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Abstract

Volatile organic compounds byproducts generation in photocatalytic

oxidation reactor: Experimental and modelling

Mojtaba Malayeri, Ph.D.
Concordia University, 2021

The pesence of volatile organic compounds (VOCSs) in indoor air is inevitable. Their adverse
effect on human health fa@ncouraged researchers to develop ouesritechnologies for air
pollution remediation. Photocatalytic oxidation (PCligs been regarded aspromising and
emerging technique for air purification and extensively investigated in the last two decades to
characterize angnprove the effectivenessid performance of this technology. addition, the
development of appropriate models can enhance the understanding of reactor performance and the
evaluationof intrinsic kinetic parameters that enable the scgler redesign of more efficient

large-scak photocatalytic reactors.

This researchworks on mathematical modeling of gas phase photocatalytic reactors and
analyses different key factors that can enhance pollutants decompdiitiba.first step, a one
dimensional timedependent mathematical model for continuffo UV-PCO reactor halseen
developed.In this model, transfer of pollutants by advection and dispersion in bulk phase
incorporates with theeactionrate based on the extended Langmuir Hinshelwood modékin
catalyst phaseCFD modeling waslsoused to determine the flow dlibution in the reactor at
various airflow ratesMoreover, the light intensity distribution on the photocatalyst surface was
simulated using the linear source spherical emission maAdgimensionless form of the model
was then proposed to generalize tbsult for any scale. Theroposednodel was validated first
by comparing with predictions of other models (intevdel comparison) and then by experimental
data from two different scales (pilot and bench) of-B&O reactors. Furthermore, a sensitivity
aralysisusingdimensionless parameteanss conducted to find the controlling step time PCO

process.To validate the model, acetone, MEK, and toluene were testibe WhV-PCO reactor



with a commerciaPCO filter (TiQ: coated on silica fiber felts}t varbus operating conditions,

such as concentration, relative humidity, irradiance and air velocity.

The main issue for applying PCO technologyhirindoor environment ishe generation of
hazardous byproducts. The effect of bgroducts formation was uslalignored in former
modeling studies.The rext effort was to improvéhe model and build a comprehensive one to
consider byproducts generation ihe UV-PCO reactorTo achieve this goal, possible reaction
pathway for degradation of each challenge poumd was proposed based on identified by
productsin analytical methods (G®S and HPLC). Different possible reaction rate scenarios
were evaluated to find the best expression fitted to experimental data at thestd¢adpndition.

The obtained reactiocoefficients were then used to validate the model under various operating
conditions Finally, the Health Risk Index was used to investigate the implications of generated
by-products on human health under varying operating conditidres.results indicad thatthe
proposed model has a great potential to simulate the behavior -¢1QQV reactor ira real

application
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1. Introduction

1.1.Background

Indoor air quality (IAQ) habecome @rowing concermn devdoped countries, as most people
spend more than 90% of their time indoors, nanretilehome, office, caror shopping centd,
2]. Moreover, the rates of respiratory illnesses such as asthma, infection, and allergies are growing
especially inchildren. These increases are believed to be related to the changes in the air quality
of indoor environments, as the levels of pollutants in indoor air are generally higher than that of
outdoor air[3, 4]. Therefore, there is an increasiogncernfor the removal of these pollutants
even at relativelyow concentrationgound in indoor environments, since leteym exposure to

indoor air pollutantgausesick building syndromegandeven cancer in extreme ca$2ss].

Sources of indoor air pollutants can be outdoor air, furniture, construction ngtea@lpants
and their activities. In terms of chemical pollutants, nitrogen oxides, ozone, radon, volatile organic
compounds (VOCs) can be proédc VOCs are thenajor sources ofjaseougollutants in the
buildingenvironmenf2]. VOCs can originate fromarioussources such as construction materials,
cooking, combustion bproducts, office equipmengtc.[6]. Aromatics, aldehydes, halocarbons,

alcohols, and esters are the main groups of VOCs ideniifiga indoor aif7].

Generally, there are three main methods to improve indoor air qusfityce control
ventilation and air purification. Source control would be the best solution that can remove/reduce
the source oémissions. However, occupants themseleesupant activities, tobacco smoking,
photocopying, cleaning and other activijiegre the source of pollutions in most indoor
environments such as classrooms and workpl@ksVentilation also is the most common
approach teeduce the pollutants concentrations inside the builddgegerthelesst may transmit
unwanted pollutants from outdoor itdoor environments. Another limitation of this method is
that increasingthe ventilation rate requires higher energy to minimize polluti@vels. Air
cleaning isanother possibleechnique that eliminates chemical pollutants fromeihdn addition,
it is bdieved thata combination of air cleaning and ventilation method is the effective approach

to reach a healthy indoor air quality and low energy consumf&jdio].

