linear form of the Langmuir equation allowscedditing both adsorption constants and
the maximum amounts adsorbed. Figure 63 repordittg@arization for phenol adsorption on
TiO, DP 25.
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Figure 61 Equilibrium phenol adsorption concentration asracfion of time of adsorbed
phenol (T =30 °C and pH = 3.7)

From the results found in Figure 63,K= 0.106 mg-C | and Quax= 1.99 mg-C g;" values
were obtained. Figure 64 shows both Langmuir adsorpredicted values and experimental

data.
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Figure 62 Adsorption isotherm forX) phenol, ¢) hydroquinone,d) catechol and,0) acetic
acid on TiQ DP 25 at 30°C
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Figure 63 Linear regression for a Langmuir isotherm: adsorptf phenol on TiQDP 25
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These results differ from those reported by Bekkeuet al., (2004). These authors found
that for phenol, this species adsorbs on;D® 25, at approximately@x=7.10 mg-C (at

pH = 3-4). This is considerably higher than thg,Qeported in this study. Our result shows
that phenol does not have a strong adsorptionigfiom DP 25 under the selected

photoconversion conditions.

Table 19 reports the adsorption isotherms for #rgous chemical species studied onto the
various TiQ catalysts measured experimentally. Adsorption t@ots for hydroquinone,
catechol and acetic acid were not found in therteeh literature. Therefore, no comparison

could be made for these organic compounds.

From the results presented in the above tablenito@ concluded that chemical species
adsorption isotherms on the different 7i€udied follow the sequence phenol >
hydroquinone > catechol > acetic acid. This samedis applicable for the maximum

adsorbed amount per catalyst weight.

It is worth mentioning that when measuring the Bguum concentrations for acetic acid,
several repeats were required and this given thesrmall quantities involved. It is also
observed that the Eeions enhanced the adsorption of all the chemjpetigs on DP 25 and
Sol-Gel Cat. This could be assigned that on thalgsttsurface, there is a better distribution
of charges@rtiz -Gomez 20086
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Figure 64 adsorption isotherm ofA} phenol on DP 25 and{) Langmuir model

Table 19 Adsorption constants and maximal quantities adsbfbeseveral chemical species

on different TiQ catalysts

Phenal Hydr oquinone Catechal Acetic Acid
Catalyst K"  Qma  K*  Quax  K*  Quma  K' Qm
DP 25 0.1097 1.964 0.0947 1.697 0.1389 1.132 0.02024321
Anatase 0.1768 1.943 0.2134 1.923 0.2342 0.4244 246.1 0.0747
Hombikat UV-100 0.1532 0.8280 0.1212 0.7720 0.18710.1553 0.0785  0.0840
Sol-Gel Cat 0.2088 1.319 0.2121 1.267 0.2168 0.538P.0851 0.1650
DP 25+F&" 0.1322 2.489 0.1421 2.075 0.1468 0.2147 0.0920 6108.0

Sol-Gel Cat+F& 0.1408 1.749 0.1779 1.794 0.1680 1.290 0.0815 96.09
K" is in units of mg-C |, Qua, in units of mg-C g*

Although the adsorption constants experimentaliyntbin this study will be used in the
kinetic modeling, one has to acknowledge that timesasurements were done in the dark.
Thus, adsorption constants were determined withotivation of the photocatalyst by UV
light. It was reported that the adsorption constarfitorganic compounds on the
semiconductor surface may be a function of ligkensity. Once the Ti@is irradiated, its

surface may undergo significant changes in eleatnoroperties that may modify adsorption
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propertiesXu and Langford (2000found that K measured in the dark is different from the
one measured under irradiation. Their results eated that K changes inversely with light
intensity. Nonetheless, these authors reportedahaadiation intensities above 2.14%X10
einstein &, there was no significant change df ¥pon irradiation. In the case of this study,

a 15 W lamp was used with a 1.15XI€instein & emission rate. Thus, it is expected that the
reported adsorption constants established und&radaditions for single chemical species,

provide a reasonable approximation.

6.6 Conclusions

The Following are the conclusions of this chapter:

(a) Sol-Gel Cat was the photocatalyst that presentedhiffhest phenol photodegradation
rates.

(b) Several photocatalyst considered, showed hydrogeincatechol and/or
benzoquinone as mayor aromatic intermediate spadmabikat UV-100, however,
did not form catechol. Most of the catalysts yieldm®th acetic and formic acids, with
acetic acid produced in larger concentrations.

(c) DP 25 and Sol-Gel Cat photoconversion were prombyele™ ions. It appears that
this enhancement occurs via an oxidation-reduatyahe of the iron cations adsorbed
onto the catalyst surface.

(d) For the various photocatalyst of this study, anra&inetic reaction scheme,
including all the detected species, was proposgdr-conversion of intermediates in
the reaction scheme was determined experimentallyas found that benzoquinone
rapidly formed hydroquinone within the first fewmites of irradiation. Furthermore,
it was found that when catechol was used as a nootebound, its major
intermediate was hydroquinone.

(e) The different photo catalysts studied showed thanplic species and carboxylic
acid species adsorbed relatively weakly on,I'i®€urry samples have to be
centrifugated at high speed to get reliable adsmrmtata. Adsorption isotherms for
all chemical species were successfully represamged) a Langmuir chemisorption

isotherm.
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Chapter 7
Results and Discussion Part Ill: A Unified Kinetic Model for
Phenol Photocatalytic Degradation

7  Introduction

An optimum reactor design is the one that rendgaisatoreactor with sufficient capacity and
minimal dark zones reactor volumes. Availabilityao$uitable and unified kinetic model will
contribute towards the design, the optimization @redprocess scale up of photoreactor

systems.

In this Chapter, a valuable approach for kinetidelmg in photocatalysis is established.
This is accomplished via a unified kinetic modeliethis based on a broadly applicable
reaction network (refer to Figure 60). It is higldgsirable that this kinetic model should be
based on a mechanistic formulation and will be adégfor kinetic modeling using a broad

range of TiQ based semiconductors.

The approach adopted in this study includes a phenological based L-H kinetic, where
both reaction and adsorption are accounted f@s.dtso desirable that this model will be
established using rigorous statistical techniqueb sis cross-correlation coefficients and
optimized regressed parameters. This approach eaaltd valuable models with acceptable
cross-correlation among parameters and narrow pesrapans for the 95% confidence

intervals.

The proposed unified model has the structure tedsdly adaptable to predict TOC profiles
for phenol degradation. This model simplificatigrconsistent with the combination of
kinetic model rate equations resulting from thepgosed unified model.

7.1 Unified Kinetic Model Using a Langmuir-Hinshelwood
Formulation

The reaction rate equations to be reported insthision are based on the reaction network

presented in Figure 60 and the L-H reaction ratesdy described in the literature review.
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For the purpose of identifying the kinetic conssaintvolved in the photodegradation process,
Figure 65 presents the proposed reaction scherhetlvgtvarious kinetic constants identified.
In this figure, both acetic and formic acids haee lumped into a single pseudo species
order to reduce the number of kinetic parameters{-Gomez 2006

koDHB—»pDH

k —>
H/ ‘;\“ Ac—CO2 C02 + HZO

\ k?Q—»pDHB

Figure 65 Detailed Series-Parallel RN for the photodegradatiophenol on Ti@ catalyst

Based on the L-H reaction rate formulation, the @treaction for phenol (ph) degradation is
given by:

deh _ - (kph—Ac + kph—oDHB + kph—pDHB + kph—BQ + ker:o2 k:ph
dt (1"' K pAthh + KOADHBCODHB +K S‘DHBCpDHB + KBAQCBQ + KAACCAC)

(66)
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where kn.ac is @ lumped kinetic constant that includes allkimetic constants for the

production of acetic and formic acid from phendiislkinetic constant is given by:

kph—Ac = k + kph—formic (67)

ph-acetic

In the same manner, the tekfl,Ca. in the denominator of Eq. (66) involves the ad&om

terms for formic and acetic acids as:
A A A
KAcCAc = KaceticCacetic+ KAcetichormic (68)

Similar equations can be considered for the othterimediate chemical species. For instance

for catechol, denoted as ortho-dihydroxybenzeneH®)) the rate of reaction is given by:

dCoDHB _ kph—oDHBC:ph B (koDHB—Ac + koDHB—pDHB + koDHB—COZ pODHB

(69)
dt (1"' K Shcph + KoADHBCoDHB +K QDHBCpDHB + KBAQCBQ + KAACCAC)

Moreover, the reaction rate equation representiegdte of reaction of hydroquinone or

para-dihydroxybenzene (pDHB) can be written aood:

deDHB _ kph—pDHBCph + koDHB— pDHBCODHB + kBQ—pDHBCBQ - (kaHB—Ac + kaHB—COZ k:pDHB

dt (1"' K :hcph + KcﬁDHBCODHB +K g‘DHBCpDHB + KQQCBQ + KAAcCAc) (70)

For benzoquinone (BQ), the reaction rate equasaiven by:

dCBQ _ kph—BQCph - (kBQ—Ac + kBQ—pDHB + kBQ-c:o2 X:BQ
dt (1+ K Shcph + KoADHBCoDHB +K QDHBCpDHB + KBAQCBQ + KAACCAC)

(71)

For carboxylic acids, as they are lumped together a single chemical pseudo species, the

reaction rate equation can be defined as:

dCAC _ kph—AcCph + koDHB—Acc;oDHB + kaHB—AcCpDHB + kBQ—Acc;BQ - kAc—Cozc;Ac

dt (1"' K ;\hcph + K opreCotis + K ;\DHBCpDHB + KBAQCBQ + K:cCAc)

(72)

Finally, the rate equation for G@rmation described as:
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dCCOZ _ kph—COZCph + kODHB—COZCODHB + kaHB—COZCpDHB + kBQ—COZCBQ + kA(:—COZCAC

dt (1"' K ;\hcph + KopreCophie + K :DHBCpDHB + KQQCBQ + K:cCAc)

(73)

One should mention th&§pre-ac KooHe-ae Keg-acrepresent the constants involved in the

formation of the lumped acids as explained in B@).(

In summary, Eqgs. (66), (69)-(73) represent thecoatribution of the various chemical
species considered in the reaction network. It Ehbe mentioned that all the described steps
in the reaction sequence are supported experinheriame of these steps were kept or
dropped when optimizing the kinetic parameterditierent TiQ, catalysts. For instance, for
most of the photocatalysts, it was found that bgormne was formed at very low
concentrations. Hence, this compound was considenetically insignificant. More about

these issues will be reviewed in the parametenopation section of this chapter.

For the estimation of the kinetic parameters, twittiin MATLAB® subroutines were used:
Isqcurvefitfor the minimization of the objective function ande45for the numerical

integration of the differential equations.

7.2 A Unified Kinetic Model for Different TiO, Photocatalysts

A L-H based kinetics can be considered a usefulagmgh for modeling the photocatalytic
conversion of phenol and its intermediates usifigmdint photocatalysts. This model should
be established to predict the disappearance of bedlotant and intermediate species at
different initial concentrations of phendliélato et al. 2000

On the basis of Egs. (66) and (69)-(73)) this wWeddset of ODEs with a large number of
variables and parameters: 14 kinetic constantbattkorption constants. In addition, the
mathematical form of the rate equation rendersmpgd kinetic parameters with a high

degree of correlation and large confidence inter¢al).

Even when the values of the experimental adsorgimstants are established
independently, a total of 14 kinetic constantd sgiinain to be determined. As a result, most

likely the system considered is over-parametengitad many solutions for the optimized
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parameters. Therefore, estimation of these kimetiameters raises numerical issues that

need to be addressed.

Chapter 6 reports that phenol, catechol and hydnoge produced benzoquinone as
intermediate and COr H,O as final products and this for all the photogatisl studied.
However, the concentration of benzoquinone in eease was rather small. Thus, neglecting
this chemical species in the parameter estima@deutation does not significantly affect the
final outcome. In this way, the reaction schemertgal in Figure 65 can be simplified into
the reaction scheme shown in Figure 66. As a rehidtproposed reaction scheme contains

10 parameters only.