Adsorption, a traditional air cleaning technology, has high efficienaefoovingvVOCs in the
air [11]. Since VOCs are separated from the air stream by adsorbing on the adsorbent filter, this
method requireszgularadsorbenteplacementAmong various adsorbesmtctivated carbois the

most common because itd high surface areand storage capacif$2]. Althoughtheadsorption
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method is economically favorable, it transfers polligénaim gas phase to adsorbed phase instead

of decomposing them

Another promising technology in this respect is photocatalytic oxiaRCO) forthe
destructiorof VOCs The most important characteristic of this method is the operation at ambient
pressure and temperature withawgignificant energy supply. Furthermothe PCO method, in
an ideal conditiongan decomposkydrocarbonsnd create carbogioxide and wateat the end
[13]. Despite the known advantages of PGl generation of hazardous 4pyoducts(i.e., Os,

CO, and organic byproducts) which can be even mertarmful than théarget VOCs can be
significant in this proces$l4]. Moreover, low efficiency and slow reaction rate are other
shortcomings, which highlight the necessity of more studies to enhance the capability of this

method for indoor environment applicatifdrb, 16]

For the materials scientist, the main research interest centers on the synthesis of more efficient
materiat and the investigation of degradation mechanismingereas for the engineemiost
research has been concerned with the development of appropriate models to enhance the
understanding of photocatalytic reactor performdt@¢ Besides, ne of the major challenges in
studying the potential of UNWPCO reactors for commercial applications is to find a reliable tool to
assist the design, scal@, and optimization An appropriate mathematical model of the
photocatalyticreactor can be a powerful tool to consider all phenomena involvdteiRCO

procesg6].

1.2.Research objective

Based orthe aforementioned facts, this research is aiming to develop a reliable and validated
mathematical model for UN?CO reactqrwhich can facilitate the extensive application for indoor
air remediation. As many factors influence the performance of PCO, it is essential to study the

impact of affecting parameters on the simulation result and removal efficiency.

Most existing modal of the UV-PCO rexctor have been developedithout consideation of
by-products formation. However, in reality, dueaeery small residence time, VOCs partially
oxidized and some byroductsappearin the outlet stream The main goal of thisesearchs to
find an adequate mathematical mottepredict byproduct generation ia continuous U¥PCO
reactor.To do this,thefirst step is finding a validated model for degradation of VCaDslthe
second step is timprove that model to takeothremoval of challengeompound and formation

of by-products into accounthefollowing stepsare the specifitasksof this research:



A CFD modeling was used to determine the flow distribution in the reactor

A Evaluation of mass transfer parametémsluding dispersion and iephasemass transfer
coefficientsto develop a reliable model.

A Finding the best reaction rate mottedescribe the experimental data.

A Developng a validated mathematical model for degradatiochailengecompound in UV
PCO reactar

A Preserihg a dimensionless model to generalize the result for any scale-(ga@d then
parametric simulations analysis based on-diomensioml parameters

A Propo#ng reaction pathwagyfor degradation of challenge compaisnbased on identified
by-products by analytical methods.

A Proposng a by-product predictive model based ogaction pathwayand, accordingly,
reaction rate expressions.

A Validation ofby-product predictive modeit different operating conditions

1.3.Thesis autline
Chapter 1. Introduction T This chapter presengsbriefbackgroungdproblem statements, and

mainobjectives of thigesearch.

Chapter 2. Literature review i This chaptepresents the fundamergalf PCOtechnology
andoverviewsby-products of some commaondoorVOCs. Then, this chapter providelifferent
reaction rate models, mass transfer equatises forthe UV-PCO systemFinally, it presentsa
brief literature review omhe effect of operatingarameters, includinfiow rate, catalyst surface

area, and porosity, and catalyst thicknessdegradation efficiency.

Chapter 3. Methodologyi This chapter explains the principal of model development for PCO,
including mass balance, radiation model, and reaction rate expreshiem, it describeshe
solving methodexperimental procedures for adsorption and PCO tests, analytical methods, and
air samplingprocedures

Chapter 4. Modeling of PCO reactor in the presence of mass transfer limitation and axial
dispersioni This chapter focuses on CFEimulationto describe the flow distribution in the
reactor and validati with the RTD tracer experiment. In the next section, it evaluates the mass
transfer parameters, including axial dispersion coefficient and mass trandferiasde in the

presence of mass transfer limitation in the PCO system.



Chapter 5. Kinetic modeling of the photocatalytic degradation for removal of MEKI' This
chapter focuses on kinetic modeling of MEK in PCO using different Langmuir Hinshelwood base
reagion rate modeldn this chapter, the curve fitting was conducted by dispersion model and ideal
plug flow model to find the best fitting resul. radiation field model was alsdeveloped and
validated at different intensity level$he mass transfer efté on the PCO reaction was also

evaluated in this chapter.

Chapter 6. Modeling of MEK in PCO: Systematic Model Development and Validatiori
This chapteis dedicated to comprehensive validation of deseloped modeh both small and
pilot-scale react@ An inter-model comparison between the proposed model and two other models
available in literature has been conducted. This chapter also presents the sensitivityusnadysis
dimensionless parameters to find the controlling step in PCO and generaligeodeé for

applicationon any scale.

Chapter 7.Reaction pathway and predictive model for generated byroducts inthe PCO
reactor i The first section of this chapter focuses on kinetic modeling and reaction mechanism of
acetone and MEK to predict the geatéon of byproducts in the PCO systeifhe rext section of
this chapters dedicated to that of toluem@th agreater number of bgroducts. The validation of
theby-product predictive model is tested at various operating conditions.

Chapter 8. Conclusions and recommendationd This chaptempresents thaummaryand

findings of ths thesis angbrovides recommendations for futuresearctonthe present study.

1.4.Current thesis type
This dissertation is a manuscrpased thesis in which the contents ofpthes 2 to 7 are part

of the published journal papers in the area of environmental chemical engineering as:

1 Chapter 2
Malayeri, M., F. Haghighat, and S. Lee, Modeling of volatile organic compounds

degradation by photocatalytic oxidation reactor in indoor air: A revilvilding and
Environment2019.

1 Chapter3 & 4:



Malayeri, M., C:S. Lee, F. Haghighat, and L. KlimedJodeling of gasphase
heterogeneous photocatalytic oxidation reactor in the presence of mass transfer
limitation and axial dispersiof©hemical Engineering Journa202Q 386: p. 124013

1 Chapter3& 5:
Malayeri, M., F. Haghighat, and S. Lee, Kinetic modeling of the photocatalytic
degradation of methyl ethyl ketone in air for a continuibos reactor. Chemical
Engineering Journal2021.404: p. 126602

1 Chapter3 & 6:
Malayeri, M., C:S. Lee, and F. &fghighat, Modeling of Photocatalytic Oxidation
Reactor for Methyl Ethyl Ketone Removal from Indoor Environment: Systematic
Model Development and Validatio@hemical Engineering Journa2020: p. 128265.

1 Chapter3& 7:
- Malayeri, M., C:S. Lee, J. Niu, J. Zhuand F. HaghighatKinetic and reaction
mechanism of generated “pyoducts in a photocatalytic oxidation reactor: Model
development and validatiodournal of Hazardous Material2021: p. 126411.
- Malayeri, M., C:S. Lee, J. Niu, J. Zhu, et al., Kinetic modeling and reaction
mechanism of toluene and Hpyoducts in photocatalytic oxidation react@hemical
Engineering Journal2021: p. 131536.



2. Literature Review

2.1.Fundamentals of PCO

PCO, asanewgeneration of aicleaning technology, has a great potential to eliminate gaseous
pollutants even at low concentratigd$-20] and applicable for different kinds of pollutaf2q,
22]. Basically, PCO is performedsing photocatalystultraviolet (UV) light and oxygen to
decompose chemical pollutaf&3]. Among different types of photocatalystsQ» has attracted
significant attention owing to its high stability, low cost, simple preparation,exoellent

capability to destruct various compourjgd, 25]

The main step of PCO is tleeeationof electron/hole pairs via absorption of photons from UV
light on the surface ahe photocatalysf22, 23] In this step, when photon energy is equal to or
greater than photocatalystds band gapitgivephot oc
hydroxylradicals ( (% inthepresence of D molecules are generated. Moreover, oxygeants
with electron and produce hydroxyl radical after a series of rea¢2ang6, 27] These reactive
species can oxidize adsorbed VOCs and degrade them to lower molecular weight products. Under
optimal circumstanag(total mineralization), C&@and HO would be final products frothe PCO
reaction of hydrocarbon compounf®, 28, 29] The prime photocatalytic reaction mechanism

using TiQ activated by UV light can be described as fokq22]:

UV irradiation
A <400 nm
//./" - \\\ .