This reaction network was successfully appliediitofahe TiO, photocatalysts of this study.
For Hombikat UV-100; however, a special revisiorited model was needed since this
photocatalyst does not yield catechol. Moreovee simould mention that reaction parameters
were obtained using statistical based method$isiréspect, confidence intervals, cross-
correlation matrix, and the®Rorrelation coefficient were considered as theomiaidicators

showing the adequacy of selected kinetic network.
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koDHB—»pDHB

Lumped | Kac—coz
Acids > CO+ H0

Figure 66 General simplified reaction scheme for phenol pbatalytic degradation

Parameter optimization is a difficult task. One tmsompromise in many situations between
the number of optimized parameters and the wellag®e fit. As well, having the smallest

number of optimized kinetic parameters will meassleross-correlation among them.

7.2.1 Degussa P25

For Degussa P25 and using the reaction schemenpedsa Figure 66, the following set of
ODEs is obtained:

a) For phenol:

deh _ B (kph—Ac + kph—oDHB + kph—pDHB + kph-co2 k:ph (74)
dt (1+ K Qthh + KoADHBCoDHB + K F?DHBCpDHB + KAACCAC)
b) For catechol:
dCODHB _ kph—oDHBCph - (koDHB—Ac + koDHB—pDHB + koDHB—co2 k:oDHB (75)

dt (1+ K :hcph + KC;ADHBCODHB + K :DHBCpDHB + K:cCAc)

c) For hydroquinone:
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deDHB _ kph—pDHBCph + koDHB—pDHBCODHB - (kaHB—Ac + kaHB—COZ ppDHB

dt 1+ KAC, + K2Cooms + K omsCooms + KACs:) (76)
d) For lumped carboxylic acids:
dCa  KpnacCpn * Kopria-acContie * Kppra-acCpore — Kac-co2Ceoz
dt @+ KAC, + K2osCoors + K omsCooms + KACoc) (77)
e) For CQ:
dCco, _ Kn-corCon + Koora-corCoom * Kyprie-corCopme * Kae-corCac o

dt (1"' K ;\hcph + KOADHBCODHB +K g‘DHBchHB + K:cCAc)

Figure 67 presents the experimental concentratiofilgs of phenol and its intermediates
and the estimated profiles using Egs. (74)-(78B@ppm-C phenol initial concentration.
During the optimization procedure, the kinetic danss were constrained to have positive
values only. These are obvious restrictions givieetic constants can be positive only.
Table 20 presents the estimated kinetic constanthis case. Finally, Table 22 reports the

cross-correlation matrix of the optimized coeffitie

One should mention that the amount of {qx@oduced during a photoreaction presented in
Figure 67 is determined by the difference betwéeninitial phenol concentratio{oco
and the concentration given by the TOC analysengttime. This is expressed in the

following equation as:

ch = Crocg - Croc (79)

where Go2is the experimental amount of @@roduced during photocatalytic degradation at

different reaction times.
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C., ppm-C

Time (min)

Figure 67 Experimental and estimated concentration profibegphotocatalytic conversion
of phenol in DP 25q) phenol, @) hydroquinone,() catechol, {¢) lumped acids,X) CO;,

and () model for 30 ppm-C initial concentration in phéfar reaction scheme in Figure 66

Table 20 Estimated parameters for the photoconversion gf80-C phenol on DP 25 for

reaction scheme in Figure 66

Par ameter Symbol Value 95% CI STD
Konac ky 1.622x10"  1.824x10° 1.127x10°
K oh-onHs k, 1.452x1C° 9.309x10 5.571x10
K oh- pors ks 3.474x10° 1.291x10’ 7.975x10"
Kon-coz Ky 4.799x10° 1.858x10’ 1.148x10°
KooHe_poHe ks 1.699x10°  5.445x1CF 3.364x1C
Kophe con K 2.322x10"  3.685x10"  2.277x10!
KopHe.Ac ks 3.422x10"  3.502x10"  2.163x10'
K yoHE-Ac ke 9.241x10° 1.268x10" 7.833x10°
K poHe.con Ko 3.465x10° 1.305x10" 8.064x10°
K accop k1o 1.669x10°  9.423x10°  5.822x1C
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Table 21 Cross-correlation coefficients for the optimizedgraeters of the photoconversion
of 30 ppm-C of phenol on DP 25 for reaction schéemfeigure 66

Ky Kz Ks Ks Ks Ke K7 Kg Kg Ko
kq 1.00
k, | -0.13 1.00
ks | 024 -027  1.00
k, | 075 -014 -029  1.00
ks | 027 -026 -0.74 036  1.00
ke | 060 006 029 -0.82 -040  1.00
k, | 068 001 -020 081 026 -099  1.00
ke | 062 000 024 -077 -031 099  -1.00 1.00
ke | 058 -004 -028 078 039 -1.00 099 -1.00 1.00
ko | 056 001 027 -074 -036 099 -098 099 -1.00 001.

As it can be seen in Figure 67, the model prediety well the experimental data with & R
0.997. Nonetheless, cross-correlation coefficiefdse to £1.0 indicate high correlation
among the parameters involved in the optimizatieinSolh et al. 2008 Table 21 shows a
value of -1.00 for the cross-correlation coeffi¢gehetweerk,pre—.ac aNdKppHec-Ac KobHB-AC
andKkppre—coz andkppre-.coz andkac.coz. Also, values of 0.99 were obtained for cross
correlation coefficients betwedgprs-.ac aNdKyprec—co2 Kobre—co2 @aNdKppree—Ac KopHB-AC
andKkac.coz, andkopHe—co2 andkac.coz It appears that most of these high cross-coroslat
coefficients occur for kinetic parameters involvedhe production/consumption of lumped
acids and C@

Thus, from the analysis presented above, it catoheluded that the model reported in
Figure 66 is overparametrized and therefore maltgallutions for the kinetic optimized
kinetic constants are expected. This can be alsbroted by the large values of the ClI
obtained in the parameter optimization as repdrtélchble 20 (e.g. refer to column 4).

A simultaneous optimization was performed for thadé&erent initial concentrations of

phenol (10, 20, and 30 ppm-C in phenol) with trect®n scheme and the same set of ODEs.
This was done in order to find out if the systenswaerparametrized, regardless of the

initial concentration of phenol. Results for thgpexmental and estimated concentration

profiles for this multiple optimization are presedtn Figure 68.



140

C, ppm-C

Time (min)

Figure 68 Experimental and estimated concentration profileghe simultaneous
optimization of phenol on DP 25 for 30, 20, andppdn-C initial concentration for the

reaction scheme in Figure 66

Table 22 and Table 23 report the kinetic constantsthe cross correlation coefficients for
the simultaneous kinetic parameter optimizatiothancase of photocatalytic conversion of
phenol. The obtained correlation coefficient wds=.987. This shows a fairly good fit of
the experimental profiles. However, and as sugddsyehe large value of the CI, the model
is likely to present multiple solutions. This is@lconfirmed with the cross-correlation

matrix and the several cross-correlation coeffiatose to + 1.

Analyzing the results of the values for the kinetimstants, it can be noticed that for both the
kinetic parameters for 30 ppm-C initial concentratand for the kinetic parameters for 30,
20, and 10 ppm-C initial concentratioRspns—.co2 andk.pre—ac, representing the formation

of CO, and lumped acids from catechol respectively, abmest zero with very large Cl.
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Table 22 Estimated parameters for the simultaneous optiioizaf 30, 20, and 10 ppm-C in

phenol on DP 25 for reaction scheme in Figure 66

Parameter Symbol Value 95% ClI STD
Konac ky 3.026x10°  2.347x1C° 2.651x10°
K oh-onHs ko 1.500x10°  1.134x10° 1.281x10"
K oh pore ks 3.700x10° 1.672x1C 1.889x10"
Kon-coz Ky 4.800x10°  2.372x10° 2.679x10°
Koo poHe Ks 1.640x100  8.431x1C° 9.523x1C
Koohe.con Ke 4.441x10*  6.204x10°  7.008x10"
KopHe_Ac ks 4.441x10"  5.971x10' 6.744x10"
K ooHB-Ac ke 7.007x1¢  2.288x10' 2.584x10"
K poHe.con Ko 7.003x10°  2.342x10" 2.645x10"
K e cop k1o 1.730x10°  1.848x10° 2.201x10"

Table 23 Cross-correlation coefficients for the optimizedagraeters in the simultaneous
optimization of 30, 20, and 10 ppm-C phenol iniiehcentration on DP 25 for reaction
scheme in Figure 66

Ky Kz Ks Ks Ks Ke K7 Kg Kg Ko
ky 1.00
k, | -0.14 1.00
ks |-027 -023  1.00
Ka -0.74 -0.14 -0.30 1.00
Ks 0.29 -0.30 -0.72 0.34 1.00
Ke 0.61 0.06 0.25 -0.81 -0.34 1.00
ks -0.68 0.01 -0.16 0.79 0.20 -0.99 1.00
Kg 0.63 0.00 0.20 -0.76 -0.25 0.99 -1.00 1.00
Ko -0.60 -0.03 -0.24 0.77 0.32 -1.00 0.99 -1.00 1.00
Kio 0.58 0.00 0.22 -0.73 -0.30 0.99 -0.99 1.00 -1.00 001.

Regarding this issue, it is observed experimenthby catechol forms negligible amounts of
CO, and carboxylic acids and this when compared whignol and hydroquinone. Therefore,
if these two steps are deleted from the reactiewaork of Figure 66, the reaction scheme

presented in Figure 69 is obtained with 8 kinetingtants only.
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As a result, a next step in the kinetic modelintpisbtain the ODEs for phenol degradation

following the reaction scheme reported in Figure 69

e Lumped | Kac—coz
RN i
I : Acids
U - Py

CO, + H,0

Figure 69 Simplified reaction scheme obtained by droppingke$fis—.co2 andkypns—ac for

phenol photodegradation on DP 25.

The set of ODEs for this case is presented asvisllo

a) For phenol:

deh _ B (kph—Ac + kph—oDHB + kph—pDHB + kph-co2 k:ph
dt (1+ K Qthh + KoADHBCoDHB + K F?DHBCpDHB + KAACCAC)

b) For catechol:

dCoDHB _ kph—oDHBCph - kODHB—pDHBCoDHB

dt (1+ K pAthh + KoADHBCoDHB +K pADHBCpDHB + KAAcCAc)

(80)

(81)
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c) For hydroquinone:

deDHB _ kph—pDHBCph + koDHB—pDHBCODHB - (kaHB—Ac + kaHB—COZ ppDHB

dt 1+ KAC, + K2Cooms + K omsCooms + KACs:) (62)
d) For lumped carboxylic acids:
dCAc _ kph—AcCph + kaHB—AcCpDHB - kAc—COZCCOZ
dt [+ KAC, +KsCoors + K omsCoons + KAC,) (83)
e) For CQ:
dCeo, _  KpncoaCon* Kpore-co2Crors + Kac-co2Cac (&)

dt - (1"' K:hcph + KoADHBCoDHB +K QDHBCpDHB + KAAcCAc)

Figure 70 reports the experimental and model msfibr 30 ppm-C phenol degradation
when the reaction scheme presented in Figure &3apted.

Results for the optimized kinetic constants ares@néed in Table 24. Table 25 shows the
cross-correlation coefficients for this same optiation. It can be noticed that the confidence
intervals are now narrower than for the reactidmeste of Figure 66. Howevég,pHg-co2and
kac-coz Still present large confidence interval values.
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C., ppm-C

Time (min)

Figure 70 Experimental and estimated concentration profibegd) phenol, ()
hydroquinone,{) catechol, {¢) lumped acids,X) CO,, and {—) model for 30 ppm-C initial

concentration in phenol for reaction scheme in Fedif

Table 24 Estimated parameters for 30 ppm-C phenol on DRREeaction scheme in Figure
69

Parameter Symboal Value 95% ClI STD
Konac ky 1.622x10"  1.038x10’ 6.372x10'
K oh-opHe ko 1.452x10°  8.171x1d 5.017x1¢
K oh pore ks 3.474x1¢°  1.003x10°  6.156x10"
Koh-coz K 4.799x1C°  1.039x1¢  6.378x1C°
K ooHe- poHE ks 1.699x10° 1.160x10° 7.120x10°
K ooHe-Ac Ke 9.241x10°  9.353x10° 5.743x10°
K poHe-coz ky 3.465x10¢°  9.907x1C° 6.083x10°
K e cop ke 1.669x10°  1.478x10° 9.073x10°
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Table 25 Cross-correlation coefficients for the optimizedaraeters for 30 ppm-C of phenol
photoconverted on DP 25 after the reaction schenkégure 69

k, K, ks Ky ks Ke k- kg
k, | 1.00
k, | 015 1.00
ky | -027 -0.77  1.00
k, | -085 -013 -0.07  1.00
ks | 018 085 -0.79 -0.10 1.00
ke | -0.81 -023 008 089 -024 1.00
k, | 072 024 002 -090 020 -098  1.00
ks | -0.66 -025 002 081 -025 095 -097 1.00

Furthermore, when the cross-correlation matrixiglygzed, it can be observed that the
highest cross-correlation coefficients are thoseéfers-co2andkac.co2(-0.97) and fokgps-
Ac andkAc_coz (-098)

Therefore, a suitable relationship betwé&giis.co2andkypres-acWas further considered:

k DHB-Ac
R = ="~ (85)
kaHB—coz

This most suitable Ratio was determined as it will be described i fitllowing section.
This was achieved performing hydroquinone photoaéggion at different levels of initial
concentrations (30, 20, and 10 ppm-C).