Conduction band -\ Adsorption (O,)
E.>‘3 \ Reduction (O,)
% | Recombination | ' ‘ @.
g 'L‘ of charges , Oxidation (VOC,,,)
3 | h* /@ Oxidation (H' + OH®)
= \\\ Valence band f

4 v Adsorption (H,0+VOCs)
E . 5 -

Fig. 2.1: Reaction mechanisms of PCO on photocatalyst



TiO2+ hv Y -TQ ©Q) (2.1)

60+Qy G (2.2)
5 +QVY 0 (2.3)
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O +0Y 0068 (2.5)
00 & +Q Y 00 0 (2.6)
00 0+"0 Y 00 (2.7)
VOC+0'® (O Y "'O0+ 6 0 + by-products (2.8)

The unfavorable phenomenon during getocatalytic reetion isthe recombination ohole
and electron, which happens on the surface or in bulk very fast. This process reduces the
performance of PCO due to theduction of oxidized spées on the surface of tipdotocatalyst.
Thus, it is necessary to develaphotocatalysts with high effiency, in whichtherecombination

process is slow and charge carriers have a high condu¢0ity30, 31]

2.1.1.PCO process
Understandig the photocatalysis fundamentals is vital for interpreting experimental results,

modeling of PCO reactor, and analyzing diffectingparametersn performancg20]. Generally,

as Fig. 2.2 shows, the PCO process can be divided into seven main steps: (1) transfer of species
by air flow (advection), (2) mass transfer frahe bulk fluid to the external surface of catalyst
(external mass transfer), (3) motion of reactants fitoe@xterior surface inttheinterior pore of
catalyst through diffusion (internal mass transfer), (4) adsorptigheateactant orthe interior

surface, (5) PCO reaction the presence of photons, (6) desorption of products fitmsurface,
and (7) motion of species frothe interior of pores to bulk fluid by internal and external mass
transfer{21, 27, 32]



Photon 7 ] R- Reactant
/ | P: Product

Photon

T Bblﬁld_m' lﬂ.-}':él'-

Fig. 2.2: Individual steps of catalytic fluigolid reaction on a porous catalyst

As can be seen iRig. 2.2, adsorption, surface reaction, and desorption are consestép®
On the other hand, dbe photochemicaleaction takes place on tleatalystsurface, the mass
transfer rate (external or internal mass transfer) is steadystate and, in terms dimescale
equivalent to the reaction rate. It is worthwhilariention that most of theactionoccursin step
2 (external surface reaction), where more hydroxyl radicals are available owing to direct radiation
of light and higher photon energy. Generation of these highly reactive rattcaltarge extent,
rely onnumberof active sites, dispersion of Titania parti¢glasd distribution of light within the
catalyst bed. In this regard, altering the catalyst density or thickness can have a major impact on
radiation distribution throughout the reaction volume and, hence, the activation of catalyst
particles. Besides, adgtion on thesurfaceof the catalysthas anmportantrole inthe reaction
rate anddecompositiorof VOCs. To be more specific, adsorption of challenge compounds is
influenced by humidity levephysicochemical properties of challenge compoutiasadsorpion
capacity of catalyqg2, 33, 34]

Internal and external mass transfers from bulutdaceof the catalyst depend e@mperature
and velocity of the air molecule collision, and size of tlpores Depending on the situation
(reaction ratdimited or masdransferlimited), any of these steps can control the total removal
rate ofthe PCO reactarin this regard, when mass transfer stes, 6teps 1, 2, gand 7 inFig.
2.2) occur too fast, mass transfer resistance from bulk to catalyst surface arsliffaceto pore
site can be neglected, and it can be implied that concentration around the catalyst is the same as
that of the bulk one. Undehis crcumstancemass transfer steps do not influence the rate of
reaction. On the other hand, if mass transfer fooutk to catalyst surface takes place slowly, the

resistance of external mass transfer is high, and it controts/érall reaction rate. To overcome
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the externalmass transfer limit, varying design parameterg.(flow conditions andcatalyst

characteristis) can help to reduce this resistafze, 32, 3437].

2.1.2.PCO Reaction Byproducts
Due tothe short residence time of reactamsPCO reactqrin reality, VOCdegradatiorcan
continueup to a certaievel (partial oxidation)and many byproducts/intermediates exist both
in the gas phase and on photocatalystmation of the undesired {productss themain concern
in the application of thBCO technologyn buildingsassome of these bgroductsaremore toxic
than their parent compounf#?]. The concentration of each pyodud is usually in theange of
pph. Detecting very low concentrations of these compound®ig ehallengeTable2.1 presents

the byproducts of some contaminantstie PCO reactor.

Table2.1: By-products of some VOCs in PCO reactions

Compound Intermediates/byroducts Analysis methods Ref.
Acetaldehyde Formaldehyde, acetic acid GC-FID, FTIR [38]
Acetic acid, formic acid, formaldehyde FTIR [39]

Acetaldehyde, methyl and isopropyl alcohol, MEhyl acetate,
Acetone ) _ _ ) ) GC/MS, GGFID [40]
acetic acid, mesityl oxide, diacetone alcohol

Acetaldehyde, formaldehydacetic acid, formic acid FTIR [41]
Formic acid, acetic acid, formaldehyde, bicarbonate FTIR [42]
Benzene 2-propenoic acid, 2nethyt1-propanol GC [43]

1,5hexadier3-yne, 2,4hexadiyne, 1,3exadier5-yne, formic
. GCIMS, FTIR  [44]
aci

Hydroquinone,4enzoquinone, phenol, formic, acetic acids GC/MS, HPLC [45]

Ethanol Acetaldehyde, formaldehyde, acetidccadormic acid GC-FID, FTIR [38]
Acetaldehyde, formaldehyde HPLC [46]
n-Butanol Butanal, propanal, ethanal, crotonaldehyde GC/MS, GC/FID  [47]

Acetone, ethanol, acetaldehyde, acetic acid, methanol,
MEK ] . GC/IMS, GGFID  [48]
formaldehyde, formic acid

Toluene benzyl alcohol, benzaldehyde, benzoic acithlpquinone, cresol GC/MS,GC/FID  [49]

Benzoic acid, benzyl alcohol, andrizaldehyde, formic acid,
) _ GC/MS, HPLC [45]
acetic acid

Benzaldehyde, benzene, formaldehyd&K, cresol, phenol,
GC/MS, HPLC  [50]
benzyl alcohol

Benzyl alcoholbenzoic acid, benzaldehyde, hydroquinone, cre FTIR [41]
Acetone, acetic acid, butyraldehyde, benzene, pentanal, PTRMS, (51]
benzaldehyde, benzoic acid GCIMS



Formaldehyde, acetaldehyde and methanol, propylene, acet
_ ) PTRMS [52]
acetic acid, benzene

1-propanol Propionaldehyde, acetaldehyde GCI/IMS [53]

The neration of intermediate highly depends oaction mechanisms of different
contaminants inthe PCO procesdn addition,the form and quantity of bgroducts have a close
relationship with the operational conditions the PCO reactor configurationgnd the
characteristics of the catalyqtss, 54] Some intermediates/kgyroductsadsorb orthe catalyst
surface and block the reaatigiteswhich can inhibit the photocatalytic degradatioritadtarget
compound Therefore, with increasing the illumination ting®nversion of VOC reducetue to
thedeactivation othe catalyst$55].

2.2.Modeling of PCO

Designing an efficient photocatalytic reactor requires knowledge of the kinetic reaction
mechanismmass transfer of VOCs amnadiationtransfer.The lower operating costs are of great
importance for utilizinga PCO reactor in a real application, which can be achieved by optimizing
light radiation and by providing efficient mass transfer of reactants. Therefore, thescaid
finding the efficiet operation of the PCO reactor are demandingstaskich may hamper
commercial developmeff6, 57] Mathematical modeling ahe PCO process can laa effective
tool for design, scalep, and optimization studiegsit opens up an opportunity to comprehend
the optimal performance of the reactor and its limitatjb6]. In addition, developing a
mathematical model is crucial to investigate the influerigaranetes on each step of PC®ig.
2.2). To reach this purpose, a combination of an appropriate reaction kinetiawetamental
mass balancé required tobe consideredSuchan equation can predict the removal rate of
pollutants as a function of operating parameters, reactor gegraathphysical property of
photocatalysf6, 21, 58] In the PCO process, there are interactions among pollutants, catalyst, and
irradiation, which make modeling of photocatalytic reactor a complex task. For instiaace,
concentration of catalyst (amount of titania per unit volume) has a direct impact on radiation

distribution angdconsequently, on the activity of catal{s8-63].