7.2.1.1 Constrained Relationship: Analysis of Hydroquinone
Photodegradation on DP 25

As described in Chapter 6, the photoconversionydfdguinone produced benzoquinone,

two carboxylic acids (oxalic acid and formic aci@, and HO as final products. The

concentration of benzoquinone in this case wasratmall; therefore, the benzoquinone

term was neglected in the parameter optimization.

Moreover and to establish the ratio betweerkghgs-ac andk,pHs-co> constants, the
simplified reaction network presented in Figureis proposed.
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OH

KppHB—Ac fLumped Kac—coz
| Acids CO, + H0

Figure 71 Reaction network for the photo oxidation of hydroune

OH

As a result, the following ODEs describing the fation and disappearance of hydroquinone

were considered:

a) For hydroquinone:

deDHB T (kaHB—Ac + kaHB—co2 )CpDHB

- (86)
dt (1+ K;)A\DHBCpDHB + KAACCAC)
b) For the lumped carboxylic acids:
dCAC — kaHB—AcCpDHB - kAc—COZCCOZ (87)

dt (1+ K SDHBCpDHB + K:cCAc)

Figure 72 reports the experimental and the caledlatofiles for the photodegradation of
hydroquinone. The values for the estimated kinggi@meters and their confidence intervals
are presented in Table 26. In this table, the ¢aled value of the ratio betwe&gbg.ac and

KopHe-co2is given (refer to Eq. (85))

Thus; and given the independent determination wHti®, this R value can be used to
constrain the estimation of these parameters iphie®ol photoconversion reaction system.
This constrain helps to avoid reaching, as it isdishown later, inadequate parameter
solutions that may arise given the high parameteractions as a result of high cross-

correlation coefficients.



147

304

254

20 -

15 A

C, ppm-C
C, ppm-C

10 A

0 100 200 300 400 50 0 100 200 300 400 500

Time (min) Time (min)

C, ppm-C

o0 —O-6
0¢ : o= —0—20

0 100 200 300 400 500

Time (min)

Figure 72 Experimental and estimated profiles for hydroqusmphoto-oxidation.X)
hydroquinone profiles at different initial conceattons and ¢) lumped acids

Table 26 Estimated parameters for the photodegradation dfdguinone at different initial
concentrations

Coonso  Parameter (\{/ari\?r?) 9%5% Cl R
KooHe AC 5.288x10"  4.947x10

30 ppm-C  Kophe-coz 8.504x10°  4.5100x1d  0.062
Kac.coz 1.400x10*  5.895x1('
kaHB—AC 5657X104 6630X1§

20 ppm-C  Kophe-coz 8.584x10°  6.451x10' 0.066
Kac.coz 1.447x10°  2.270x1CF
KooHe AC 5.617x10'  1.196x1C°

10 ppm-C  Kypreco: 7.699x10°  1.210x10' 0.073
Kac.coz 1.521x10¢  3.839x1('
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7.2.1.2 Parameter Estimation for a Simplified Kinetic Model for DP 25

The reaction network reported in Figure 69 andstteof ODES presented in Egs. (80)-(84)
still contain a large number of kinetic parameteith high cross-correlation coefficients.
Thus, estimation of these kinetic parameters braigsit numerical issues that need to be

addressed.

One should notice that if one considers a 0.06@tR relatingk,prs-ac andKpprs-co2as
reported in Table 26, the reaction network remaiits seven kinetic parameters only. In this
case the ODEs describing changes of various chéspeaies are the following:

a) For phenol:

deh _ - (kph—Ac + kph—oDHB + kph—pDHB + kph—co2 k:ph (88)
dt (1+ K Shcph + Kc')A\DHBC:oDHB + K;JA\DHB(:pDHB + KAACCAC)
b) For catechol:
dCoDHB _ kph—oDHBCph B koDHB—pDHBCoDHB (89)
dt (1+ KpAthh + KOADHBc;oDHB + K pADHBCpDHB + KAACCAC)
c) For hydroquinone:
deDHB _ kph—pDHBCph + koDHB—pDHBCODHB - kaHB—COZ (R +1)CpDHB (90)
dt (1+ K g‘hcph + Kc')ADHBC:oDHB + K SDHBCpDHB + KAACCAC)
d) For lumped carboxylic acids:
dCAc — kph—AcCph + RX kaHB—COZCpDHB - kAc—COZCCOZ (91)
dt (1+ Kg‘hc;ph + KOADHBc;oDHB + K;JADHBc;pDHB + KAACCAC)
e) For CQ:
dCc:o2 _ kph—COZCph + kaHB—COZCpDHB + kAc—COZCAc (92)

dt - (1"' K:hcph + KoADHBCoDHB +K QDHBCpDHB + KAAcCAc)
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Results for the model predictions in the photodegtian of 30 ppm-C of phenol using EQs.
(88)-(92) are given in Figure 73. In this calcwatithe experimental values for the
adsorption constants were used. It can be seethihéit of the proposed kinetic model is
very good both phenol and its intermediate chenspaties

C, ppm-C

Time (min)

Figure 73 Experimental and estimated concentration profibegd) phenol, ()
hydroquinone, ) catechol, {¢) lumped acids,X) CO,, and {—) model for 30 ppm-C initial
concentration in phenol for reaction scheme in Fedi® with the constraint R included in

the kinetic model

Moreover; kinetic constants, along with the CI matds for this case are presented in Table
27. The cross correlation matrix is reported inl€&a.
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Table 27 Estimated parameters for 30 ppm-C in phenol or2BRor reaction scheme in

Figure 69 with the constraint R included in the mlod

Value

Parameter Symboal (1min) 95% CI STD
Kon ac ks 1.180x10°  2.833x1C° 2.252x10¢'
K oh-oHB ko 1.349x10°  5.432x1¢ 4.842x10*
K oh pore ks 3.414x10° 6.645x10' 5.923x10'
Koh-coz Ky 3.938x10° 3.392x10 3.027x10'
K ooHe- poHE ks 1.536x10° 7.565x1C 6.743x10’
K ooHe-Ac Ke 8.305x10" N/A N/A
K poHe-coz ks 1.122x1C¢ 1.388x10’ 1.237x10°
K accop ke 6.425x1¢°  1.875x1¢°  1.671x10’

Table 28 Cross-correlation coefficients for the optimizedaraeters of 30 ppm-C of phenol
on DP 25 for with the constraint R included in thedel

ky k, ks Kq Ks ks Kg
k, | 1.00
k, | -026 1.00
ky | -010 -0.74  1.00
k, | -019 022 062  1.00
ks | 020 084 078 031  1.00
k, | -046 014 042  -063 -0.08 1.00
ke | 078 -030 001 -025 -031 -0.41 1.00

Furthermore, results for the estimation paramaisirsg the data for three different
concentrations (30, 20, and 10 ppm-C in phenolshoavn in Figure 74. The estimated rate
parameters and their corresponding 95% CI are dgiv@iable 29. Finally, the cross-

correlation matrix is presented in Table 30.



C., ppm-C

Figure 74 Experimental and estimated concentration profibegd) phenol, ()

600

Time (min)
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hydroquinone, ) catechol, {¢) lumped acids,X) CO,, and {—) model for the simultaneous

parameter evaluation of 30, 20, and 10 ppm-C irtbacentration in phenol for reaction

scheme in Figure 69 with the constraint R inclustetthe kinetic model

Table 29 Estimated parameters for the simultaneous optimizatf phenol for 30, 20, and

10 ppm-C in phenol on DP 25 for reaction schentegure 69 with the constraint R

included in the model

Parameter Symbol Value 95% ClI STD
Konac Ky 1.007x10° 3.848x10" 4.438x10"
K oh-onHs ks 1.483x10° 6.931x10" 7.792x10
K oh pore ks 3.610x1C° 8.697x10" 1.003x10"
K on-con Kq 4.189x10° 4.641x10" 5.351x10"
K ooHB_ poHB ks 1.595x10 9.040x10° 1.042x1C
K yoHE-Ac Ke 9.417x10" N/A N/A
K ooHe.con ks 1.273x10° 1.954x10° 2.253x1C°
K e cop K 7.840x10°  3.190x10°  3.679x10°
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Table 30 Cross-correlation coefficients for the simultaneopsmization of 30, 20, and 10
ppm-C of phenol on DP 25 for with the constrainhBluded in the model

Ky Ko K K, Ks K- Ksg
k, | 1.00
k, |-0.28 1.00
ks | -011 -0.72  1.00
k, |-019 023 -064  1.00
ks |-021 084 -076 031  1.00
k, |-046 014 044  -063 -0.07 1.00
ke | 077 -030 000 -024 -0.32 -040 1.00

From the results presented above, it van be coadltitht once the ratio R was included in
the kinetic model, the overall correlation betwéss kinetic parameters was reduced to
acceptable levels. In fact, the cross-correlatmeffecients presented in Table 28 and Table
30 were significantly lower than the correlatiotdaoned when 10 kinetic constants were
optimized. Also, the values for the kinetic conssamere calculated with adequate 95%

confidence intervals.

Upon inspection of the reconciliation plot presenteFigure 75, a data quality assessment
can be made. Firstly, the data presented is neterled in horizontal bands or vertical lines.
Horizontal bands may be the result of changesarotiserved conversion caused by an
independent variable which is not included in theelic model. Vertical lines are also not
formed, concluding that the kinetic model is noéeparameterized. Thus, it can be
considered that a significant amount of informai®mcluded in the parameterized model.
(El Solh et al. 2008
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Figure 75 Reconciliation plot showing both the results whewes kinetic parameters are
estimated using the DP 25 catalyst. Note: The gnajime left top corner of the figure
describes the fitting of the model in the 0-4 pgmeroical species concentration range. The
larger graph in the bottom right hand corner désdrithe fitting of the model in the 0-30ppm

chemical species concentration range

Figure 75 also shows a zoom-in for the experimeandl|observed values when smaller
concentrations are considered: 0-4 ppm chemicaiaspeoncentrations. It can be seen that
the model gives a good prediction of the experimletdta for lower chemical species
concentrations. However, data and model predictionsoncentrations smaller than 1 ppm-
C seem to be more scattered. This scattering igreeskto the fact that experimental
measurement of small concentrations is associaitiedavger errors leading to increased

data dispersion.

Finally, the plot for the residuals for the sevamekic constants optimized model is shown in

Figure 76.
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Figure 76: Residuals for the parameter estimation of seveetkirtonstants for phenol
degradation on DP 25

To summarize; the kinetic model presented in Fig@avith the set of ODEs shown in Eqs.
(88)-(92), includes the constraint R determinedfi@rhydroquinone photodegradation. The
R constraint breaks the correlation betwkggs-ac andkypns-coz Including the ratio R in
the parameter optimization allows determining sekiaetic constants with adequate 95%
confidence intervals. The elements of the crossetation matrix show that the parameters
are correlated at very moderate levels. Theserfgedallow corroborating the model
adequacy by producing concentration estimates samiwith the experimental

observations.

It should also be pointed out that like in manytioear regression problems; the final
solution may depend on initial guesses. Thereftameful selection of initial guesses is a
requirement. As well as for any non-linear regm@ssit is important to verify that a given
solution is not simply the location of a local aptim for the objective function. As a result,
regression calculations were performed with difféiaitial guesses for the rate constants.

Calculations converged to essentially the sameisalin all cases with deviations smaller
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than 5%. Thus, there is confidence that the seggressed parameters did not provide a

solution converging to a local minimum.

Furthermore, independent experimental determinatidhe adsorption constants helped to
establish a kinetic model with only seven unknowarementers. Otherwise, the adsorption
constants had to be optimized as well. Howeverukaneous optimization of the kinetic and
adsorption constants renders a kinetic model witpdrameters. This results in an
overparametrized kinetic model. Therefore; andraeoto apply the kinetic model proposed
adequately, experimental determination of the gutgmr constants is strongly recommended.

Regarding suitability of the kinetic model proposadignificant value of the kinetic model
proposed is the prediction of the TOC at variotediation times. This is an advantage with
respect of kinetic models that neglect G@the modeling. Since the model uses the
concentration of the three major intermediates peed during phenol photodegradation,
then adding the concentration of the measured argéilemical species should in principle,

give the TOC. This additive model prediction isregented in the following equation:

TOG 0001 = CphMode| + CpDHBMOde| + Copramosel T Cacmodel (93)

One should mention that the accuracy of the predi¢OC profiles thus depend on the
fraction of undetected chemical species. One alpedts than in many cases the amount of
non-detected species is very small, and a rest@@ model basis on detectable chemical
species only is viable. In further sections of @sapter, more about TOC profiles and
kinetic modeling will be discussed. A simplifiedrsmn of the unified kinetic model, already
discussed in Chapter 3, will be presented in Sedti8. This model is based on the
summation of all the reaction rates of phenol amdhitermediates species.

Coming back to the original unified kinetic mod®el; the case of DP 25, the experimental
TOC profiles versus the profiles predicted by tireetic model with seven kinetic constants
are depicted in Figure 77. One can observe theesafid model fitting, given the close
agreement between experimental observations anélmoetlictions.
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Figure 77 Experimental vs. the predicted TOC for the kineti@del with seven kinetic
constants.q) 30 ppm-C, 4) 20 ppm-C, 1) 10 ppm-C, and-{-) model

Reviewing the unified “Series-Parallel” kinetic ctian network already shown in Figure 69
and represented by the ODEs in Egs. (88)-(92)stoeld mention that this model includes
the following assumptions:

¢ Hydroquinone and catechol are the two major hydedgg compounds considered in

the kinetic analysis.

e Carboxylic acids are lumped together into a sitgiten to reduce the number of

kinetic constants to be determined.

e Catechol is produced from phenol degradation acdrdposed to hydroquinone in

an isomerization reaction.

e Benzoquinone is not considered in the kinetic aalyBenzoquinone concentration

is considered negligible.
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e The adsorption constant associated to the carlamigé is considered to be the value

obtained for acetic acid.

e Final products of photodegradation, £&4hd HO are not adsorbed onto the catalyst

surface.

Regarding kinetic parameter regression, one caly dpp same methodology to other TiO
photocatalysts of the present study. Before ddimgy bne has to consider the adapted unified
“series-parallel” reaction network that better syghenol degradation for the various 7iO
photocatalysts under consideration. With theseipgche respective set of ODEs can be

assembled and the kinetic constants can be assesiagdon-linear regression.

In the following sections, the reactions schemestha kinetic constants for the other FiO
considered in this study are reported. The reactobiemes are obtained after testing
different kinetic network alternatives based onuhéied kinetic model presented in Figure
65

7.2.2 Anatase

For the photocatalysts Anatase, TOC profiles froRLB results (Ote) are compared with
experimental TOC measurements (refer to FigureRi&3ults from this figure suggest that
there is still a substantial concentration of oth@n-identified organic intermediates.
Nonetheless; with the experimental TOC measuremimsspossible to approximate the

amount of CQ produced in the course of the reaction.

Thus, one can notice that the proposed kinetic fr@dwlification using the addition of
chemical species fails somewhat for Anatase. Bhparticularly true towards the end of the

irradiation period where carboxylic acids are dcamin
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Figure 78 (V) experimental TOC profiles and)(species mass addition of the quantified

intermediates for Anatase (@&)

Thus, the difference between B€.r and experimental TOC in Figure 78 can be used to
represent the amount of organic carbon containdldeicarboxylic acidOCi. refer to the
concentration of the hydroxylated compounds. Theesfit was assumed that those
intermediates produced and not quantified by the®Rre carboxylic acidSdCac) and

OCac was calculated by subtracti@Cinter from TOC as follows:

0C, =TOC-0C, ., (94)

One should notice that if th@Cxc is added to the already lumped concentrationef th
carboxylic acids, the overall mass balance clossk Whis allows applying the kinetic

model previously proposed, to any Ti€atalysts, regardless of the degree of detectidn a

guantification of the photoconverted intermedigt@diz-Gomez 2006

In the case of Anatase, starting with the unifiedelic model presented in Figure 66, ten
kinetic constants were evaluated. From these sesuis found that two kinetic constants are

statistically negligiblekon-ac andkopre-coz With this first optimization, there is also a hig

degree of cross-correlation among kinetic pararaeter
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Based on the previous findings, another optimizaioperformed for a reaction network
with eight kinetic constants. In this case, theskimconstant that represents the formation of
CO; from hydroquinonekpHg-coy is smaller compared with the rest of the kinebastants
with very high CI. Also, a high cross-correlatienfound betweekopHg-ppHe KoprHe-acand
KopHe-pore Kopre-ac Therefore, two kinetic models are proposed; KMiaAl and KM2-

Ana-1 which are depicted in Figure 79 and Figure 80

Both reaction networks consist of six kinetic camss. The first one considers that only
phenol is directly oxidized to GOwhile the second one assumes that only hydrogeiim

directly decomposed to G@nd water.

In order to find the kinetic model that better ddses phenol degradation on Anatase,
parameter optimization of the kinetic constantsdneebe performed in both cases. The
simultaneous parameter optimization of the kinetiostants in KM1-Ana-1 is presented in

Table 31. Also, the cross correlation coefficierttnx is obtained and presented in Table 32.

HO
i
Be Lumped | Kac-coz
RN
N Acids - CO+ HO0
L\%J

Figure 79 Kinetic network for phenol degradation of Anatak&1(Ll-Anal)
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OH
OH

Lumped | Kac—co2
Acids COZ T Hzo

OH

OH

Figure 80 Kinetic network for phenol degradation of Anatak&1@-Anal)

Table 31 Estimated parameters for the simultaneous optimzatf phenol for 30, 20, and

10 ppm-C in phenol on Anatase for reaction schem&i1-Ana-1

Parameter Symbol Value 95% ClI STD
K oh-onHs Ky 1.004x10° 1.722x1C° 4.606x10"
K oh- pore K, 8.503x10’ 1.642x1C° 4.392x10'
K on-con ks 4.907x10  5.274x10' 1.411x10"
K opre. Ac Ka 4.508x10°  9.268x10’ 2.480x10°
K yoHEAc ks 2.135x1C¢  5.098x10° 1.364x10°
K accop K 4.546x10°  4.318x10'  1.155x10'

Table 32 Cross-correlation coefficients for the simultangoptimization of 30, 20, and 10
ppm-C of phenol on Anatase for KM1-Anal

ki ks Ks Ky Ks Ke
k, | 1.00
k, |-0.83 1.00
ks |-017 003  1.00
k, | 055 -065 -0.16  1.00
ks | -0.84 080 -002 -069 1.00
ke | 015 016 080  -007 002  1.00
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For the case of KM2-Ana-1, the optimized kinetionstants are reported in Table 33 for the
simultaneous optimization of three different inifsdenol concentrations. Likewise, Table 34

reports the cross-correlation coefficients for thyagimization.

Table 33: Estimated parameters for the simultaneous optimizatf phenol for 30, 20, and

10 ppm-C in phenol on Anatase for reaction schamévi2-Ana-1

Parameter Symboal Value 95% CI STD
K oh-onHs Ky 1.238x10° 1.136x10° 3.040x10"
K oh- pore ks 1.058x10° 1.052x10° 2.814x10
Koh-coz ks 5.767x10° 7.527x1C° 2.015x1C°
K opre. Ac Ka 5.035x10°  3.219x1C° 8.613x10’
K ooHe_Ac ks 2.229x1C 3.260x10° 8.723x10"
K pc cop Ke 2.553x10°  5.741x1C 1.536x10"

Table 34: Cross-correlation coefficients for the simultaneopsmization of 30, 20, and 10
ppm-C of phenol on Anatase for KM2-Anal

ki k, ks Ka Ks Ke
k, | 1.00
k, | -060 1.00
ky; | -0.16 -0.14  1.00
k, | 069 064 -010  1.00
ks | 052 -074 020 -095 1.00
ke | 016 013 -023 074 -0.72  1.00

In spite of the fact that both kinetic models #ry well with the experimental data, other
aspects have to be considered when selecting gterwelel for phenol on Anatase. If the
matrices of cross-correlation coefficients are caref, it is apparent that the KM2-Ana-1
has higher cross-correlation among the kineticrpatars. For instance, a value of -0.95 is
found for the cross-correlation betwd@pHs-co.andk,pre-ac Another critical factor in
selecting the best kinetic model is the value lier €l. In this respect, KM1-Ana-1 shows the
lowest values for the CI giving more credit toaggplicability in the kinetic modeling of

phenol on Anatase.
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One should mention that other different reactidmesees were considered (not shown here)
in the context of the present study. However; fdIcAna-1, it was found the “series-
parallel” model described in Figure 79 was the nhéshading to the lowest cross-correlation
among parameters, smallest Cl and better fit te#perimental data. Therefore, KM1-Ana-
1 is used to predict the experimental data. Fi§dreompares the experimental values with
the model predictions. A good prediction of expesirtal values can be observed. The
reconciliation plot for the optimization and theiduals of the KM1-Ana-1 are presented in
Figure 82 and Figure 83 respectively. Thus KM1-Angrovided an excellent case for the
“series-parallel” model unified testing.

C, ppm-C

Time (min)

Figure 81 Experimental and estimated concentration profibegd) phenol, ()
hydroquinone,{) catechol, {<) lumped acids,X) CO;,, and {—) model for 30 ppm-C initial

concentration in phenol for KM1-Ana-1
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Figure 82 Reconciliation plot showing the results for the KMha-1 when seven kinetic

parameters are estimated using the Anatase catalyst
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Figure 83 Residuals for the parameter estimation of KM1-Ana-1
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7.2.3 Hombikat UV-100

It was found in Chapter 6 of this dissertation tthating the photodegradation of phenol on
Hombikat UV-100, catechol is not detected as aerméediate species. It was also found that
benzoquinone was produced in amounts that cannoédpected during the kinetic model.
Therefore, the unified “Series-Parallel” reactia@itwork reported in Figure 65 has to be

adapted with specifics for Hombikat UV-100 as showfigure 84.

kBQ—>pDHB

Lumped Kac—coz
Acids

CO, + H,0

Figure 84 Simplified RN for scenario one in the kinetic modeling of pbleon Hombikat
UV-100

One should notice that the reaction network of Feged contains ten kinetic constants, with
a kinetic constant representing the formation afrbguinone from benzoquinone included
in the network. Since benzoquinone was formed atllssoncentrations when compared with
hydroquinone; two scenarios are considered in iietic modeling for this photocatalyst.
The first approach considers benzoquinone as ammeidiate, with the rest of the network
being close to the one of Figure 84. The secondas@econsiders benzoquinone in very

small concentration and, as a result, Figure &&lapted for modeling chemical changes.
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kph—>Ac

| k k (Lumped ) Kac-
P ph—pDHB pDHB—AC umpe Ac—CO2
[ | Acids CO + HO

OH

kph—>C02

Figure 85 Reaction network for scenario two in the kineticdaling of phenol on Hombikat
UVv-100

For the first scenario, and by using experimenééhda simultaneous optimization for the ten
kinetic constants is performed. Results from thiénoigation conclude that three kinetic

constants are statistically insignificakéo-coz keg-ac @andkppre-coz

After this first optimization, the reaction netwonlas left with only seven kinetic constants.
A second parameter optimization was then perforriéith this optimization, a negative
value for the lower confidence interval fioy.acis found. Therefore, this parameter was
eliminated from the model. This action reducedrthimmber of parameters to be estimated.
Now, with only six kinetic parameters left, the cean model for Hombikat UV-100 was

obtained as reported in Figure 86. This reactidves® is designated KM1-Hom UV-100.

The optimized values found in this case are repdriélable 35 with their respective 95%
Cl. Table 36 reports the matrix of cross-correlaoefficients. It is then concluded that the
kinetic network presented in Figure 86 accurat@yatibes phenol photodegradation on
Hombikat UV-100. Kinetic parameters were obtainethwow Cl and moderate cross-
correlation among parameters. This model consitthetsbenzoquinone only forms
hydroquinone. This fact is in agreement with thpezkmental observations reported in
Chapter 6. In this section, it was found that bepmaone rapidly transforms into

hydroquinone once the photoreactor is initiated.
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Lumped | Kac—coz
Acids CO, + H0

Figure 86 Optimal RN for phenol degradation on Hombikat UM318M1-Hom UV-100

Table 35 Estimated parameters for the simultaneous optimzatf phenol for 30, 20, and
10 ppm-C in phenol for the KM1-Hombikat UV-100 neik

Par ameter Symbol Value 95% CI STD
Kon o ky 1.134x1C° 4.774x10" 1.277x1¢
K oh poHe ko 1.622x10°  5.616x10* 1.502x10¢*
Koh-coz ks 5.844x1C° 2.411x10" 6.449x1C
Kso-poHs Ka 1.870x10° 9.584x10° 2.654x1C°
K ooHB-Ac Ks 1.487x10° 2.060x1C0° 5.510x10*
K pc cop ke 4.381x10°  1.325x1C° 3.544x10’

Table 36 Cross-correlation coefficients for the simultaneoptmization of 30, 20, and 10
ppm-C of phenol for the KM1-Hombikat UV-100 network

Ky Ko Ks K, Ks Ke
k, | 1.00
k, |-078 1.00
ks | 015 -056  1.00
k, | 087 -066 024  1.00
ks | 005 030 -0.74 -0.15 1.00
ke | 003 021 -057 014 022  1.00
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In the analysis of the kinetic constants in scentwbo (i.e. reaction network in Figure 85), a
very small value for the kinetic constdg@bns-coowith very large Cl was found. Therefore,
this constant was dropped out from the model. Asdoptimization was performed with
only five kinetic constants. In this case, it waarid a negative lower CI for the kinetic
constankyn.ac Although, at this point there was no high cross-elation among

coefficients, a negative value for the lower Cémough to consider the kinetic constant
negligible. A final optimization was performed witimly 4 kinetic constants. The final
reaction scheme for scenario two is shown in Fi@IreThis reaction scheme is called KM2-
Hom UV-100.

kph—>C02

2 Koore—ac [ Lumped | Kaccoz
7Yy ; CO + H O
[ Koh—pDHB L Acids 2 2

OH
Figure 87: Optimal RN for phenol degradation on Hombikat UM318M2-Hom UV-100

Table 37 and Table 38 report optimized parameteasceoss correlation coefficients for
KM2-Hombikat UV-100. Comparing KM1 and KM2 for Hondat, it can be observed that
the KM1, with six kinetic parameters presents sliglarger Cl values for the optimized
parameters. Furthermore, one can notice that bo#tik models present very moderate cross

correlation among coefficients.

Table 37 Estimated parameters for the simultaneous optimizatf phenol for 30, 20, and
10 ppm-C in phenol for the KM2-Hombikat UV-100

Parameter Symboal Value 95% ClI STD
K oh poHe ky 2.337x10°  2.745x1¢f 7.347x10°
Koh-coz ks 5.953x1C° 2.494x10" 6.674x1C
K ooHB-Ac ks 1.184x10° 1.839x10° 4.923x10"
K e cop Ka 2.979x10°  8.833x1C° 2.364x10’
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Table 38 Cross-correlation coefficients for the simultaneoptmization of 30, 20, and 10
ppm-C of phenol for the KM2-Hombikat UV-100

k, k, ks Ky
k, | 1.00
k, | -0.87 1.00
ks | 069 -0.78  1.00
k, | 049 -063 0.22 1.00

Therefore; from a rigorous statistical point ofwjeKM2-Hombikat UV-100 presented in
Figure 87 is the most appropriate reaction schemth& modeling of phenol on Hombikat
UV-100. All intermediate species were included wifie only exception of benzoquinone.

For KM1 the Cls for the optimized coefficients wer®it larger than KM2.

While for kinetic modeling it is desirable that tbptimized kinetic constants present the
lowest possible Cl, one also has to consider thietmray of the model predictions with the

experimental observations.

Similarly to these findings, some kinetic modelsgbenol photodegradation presented in
the literature propose that mineralization of anlgstrate to C@occur through one single
intermediatd, as follows Bellobono at al. 2009; Tatti et al, 1997;Rota etl8b6)

S—»1—->CQ+H,0 (95)

whereSis the organic model compound, phenol in thisytmdl represents all the lumped
intermediates generated during the photoreactibrs dpproach does not require
determination of intermediate species becausedheentratiod can be measured from the

difference between the TOC profiles and the modeimound.

This overall mechanism however, does not accourthiscomplete decomposition of the
substrate into C@and HO. Complete decomposition of organic molecules sschhenol is
apparent from the reduction of TOC shortly afteadiation starts. In our study, this
complete decomposition is represented by the ldreetinstant&sn-coa Ko-ore-coz Kp-pHs-co2
andkgg-coa For KM2-Hombikat UV-100, onlk.n.coowas considered significant in the
kinetic modeling.
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An optimization for phenol degradation consideringt phenol and hydroquinone do not
undergo complete decomposition (as indicated inf€i@8), was performed. In this case,
only three kinetic constants were optimized. Rassittowed that by not considering direct
oxidation, the model profiles predict poorly expeental observations (results not shown
here). This provides evidence that phenol andhterimediates undergo direct mineralization
to CO, and HO. Several authors agree with this observatitita(ig et al. 2006je Lasa et

al. 2005; Ortiz-Gomez et al. 2006, 2007 and 20@&i8es et al. 2001

OH

PN Kph-poHs KopHe-Ac {an".lged Kac—coz C 02 + H2 0
I clas

OH

Figure 88 Reaction network for phenol degradation on HombiXet100, direct

degradation of phenol into G@s not considered

It is in this respect, difficult to prove that pleémmnd its intermediates can undergo complete
mineralization to produce GOOne can; however, envision this situation inresctor

volume regions with high density of photons. Thusg concluded from the kinetic model,
that neglecting these steps (or kinetic constde#s)s to a discrepancy between model and
experimental profiles not being adequate for phesotor simulations, such as Photo-CREC
Water II, with significant variation of photon détys Experimental and model predictions
for KM1-Hombikat UV-100 are shown in Figure 89. Goagreement between experimental

and model profiles is observed.
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Figure 89 Experimental and estimated concentration profibegd) phenol, ()
hydroquinone,{) benzoquinone ) lumped acids,X) CO;, and {—) model for 30 ppm-C

initial concentration in phenol for KM1-Hombikat U100

7.2.4 Sol-Gel Cat

Again, by starting from the simplified general kicanodel, an optimization is performed
for ten kinetic constants. In this first optimizati three kinetic constants were found
negligible;koh-ac KopHe-coz andkopre-ac A second optimization of parameters is carried ou
Results are reported in Table 39 for the optimizaldes, while the cross-correlation
coefficients are presented in Table 40. The resykinetic model, KM-Sol-Gel Cat is
shown in Figure 90.
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Table 39 Estimated parameters for the simultaneous optimizatf phenol for 30, 20, and
10 ppm-C in phenol on Sol-Gel Cat for KM-Sol-GeltCa

Parameter Symbol Value 95% ClI STD
K oh-onHs Ky 2.656x1C° 1.023x1C° 3.915x10'
K oh pore k, 8.319x10’ 1.205x1C° 4.610x10"
Koh-coz ks 9.202x1C° 6.635x10' 2.539x10"
K ooHB_ poHB Ky 2.734x1CF 1.316x10° 5.036x10°
K ooHe_Ac ks 8.918x10°  2.070x10° 7.922x10'
K poHe.con Ke 1.231x10°  3.284x10° 1.257x10°
K accop ks 1.395x10°  4.455x10°  1.705x10°

Table 40 Cross-correlation coefficients for the simultaneoptmization of 30, 20, and 10
ppm-C of phenol on Sol-Gel Cat for KM-Sol-Gel Cat

Ky k, ks K4 Ks Ke ks
k, | 1.00
k, |-0.75 1.00
ks | -005 -052  1.00
k, | 074 -078 0.08 1.00
ks | -0.17 -016 053  -0.12  1.00
ke | 021 031 -085 005 -0.82 1.00
k, |-024 011 055 -021 084 -076 1.00

From the results reported above, low confidenceruals, as well as low cross-correlation in
the kinetic parameters, are observed. Therefoeesghiction scheme presented in Figure 90 is
found to appropriately predict experimental prcfifer phenol and its photoconverted

intermediates species on Sol-Gel Cat photocatalyst.
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OH
OH

CO, + H,0

Lumped | Kac—coz
Acids

Figure 90 Optimal reaction network for phenol degradationSmt-Gel Cat: KM-Sol-Gel Cat

7.2.5 Influence of Fe* ions on the kinetic modeling for DP 25 and
Sol-Gel Cat

Lastly, the influence of P&ions on the kinetic model of phenol degradatiorbéh25 and

Sol-Gel Cat is studied. When ¥éons were used in the reacting media, hydroquirnvoas

produced at higher concentrations than when tredysts were used alone. The objective of

this subsection is to analyze the influence offt&® on the kinetic modeling. As done for

previous photocatalysts, the kinetic model is basethe simplified reaction scheme with

ten kinetic constants. Carboxylic acids are luminéal a single term and also, the difference

between experimental TOC and TOC from the interatedspecies balance is included in the

lumped acids term.

For the case of DP 25+5 ppm>Eehe optimum reaction network obtained is presgitte
Figure 91.This reaction network has seven kinesiameters, their values are reported in

Table 41. Table 42 reports the cross-correlatiotrirna
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Figure 91 Reaction scheme obtained for the kinetic modelinghe@nol degradation on DP
25+5 ppm F& KM-DP 25+Fe

The low values for the Cl and cross-correlationfltcents support the application of the

KM-DP 25+Fe for the prediction of experimental pies of phenol degradation and

intermediate species on DP 25 and iron ions intsoiu

Table 41 Estimated parameters for the simultaneous optimizatf phenol for 30, 20, and
10 ppm-C in phenol on DP 25+FeKM-DP 25+Fe

Parameter Symboal Value 95% CI STD
Kon ac Ky 7.384x10" 2.201x10" 6.052x1C
K oh-onHs ko 5.183x10° 1.392x10° 3.693x10"
K o poHs ks 6.019x1C° 1.980x1C° 5.253x10"
K on-con Kq 7.005x1C° 1.480x1C° 3.927x10"
KopHe_poHe ks 1.515x1¢  5.263x1C° 1.396x10°
K ooHB-Ac Ke 2.159x10° 4.304x10° 1.142x1C°
K e cop ks 3.516x10°  8.761x10° 2.324x10°




174

Residual and consolidation plots are not preseimtéus study for the sake of space.

However, it is concluded that the model predicty weell the experimental profiles.

Table 42 Cross-correlation coefficients for the simultaneoptmization of 30, 20, and 10
ppm-C of phenol on DP 25+Fe KM-DP 25+Fe

k, k, ks Kq Ks Ke ks
k, | 1.00
k, | -0.03 1.00
ky; | -049 -058  1.00
k, | 078 005 010  1.00
ks | 002 077 067 008 1.00
ke | 066 015 045 023 -0.07 1.00
k, | 029 009 004 059 -008 -011  1.00

Kinetic modeling of phenol on Sol-Gel Cat under ithituence of iron ions is also
performed. If one starts from the general reaatietwork presented in Figure 66, one finds
an “optimum reaction network” as shown in FigureT9s model only presents 7 kinetic
constants. Results for the final optimization amespnted in Table 43 and Table 44

respectively.
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Figure 92 Reaction scheme obtained for the kinetic modelingh@nol degradation on Sol-
Gel Cat+5 ppm F&' KM-Sol-Gel Cat+Fe

Table 43 Estimated parameters for the simultaneous optimizatf phenol for 30, 20, and
10 ppm-C in phenol on Sol-Gel CatffekM-Sol-Gel Cat + Fe

Parameter Symbol Value 95% CI STD
Konac ky 2.762x10°  8.090x10' 2.144x1¢
K oh-opHe ko 5.603x10°  1.786x10° 4.734x1¢
K oh-poHe ks 6.201x10°  2.321x10° 6.152x10'
Koncos Ky 6.482x10°  1.315x10° 3.586x10'
KopHe-poHB ks 2.173x10  8.819x10° 2.337x10°
K ooHe-Ac Ke 2.505x10°  4.939x10° 1.309x10°
K ac.cop ks 5.585x10°  3.229x10°  8.558x10'

The model proposed for Sol-Gel Cat and Fe iongiati®n presented low Cl and small

cross-correlation among parameters.
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Table 44 Cross-correlation coefficients for the simultaneoptmization of 30, 20, and 10
ppm-C of phenol on Sol-Gel Cat+¥eKM-Sol-Gel Cat + Fe

Ky Ko Ks K4 Ks Ke K
k, | 1.00
k, |-024 1.00
ks | -0.03 -065 1.00
k, |-009 010 -067  1.00
ks | -019 081 -071 020 1.00
ke | -0.26 019 040 -0.76 -0.03 1.00
k, | 078 -034 -001 -002 -033 -039 1.00

One should mention that, when DP 25 alone is uséide kinetic modeling of phenol
photodegradation, the kinetic constant describivegformation of lumped acids from
hydroquinone is considered. This same step iscaumted for when phenol is degraded on
DP 25+F&". Both kinetic models are very similar with the pdifference being the
formation of lumped acids from hydroquinone.

Another variation in the kinetic networks is thenstraint found between the formation of
CO; and lumped acids from hydroquinone for DP 25 aléioe DP 25+Fe, this kinetic
constant is statistically negligible. One can noticat there are important differences in the
experimental profiles for the various chemical $pecDP 25+Fe produced hydroquinone
and catechol in larger concentrations and thisewompared with the DP 25 alone. These

differences result in variations of the proposatekc models.

The kinetic model proposed for Sol-Gel Cat doescoosider formation of C£or lumped
acids from phenol. Additionally, formation of calet from hydroquinone was not included
in the final kinetic network. When iron ions in gbbns were used, kinetic constants
describing the decomposition of phenol to prodwteahol, hydroquinone, carboxylic acids

and CQ are accounted for.

Differences in the proposed kinetic models indi¢htt each photocatalyst degrades phenol
with somewhat different reaction path, while alwagsnplying with the “Series-Parallel”
reaction network. It is understood that every pbatalyst is different from one another;
having different particle diameters, different sioe area, and different crystal composition.

Therefore, it is expected that each individual pbatalyst renders different product
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distribution with different overall degradationeat In spite of all this, it appears remarkably
significant that all photocatalyst studied proceeth a close “Series-Parallel” reaction

network providing the basis for a unified kinetiodeling.

7.3 Simple Version of the Unified Kinetic Model for TOC

Prediction of the evolution of TOC with irradiatitime is an operating parameter of great
importance for the practical implementation of puattalytic processes. After all, the
engineer in the drinking water purification plastimterested in the irradiation time required
to achieve a minimum TOC level. This TOC parambte also become of great importance
because the observed TOC decay displays a zerofordbe phenol photoconversion at
various initial concentration$élaices-Arredondo (2002), Ortiz Gomez (2Q00®his zero
order is, in fact a consequence, as shown by Bj.a®d Figure 77 for DP 25, of how the
individual chemical species, as given by the Udifi@netic Model of this study, add up at
all times in the process. Moreover, this zero ofzidravior is a trend consistently observed
for all catalyst studied in this thesis. Therefdhes trend provides a most valuable finding

for future design and scale up of photocatalytmcpsses.

In this respect, Figure 93 illustrates the appitwabf the Unified Kinetic Model first
presented in Eq. (31) and in Eq.(30) of Chapteor3iifferent initial concentrations of phenol
on TiO,. Values for the empirical constants for all theabgsts studied are reported in Table
45 . Initial rates were calculated for the firstr@hutes of irradiation in all cases. Good
agreement is found between experimental and mdatiegfprofiles for most of the
irradiation time. However, there is a somewhat tdibng in the TOC model profiles during
last hours of irradiation which is not shown by tx@erimental data.

This data treatment allows TOC degradation to leelipted as a function of initial TOC and
irradiation time. It has to be stated that everugtothe model predicts well the experimental
TOC data, the determined kinetic constants are ieapin nature, having a limited
physical-chemical meaning. Regarding this TOC b&seetic model for phenol
photodegradation, special care has to be taken wherically determining the empirical
constants. Linearization of Eq. (29) allows detering the relationship among constants, and

hence, a single solution for the three empiricaistants. Otherwise; if the model is applied
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without previous linearization, multiple solutiofts the optimized parameters may be

obtained.

Table 45 Fitting parameters for the kinetic modeling usi@d profiles

Fitting Parameters
Catalyst

Par ameter Value 95% Cl R?

B 0.2699 0.0256

DP 25 B> 7.8110 0.8895 0.995
Bs 8.1915 0.7759
B 0.0044 0.0005

Anatase B> 2.2470 0.1693 0.876
Bs 0.1385 0.0147
B, 0.0047 0.0006

Hombikat UV-100 Bs 0.5563 0.0853 0.994
Bs 0.1386 0.0165
B, 0.0051 0.0012

Sol-Gel Cat B> 0.0620 0.0053 0.999
Bs 0.1407 0.0323
B 0.0010 0.0005

DP 25+Fe B, 0.0245 0.0145 0.995
Bs 0.0257 0.0162
B 0.0001 2.9x10

Sol-Gel Cat+Fe B, 0.0170 0.0040 0.965

B3 0.0018 0.0006
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Figure 93 (o) Experimental TOC profiles for phenol degradationDin 25 vs.-{—) model
fitting found with Eq. (31)

7.4 Conclusions

From the discussion presented in this chapterfall@ving conclusions can be stated:

(&) A phenomenological based unified kinetic modelrigposed for the obtained
experimental observations in phenol photodegradalibis L-H kinetic model is

based on a “series-parallel” reaction network. Theglel is found to be applicable to
the various TiQ photocatalysts of the present study.

(b) The unified kinetic model requires a number of gigant assumptions to be
effective, avoiding overparametization. As a reshke unified kinetic model is
adapted for each specific photocatalyst under sty instance; given that some
intermediate chemical species are present in vagllamounts, they are not

included in the kinetic analysis. As well, carbagycids are lumped together into a
single term in the rate equation.

(c) The proposed unified kinetic model is able tolg £xperimental data satisfactorily

for the various chemical species resulting fromtpbatalytic conversion of phenol.
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Experimental results are obtained at three diffeirgtial concentrations: 30, 20, and
10, ppm-C of phenol. This allows application of thefied kinetic constants for a

wide range of phenol concentrations.

(d) A rigorous statistical methodology is adopted fog €valuation of individual kinetic
models involved of the unified kinetic model coresield. The kinetic parameter
selection is based on the correlation coefficiéRtS, smallest 95% CI with the
lowest cross-correlation among kinetic parametaedslawest residuals. The
adequacy of the final models is further establigmednalyzing their physical
significance. The obtained kinetic constants aneg$ positive within a reasonable

range of expected values.

(e) The unified kinetic model involves chemical spe@dsorption constants. These
adsorption constants are determined independdittig.allows implementing a
kinetic constant regression procedure, where arog®lation between kinetic

constants is considerably reduced.

(N The unified kinetic model is able to predict TOGratious irradiation times. In order
to accomplish this, the addition of various chersgeecies ODE is considered. This

additive approach proves to be valid for the sigtpbatalysts used in this study.

(g) An empirical kinetic model based on TOC profilesyas capable of predicting TOC

profiles concentrations.
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Chapter 8
Results and Discussion Part IV: Efficiency Assessment in the
Photo-CREC Water Il Photoreactor

8 Introduction

The importance of energy efficiency assessmentgaioous reactor configurations has been
emphasized in the technical literature in recearyé&errano et. al. 2009 and 2010; Moreno-
Pirajan 2007; Ortiz-Gomez 2006, Salaices-Arredaz@@?). Nonetheless, energy efficiency
determination remains an area of challenges giverifferent variables involved in its
calculation. Variables, such as reaction ratesti@amechanism, kinetic parameters,

adsorption constants, light being absorbed by dhd semiconductors, etc.

In this Chapter, the Photochemical Thermodynamiiciehcy Factor (PTEF), first
introduced by Serrano and de La$a4?), is evaluated in order to obtain the reactor
efficiencies for the different Tigphotocatalysts. The PTEF determination requirasdh

the hydroxyl radicals are accounted in the photeemsion of phenol. The hydroxyl radicals,
the main species contribution to the photocatalyicversion, are calculated using the
results from the unified kinetic model for everyoptcatalyst studies. The quantum yield

(QY), another very popular efficiency parametealso computed.

8.1 PTEF Definition

The PTEF was originally proposed by Serrano andada Gerrano et al. 1997 and 1999
These authors further progressed in energy effigi@ssessments providing better reaction
networks and enhancing in this manner kineticsiaadiation modeling$errano et al. 2009
and 201). As a result, a more accurate and comprehensgitegrdination of reactor

efficiency was provided.

In the present chapter, both the PTEF and the @Yhtained following the same procedure
described by the previously mentioned authors. Bb#PTEF, and QY are obtained using
the reaction schemes presented in previous Chapoereach photocatalyst employed in
phenol photodegradation. This allows the calcutatibthe total OF consumed at various

extends of phenol photoconversion, as describeddoyano et al. 2009
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The PTEF considers the ratio between the enertigadifor the formation of OHand the
energy absorbed by the Ti@atalyst as follows:

Qised __ FoprAH o W
Qabs Qabs

PTEF=17_,. = (96)
with r_ . being the total reaction rate of Otadicals AHow. is the enthalpy of formation of

the hydroxyl radical, W is the weight or irradiated catalyst, angh{ps the radiation being
absorbed by the different Ti@atalysts.

According to Eq. (96), the main parameters to estitnthe PTEF are the values of the rate of
reaction of the free radic@H’ (ron. 1) consumption, the enthalpy ®H’ radical formation (

AHOH. ), and the absorbed photons by the catalysiX. Absorbed photons were determined

as described in Chapter 5, and this for every plabébyst.

The enthalpy of formation d@H" was reported to be 98.3 ki/m&@¢drrano et al. 2009
Therefore, the remaining variable was the rateoosamption of the hydroxyl radicals. This
reaction rate was determined following the samegxtare developed by Serrano et al.
(2009

Regarding o, it can be calculated by the following equation:

Yo

rOH' = ZrOH'j = Z

H*®j

” Fone (97)
whereron., is the total reaction rate for the hydroxyl radiandron,; is the rate of
consumption of hydroxyl radical in the step j of tteaction network;; is the reaction rate

of species in stepj, and isy;; is the stoichiometric coefficient of compounith step j.

Eq. (97) shows that the total rate of hydroxyl caticonsumption can be calculated using an
indirect method. This method considers the summatfeevery single oxidation step in the
reaction network. The ratio of the correspondimgcstiometric coefficient is also included in

this equation.
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Moreover, the rate of consumption of any of thavrlial steps in the reaction network

involving hydroxyl consumption can be written aidws:

vV [dC Al 1
r.=———-—\1+K ) —
L] VVm { dt ( + 1 )} Uiyj (98)

Therefore, substituting Eq. (98) into (97)n. becomes:
U ...
Fon =ZrOH'j :Z Z_H_,] iy =
1]
_ZUOH-,J V19 Lk)
Uiz,j lvvirr dt | j

Where (1+ Ki*) reflects the influence of adsorption on the catiadyirface as presented in

(99)

Appendix C

Furthermore, replacing Eg. (99) in the PTEF dé&bnias shown in Eq. (96) gives,

Vo | V [dG .
Z Uiz,j | 1\Nirr { dtJ (1+ Ki )}}jAHOH.VVi”
Qabs

(100)

PTEF =
As a result, and considering the relationship @frqum yield and PTEF, the quantum yield
can be calculated with the following expression:

_ PTEF
Mow

QY (101)

with 77,,,. assessed at 0.271 mol photon/mol*@&krrano et al. 2009).

8.2 PTEF and QY for DP 25

Determination of the PTEF and QY for the cataly3®s25 is illustrated in this subsection.
The reaction network used for the kinetic modebhghenol photodegradation on DP 25 is
also reported in Figure 94. The applicability abthetwork for kinetic modeling of the
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phenol photodegradation on DP 25 was reporteddyrizathe Chapter 7. Figure 94 outlines
the various relevant reaction steps involved in‘Hegies-parallel” model as adapted for
phenol photodegradation on DP 25. In this figutep $ is not considered in the network.

This step is an isomerization step not requiring §p¢cies

Figure 94 RN for phenol photodegradation on DP 25

It has to be pointed out that the term “lumped sitid Figure 94 includes all the carboxylic
acids. Given that acetic acid is the one presehigher quantities, it is considered to be the

species representing carboxylic acid lump in sioitietric calculations.

Then, the summary of stoichiometric equations fotha reaction steps, shown in Figure 94

is the following:

a) For reaction 1

rl
C,H,O+40H"* + H,0->3C,H,0, (102)
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b) For reaction 2

r2
CH,O0+20H*>C,HO, + H,0O (103)
c) For reaction 3
r3
CH,O0+20H*>CH O, +H,O (104)
d) For reaction 4
r4
C,H,O+280H" »6CO, +17H,0 (105)
e) For reaction 6
ré
C,HO, +20H"* + 2H,0—>3C,H,0, (106)
f) For reaction 7
r7
C,H.0, + 260H* —6CO, +16H,0 (107)
g) For reaction 8
r8
C,H,0, +80H* —»2CO, +6H,0 (108)

Therefore, the total rate of consumption of ‘Gidy.) can be obtained in terms of

consumption of hydroxyl radicals in each step dgvs:

r.OH' = r.OH',l + r.OH',2 + r.OH',?: + I’OH',4 + I’OH',(’J + I’OH',7 + I’OH',8 (109)

whereron.; represents the rate of Oebnsumption in reactioin

In addition, and using the stoichiometric coefintgealready reported in Eqgs. (102)-(108), it

results in:
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Moy =40+ 20, + 21, + 28, + 2rg + 261, +8ry (110)

Moreover, using the individual rates of reactioefirted in Eq. (98), Eq. (110) becomes:

49%%i@+K;J+2djT2@+K;J+

dC . dC .
23 (14 K )+ 28— (14 K )+
vV dt dt
fore =~y = (111)

*

dc . dC

d CAC 8

(1+K)

8

Therefore, it can be seen that in order to estalttie rate of consumption of hydroxyl
radicals, as presented in the previous equatienvadhious rates of change in liquid phase
concentrations need to be determined. As showrhap@r 7, these changes ahemical
species in reactioncan be described using a L-H type rate equation

For example, for the reaction of phenol in reaction

dC,, _ —kC,nlL+K:,)
dt 1+ Kﬁhcph + I‘<C;A\DHBC:ODHB + I‘<|§\DHBC:pDHB + K:CCAC

(112)

Then, by substituting the species concentratioivaives for each reaction step, as
considered in Eq. (111), it yields:

Mone

(2ks + 26k7)Cp—DHB @+ K:)—DHB) + (113)

8k8CAc @+ K,*Ac)) 1A+ K;\hcph + KoA—DHBCo—DHB + K;\—DHBCp—DHB + KAACCAC)

Finally, substituting Eq. (113) into the definitioh PTEF in Eq. (96)
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prEF= oo\ _

abs

((4k, + 2k, + 2k, + 28k,)C , (1+ K;h) +
(2o +26K;)C, o @+ K| o) +

(114)

* A A A A AH OH'V
8k8CAc @+ KAC)) I+ Kpthh + K oneCooons + Kp—DHBCp—DHB + KACCAC)

abs

Therefore, one can evaluate the PTEF using Eq) (1 reaction network presented in
Figure 94, the species concentration profilesatiherption constants, the reactor volume,
and the light absorbed by the BLiOP 25. Once the PTEF is determined, the QY can be
calculated using Eq. (101).

The PTEF and QY profiles for phenol photodegradetor a concentration of 30, 20, and 10
ppm-C are shown in Figure 95 and Figure 96 respelgti

0.20

0.15
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Figure 95 PTEF for phenol degradation on DP 25) 80, (A) 20, and 1) 10 ppm-G
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Figure 96 QY for phenol degradation on DP 25) 30, (A) 20, and 1) 10 ppm-G

It can be observed from the above figures that BGtEF and QY display changes with
irradiation time. PTEF and QY increase first, raagha maximum, and then decreasing to
zero at the very end of the reaction time. The slwdihe curve is the result of the increased
intermediate species reactivity and susceptibilitg to being further oxidized. When more
intermediates are present in the system, the PRBEFZ increase because the Qjioups

are better utilized. This enhanced consumptionydfdxyl radicals continues until the
concentration of intermediate species decreas#smsmo mor€OH’ reactive radicals are

utilized in the system.

8.3 PTEF and QY for all Photocatalysts

Following the same procedure outlined for DP 2%yes for PTEF and QY for the rest of the
photocatalysts studied were determined. A compardall the efficiencies, obtained by the
different catalyst, is presented in Figure 97 fO6EF and Figure 98 for QY for an initial

concentration of 30 ppm-C.
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Figure 97 PTEF comparison foro) Anatase 2+Fe ) DP 25+Fe,{) Sol-Gel Cat, ) DP
25, @) Hombikat UV-100, and, (x) Anatase
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Figure 98 QY comparison forq) Sol-Gel Cat+Fe,s¢) DP 25+Fe,{) Sol-Gel Cat, {/) DP
25, @) Hombikat UV-100, and, (x) Anatase
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The PTEFs and QYs presented in this section acelleééd following a carefully counting of
the OH radicals consumed at every stage of the phototatatonversion. In order to
determine the OHgroups, both stoichiometric and kinetic equatians required. This is
obtained for every catalyst by using their respectieaction schemes found in the kinetic

modeling section.

The two figures presented above show that at thegbimg of the reaction, DP 25+Fe and
Sol-Gel Cat+Fe presented the highest efficiendibss, these two photocatalysts display the
highest degradation rates with smaller degraddiimes. For the case of Hombikat and
Anatase, it can be observed that the starting PArEFQY are modest in value vis-a-vis than
the other photocatalyst, surpassing them in irtamhaimes above 800 minutes. This shows
that these two semiconductors never reached toredralization in the 1000 minutes of
irradiation time with a therefore relatively modeserall efficiency. It has to be pointed out
that the efficiencies determined at every readiioe in the above figures represent instant
values. If overall efficiencies are to be obtainatithe values for the efficiencies have to be
considered and an average should be established

In this respect, Figure 99 shows an average foP#eF and QY for the different catalysts at
a reaction time of 420 min. Table 46 presents #talgst notation used in the figure. As
expected, the photocatalyst with the largest PT&lkes is Sol-Gel Cat+Fe. There is a 10%
difference between the most active and less aptie¢ocatalysts. This indicates that even
though the photocatalyst is still TiQts activity depends on many factors, such astaty
structure, size particle, optical properties, stefarea, etc. To summarize the experimental
observations it is concluded that the order oflgats efficiency is as follows: Sol-Gel
Cat+Fe > DP 25+Fe > Sol-Gel Cat > DP 25 > HombikAnatase.

The energy efficiency results presented here arewgnging for the application of
photocatalysis for the removal of waste hazardalisifants given that these results point
towards high photocatalytic conversion efficiendairethe Photo-CREC Water I
photoreactor. Quantum yields as high as 70% forGaICat+Fe at 300 minutes of
irradiation. One would certainly expect that thbagh efficiencies could also be obtained in
a scaled photocatalytic reactor, designed and raatwred using the same principles as for
Photo-CREC photoreactors
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The methodology for efficiency assessments preddmee was established for the complete
span of reaction times. In order to implement thethodology, it is necessary to monitor
model pollutants as well as the intermediate sgemd@centrations. This allows calculating
the OH radicals needed for every step in the photoreachi@vertheless and to accomplish
this, an adequate kinetic modeling of phenol asdhitermediate species has to be available.
One should also be alert that when calculating Pamd-quantum yields other parameters
are needed such as the enthalpy of formation dfiydeoxyl radical, and the light absorbed

by the different TiQ catalysts.

0.20
0.15 +
e
T} i
= 0.10
o
19% 16% 15.5% 14% 13% 9%
0.05 +
O-OO T T T T T T
Catl Cat 2 Cat 3 Cat4 Cats Cat 6
Catalyst

Figure 99 Average PTEF at 420 min of reaction

Table 46 Catalyst notation

Notation Catalyst
Cat1l Sol-Gel Cat+Fé
Cat 2 DP 25+F&
Cat3 Sol-Gel Cat
Cat4 DP 25
Cat5 Hombikat UV-100

Cat6 Anatase
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8.4 Conclusions

The following are the main conclusions of this dieap

(a) It is shown that evaluation of reactor efficiendies photocatalytic process requires
performing macroscopic balances and the radiatisored by the photocatalyst.
Another alternative is to model the radiation figicbrder to calculate the LVREA
inside the reactor. This can be done with MC sirtnuuha.

(b) It is proven that calculation of the PTEF needsdéirmination of the enthalpy of

formation of the hydroxyl radical.

(c) It is shown that PTEF determination for differen®T catalysts employed in this
study are established using a unified “series-ptakaction network described in
Chapter 7 and applicable to all the photocatalystdied.

(d) It is proven that calculation of the PTEF requiaesounting for the total hydroxyl
radicals consumed at every reaction time duriragliation, and by all the detected
reacting species.

(e) It is demonstrated that Sol-Gel Cat+Fe is the raoste photocatalyst leading to a
better utilization of produced hydroxyl radicalsritig the early stages of the

photoconversion.

() Itis proven that the QY for some photocatalystemds at specific irradiation times
70%, case of Sol-Gel Cat+Fe photocatalyst. Thege QY values point toward an

excellent degree of photon utilization in the PRGREC Water-1l reactor.

(9) It is shown that these high efficiencies createe#i&nt prospects for the reactor scale
up of Photo-CREC-Water Il and extensive future efsghotocatalysis for water

treatment.



193

Chapter 9
Conclusions and Recommendations

9  Introduction

This chapter reports the main conclusions and irtions of this PhD thesis dissertation.

Recommendations for future work are also provided

9.1 Main Contributions

The following represent the most important conttidms of the present PhD dissertation.

(a) Sol-Gel Cat-TiQ synthesis. This photocatalyst was synthesizeldarcourse of this
research. This photocatalyst presented the higihaiopatalytic activity of all
photocatalyst tested in this dissertation includdi®R5. Sol-Gel Cat was prepared by
mixing a sample containing titanium isopropoxidéhva sample containing water.
Propanol was used as a solvent. It was found tiethae is the dominant phase of

this semiconductor.

(b) Detection of Intermediate Species. Previous studiesir research group utilized
HPLC as the main analytical method for detecting @mantifying phenol and
intermediate chemical species in the photodegraati phenol. In this thesis work,
the EPA method 8270D was implemented along witltCaMES system to detect
intermediate chemical species. Phenol, hydroquincetechol and benzoquinone
identities were confirmed using mass spectroscBpged on the experimental data,
phenol degradation yielded three major aromatidgegradation intermediates:

hydroquinone, catechol and benzoquinone.

(c) Carboxylic Acids. Two major carboxylic acids weretected with an HPLC
approach, formic and acetic acid. It was found thaall the catalyst employed in

this study, acetic acid was formed always in higtwercentrations than formic acid.

(d) Iron Dopant Effect. The effect of iron ions wastéeisfor the two photocatalysts
presenting the highest photo-activities (Sol-Gdl &w DP 25). It was found that 5

ppm of iron increased considerably the activityhefse photocatalyst.
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(e) Kinetic Model. A phenomenological based unifiedetin model was proposed for

(f)

the photodegradation of phenol. A Langmuir-Hinshad (L-H) model is adopted in

the kinetic modeling with both kinetic and adsavptconstants being involved.

This L-H kinetic model is based on a “series-patalieaction network. This model
was found to be applicable to the various Jphotocatalyst of the present study. The
proposed unified kinetic model is able to fit thgperimental data satisfactorily for

the various chemical species resulting from phdtdgic conversion of phenol.
Experimental results were obtained at three differ@tial concentrations: 30, 20,

and 10, ppm-C of phenol. This allows applicatiorihef proposed kinetic model for a

wide range of phenol concentrations.

(9) Kinetic Parameters. The proposed unified kinetidet@equires a number of

significant assumptions to be effective, avoidingmparametization. As a result, the
unified kinetic model was adapted for every photalyat in this study. For instance,
intermediate chemical species were only includetthén‘series-parallel” network and
kinetic analysis when surpassing detectable leedswvell, carboxylic acids were
lumped together into a single term in the rate &gqoa

(h) Statistical Analysis. A rigorous statistical metbtmyy was adopted for the

(i)

@)

evaluation of individual kinetic parameters invalva the unified kinetic model. The
kinetic parameter selection was based on the eival coefficients (B, smallest
95% CI with the lowest cross-correlation among kinparameters and lowest
residuals. The adequacy of the regressed paranvedsriuirther established by
analyzing their physical significance. The obtaikétktic constants were always

positive within a reasonable range of expectedeslu

Adsorption Constants. The proposed unified kinetadlel involves chemical species
adsorption constants. These adsorption constamtsdetermined independently.
This allowed implementing a kinetic constant regi@s procedure where cross-

correlation between kinetic constants is reducetsicierably

TOC. The established unified kinetic model was ablpredict TOC at various

irradiation times. In order to accomplish this, #u&lition of various chemical species
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in the ODE was considered. This additive approackgs to be valid for the six

photocatalysts used in this study.

(k) Spectroradiometric Measurements. Spectrometric uneaents in the Photo-CREC

Water-1l allowed the determination of the evolvingdiation in different TiQ slurry
media. Other parameters involved in the MacroscBaidiation Balance were
obtained with the help of inner polished and UV-gye collimators. The MRB
allowed determining the total radiation transmissithie non-scattered radiation
transmission and the back-scattering radiationrexihe system.

() A Monte Carlo Method (MC). A MC based method wagtayed to simulate the

UV radiation field in an annular heterogeneous ptesctor for four different Ti@
photocatalysts (DP 25, Anatase, Hombikat UV-100, &ul-Gel Cat). The MC is an
easy to use and easy to apply method. MC is a bldw@dternative to circumvent the

problems associated with analytical solutions asytranetric radiation fields.

(m) Phase Function. Narrow backward and forward pégks-1 andg = 1, respectively)

in the H-G phase function are not suitable for Mi@wations. On the other hand it
was shown that g value close to zero provides good representatiothe
experimental LVREA. It was found that for the ran@e8 < g < 0.8, differences from
MC simulations and experimental values were noy \amge, less than 10% and this

for all cases considered.

(n) Absorption and Scattering Coefficients. A MC metheams implemented to determine

both the absorption and scattering coefficientesehcoefficients were calculated
complying with a number of constrains as well ahwiarrow spans. The only data
requirements for this determination were the expenital profiles for the LVREA
and the extinction coefficients.

(o) Energy Efficiencies in Slurry Photocatalytic Reast®etermination of the PTEF

and QY is effected for all the time reaction spdusng photodegradation. Efficiency
calculations consider stoichiometric relationshipslving observable chemical

species and OHadicals. The stoichiometric equations set the memof OH
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radicals required to go through the “Series-Pdfait@del interconverting chemical

species into others with higher degrees of oxidatio

9.2 Recommendations for Future Work

The following recommendation can be proposed takit@account the results of this

dissertation:

(1) Sol-Gel Cat. Given the high activity of Sol-Gel Ciais recommended to dope this
catalyst with different metal ions to further impeoits activity. It is also
recommended to continue efforts towards improvirgdatalyst activity by using dye

sensitization, or by using different amounts ofaalients such as zeolites.

(2) Phase Function. It was found that the H-G phasetifum provides reliable simulation
results of the LVREA. However, most of the phas&cfions reported in the technical
literature only apply for suspended solids in ga&slia. Therefore, it is suggested to
continue work in testing different phase functiamsrder to find those that might be
most suitable for solids suspended in water.

(3) Radiation Studies. Experiments performed in thiglgtvere developed by using the
same source of light, and therefore the radiatox@gy was a constant variable along
the degradation experiments. However, when modéfiagkinetics of phenol on
TiO,, it is important to consider the effect of theiegidn power. Hence, it is
recommended to perform experiments at differentatexh intensities so that the

LVREA could be included in the kinetic modelingmfenol photodegradation.

(4) Monte Carlo Method. The MC method employed in #gtigly was applied to an
annular photoreactor with the radiation sourcetiedtan the center of the reactor.
Nonetheless and given photocatalysis is leaningtdsvnatural sun radiation,
simulation of radiation fields that considers ertdrand asymmetric sources of

radiation, such in solar irradiated photocatalygiactors, is recommended.
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Appendices

Appendix A: Determination of direction cosines

Figure A-1is the key to find the direction cosines (i.e.\wening spherical to Cartesian

coordinates).
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Figure A-1: Cartesian and cylindrical coordinates represematio

The right side of the figure shows the xy-planarfrihe picture on the left. By the

Pythagorean Theorem:

s=+/X*+y? =1sin(®)

X =scos(@) =1 sin(@) cos@)

y = ssin(g) =1sin(@) sin(¢)
z=1cos@)

Eq. A-1

Thus, the direction cosines will be given by:

e, =sin(@)cos)
e, =sin(0)sin(p) Eq. A-2
e, = Ccos@)
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Appendix B: Detection of Aromatic Intermediatesby GC/MS

As explained in the experimental section, deteatibaromatic compounds were done by
using a variation of the EPA method 8270D, with piheparation technique 3580 on an
Agilent 19091z-205 350 max HP-1 capillary columrb6fm x 20Qum x 0.5um nominal

was used. When ajil sample treated with the 8270D EPA method wastegkin the
equipment, the chromatogram presented in Figurev& obtained. This chromatogram was
obtained for an experiment with an initial concatitm of 20 ppm C in phenol after three

hours of irradiation.
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Figure A-2 Mass chromatogram for a sample obtained by the &taod

In the Figure, the components enumerated are teemediates most likely to be phenol sub
products. Information about this detected interragsdi are given in Table A-1. In the table,
the number of the component, retention time angtbbability match given by the GC/Ms

is presented.
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Table A-1 Identification of the intermediate aromatic comeots in phenol degradation

using DP 25 catalyst

Component Retention time (min) Match (%)
1. Benzoquinone 18.890 89.6
2. Phenol 20.96 96.7
3. 1,2 - Benzenodiol 54.515 94.5
4. Hydroquinone 25.655 91.8
5. Resorcinol 25.878 90.7

In figures Figure A-3 to Figure A-7, the mass spguis of the components found in Figure
A-2 are indicated as letter a. These figures atesgnt the comparison between the spectrum
of the pure components and the ones obtained imjdetion, indicated as b. Lastly, these
figures report the netter match found in the NISTAENIH Mass Spectral Library on the
Enhanced ChemStation G1701DA version D.00.00.28¢c#ated as letter c.
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Appendix C: Derivation of Equationsfor Ki* calculation

An expression can be provided to calculate thd tetection rate fori” species, accounting

for the species fractions distributed in both layand adsorbed phases:
Nir =N + N Eq. A-3
where Nis in moles.

These amounts of™species, distributed in the liquid and adsorbbdges, can be expressed
as concentrations in each of the phases as follows:

N|T — Ni,L + Ni,ads Eq.A-4
V V V
Ni,ads:Wq and Ci,T = Ci +V\\//_q Eq. A-5

Furthermore analytical differentiation of Eq. Adalls to the reaction rate of the compound

“i”in the step | as,

dC; _dG W dg

Eq. A-6
dt dt VvV dt
If one assumes adsorption equilibrium between Fhissequation as
Ki mCi
1+ Y K .C, a-A

j=1

In this respect, one can notice thgt=q(C) andC, =C (t) and as a result the total
derivative ofq; is given as,

d_q_iﬂﬁ

= Eq. A-8
dt  4ec, dt a
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Thus to evaluate the total derivative as in Eq. &38 has to establish thae% partial

derivatives,
K.q,+ K.K.C.
oq qmj; KiC,
oc, n 2 Eq. A-9
(1+ZKJCJ.]
j=1
And fori # |
og -K,;Kq,G
oc, n ’ Eq. A-10
' (1+ZKjCjJ |
j=1
Substituting these partial derivatives in the totaicentration change of the “i” species it
yields:
dC, _dC W dq Eq. A-11
dt dt VvV dt
dG, _
dt
dC i
S {ququKKCJ - YK Ka,C } HeAe
V(1+Z KjCjJ e b
j=
Also,
dc,
dt
_YKK c 4G dC dt Eq. A-13
& o '”"dt dt dc

£+ w J {qu+quKKC
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dC,
dt
dc w dC dC dC dt Eq. A-14
— K. K K.C. i _ VK KagC 2= 2 q.
dt+ ) 2{( .qm+qmj; it Jj dt ;I i it dt dt dC,}
V|1+> K,C,
j=1
dC . .
9G4, k) Eq. A-15
dt dt
Where
. dC,
Ki = W 3 Kiqm+quKinCj -K,Kiq, =
n e dG Eq. A-16
V|1+) K,C,
j=1
In the present study where reacting species anegblgeh), o-DHB, and p-DHB, it results,
K on9nCon
Opn = m TP Eq. A-17
o 1+ Kpthh + Ko—DHBCo—DHB + Kp—DHBCp—DHB
dqph — aqph deh + aqph dCo—DHB + aqph de—DHB Eq. A-18
dt  oC, dt 0dC, . dt 0C, pug  dt
aqph _ Kphqm + KO—DHBKphquO—DHB + Kp—DHBKphqup—DHB
= Eq. A-19
acph (1+ Kpthh + Ko—DHBCO—DHB + Kp—DHBCp—DHB)Z
0 - K, onus K h0,C
qph _ DHB phq ph Eq A-20

- 2
aCO—DHB (1+ Kpthh + KO—DHBCO—DHB + Kp—DHB(:p—DHB)



gle _ - K, ore K pndmCon
an—DHB (1+ Kpthh + Ko oneCooore Kp—DHBCp—DHB )2

If denom =1+ Kpthh + Ko oneCo.ora + Kp—DHBCp—DHB

Replacing equations Eq. A-19, Eqg. A-20, and Eq.JAf2EQ. A-18, it results,

|: K phqm + Ko—DHB K phquo—DHB + K p-DHB K phqup—DHB

(denony’

n |:_ Ko—DHBK phquph:| dCo—DHB
dC,, dC, wdC, (denony’ dc,,

dt dt V dt | [~K, oK u0Co 1dC, o
(denony’ dc,,

- KAcKphquph dCAC
(denon)® | dC,,

or

dC,, dC,, .
a LK)

where

K ol + Ko oreK ph8nCo ors + Ky oreK phGnCp-ons
(denony’

+ ~ Ko ongK Phqmcph dC,one + -K p—DHBKphquph dCP—DHB

(denony’ dc,, (denony’ dc,,

+ B KAcKphquph dCAc

(denony® | dC,,

<lz

ph

Using a similar approach one can also show that,

ClC:O—DHBT dC DHB *
— = +K
- e )

where:
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Eq. A-21

Eq. A-22

Eq. A-23

Eq. A-24

Eq. A-25



Ko—DHBQm + KO—DHBKphquph + K p—DHBKo—DHquCp—DHB
(denony?
* _ w Ko DHB phquO—DHB deh B Kp—DHBKo—DHBQmCO—DHB de—DHB
KO—DHB ~\; 2 + 2
\ denon) dC, ons (denon) dC, ons
KAcKo DHqu 0-DHB dCAc
(denorﬁz dCO—DHB
and
de—DHB,T _ de—DHB {1+ K*—DHB}
dt dt P
where
K p—DHqu + K p-DHB K phquph + K p-DHB KO—DHquCO—DHB
(denony’
K* v W K p-DHB thm p-DHB deh B K p—DHBKo—DHBQme—DHB dCo—DHB
PERE Ty (denony dC, pue (denony’ o (O
KAc p- DHBQm p-DHB dCAc
(denony’ dC, s

And finally for carboxylic acids:

dCAc,T _& *
Ta e b

where:

KAcqm + KACK phquph + KACK p—DHquCp—DHB
(denony®

de—DHB

- KACK phquAc dCph - Kp—DHBKAcquAc
+ 2 + 2
(denony*  |dC,, (denomy
+ — KAcKo—DHquCAc dCo—DHB
2
(denony dc,.

dC,.
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Eq. A-26

Eq. A-27

Eq. A-28

Eq. A-29

Eq. A-30
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