2.2.1.Reaction kinetic modes
Reaction kinetic gives information about the mechanisms that the reactants are converted to
products and is used to determine the performandbegbhotoreactor for VOC degradation.

Theoretically,the kinetics of reaction can be described as decreasing rate of reactants or raising
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rate of productsThe degradation rate of challenge compoundh@&PCO reactor depends on
operating conditions such asncentration of VOCs, temperature, irradiation, humidity, and
catalyst loading such thi21, 23, 64]

=k ([C]) (2.9)
k=f(T,1,& ) (2.10)

wheref [C] is a function of VOC concentration and relative humidity. Moredv@r, I, @ )
reperesnts dependency of kinetic constant on temprature, irradiation and catalyst, loading
respectivelyConcentration is one of the key factors in reaction rate. Gendtadlggaction rate
increases with reactant concentratidure tothe increment in the frequency of collision. The
relationship betweereactionrate and reactant concentrations is descnibathematically by rate
law (shownin thenext section). Temperature is also regarded as a major factor that influences the
rate of a chemical reaction. Raising temperature provides enough activation energy for more
effective molecular collisions. In terneg humidity, it is believed that complete degradation to
carbon dioxide is unachievable withdlé presence of water vapor. On the other hand, introducing
excessive humidity leads to reduction in catalyst active sites and, consequently, a decrease in
reaction rate. As for catalyst loading, it has a major impact on catalyst activity and degradation
rate. Depending on saturation value, support material and coating method, the amount of
semiconductor othesubstrate is dissimilar in different studies, whaéfects catalyst activity and,
consequentlythereaction rate. Since photons activate semicondsitti@reate charge carrsdfor
the degradatiorof VOCs, light intensity has a prime impact on the reaction rateremdval

efficiency of the PCO reactor.

2.2.1.1.Pollutant and water vapor concentrations

As photocatalyst reaction rate relies on surface coverage of pollutants on catalyst particle,
kinetic modeling of PCO reactor is associated closely with adsorption fi2édleln this respect,
the relationship between concentration of VOCs and reaction rate can be described through various
adsorption isotherm including Langmuir, Freundlich, and Bruri&iremeti Teller (BET) [65-
69]. Among them, Langmuir isotherm is widely used in the literature. Thisdeotis based on
the hypothes that there is monolayer adsorptionaumiform catalyst site. It also assumes that
each site holds only one adsorbate molecule and there is no interaction between adsorbate
moleculegd65, 66, 69]
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In general, the kinetic model of PCO is commonly describaedhasolecular (firstorder) or
bimolecular (secondrder) reactiorrates As the mechanismof photocatalytic decomposition
contains numerous reaction steps and pathways as well as many different reaction intermediates,
developing a reliable reaction rate adebthat is applicable for various pollutants and conditions is
a complextask. Practically, kinetic experiments are employed to investigate the depgmdenc
degradation ratand influencing parameters (i.g. concentratiamadiation water content and
temperature). Unimolecular removal of VOCs based on Langmuir adsorption model can be

described as following equatioal§oknown as LangmuiHinshelwood)70-72]:

wherek andK are global kinetic coefficient and adsorption constant respectively. the
sorbedphase concentration of challenge compouiishe absere of mass transfer limitation,
theconcentration athe catalyst surface is equivalent to that in the bulk flewrve fitting routine

(leastsquaremethod is applied in order to measure kinetic data

Eq(2.11) is applicable undethe assumption that there is no competition between the target
compound and other compoundsc{uding intermediate and bgroduct). By considering the
effect of othercompounds the concentration of adsorbed target compound redauwt can be
indicatedby modified Langmuir relatiofi21, 7376]:

ek ——— (212
wheren stands fothe number oEompound®xisting in theair. One of the main compounds
that compete with other reagents for adsorptiorthensurface of the catalyst is water vapor.
Includingthe effect of water molecules for adsorptinfieq.(2.12), theremoval rate of compound
p can be stated 487-82]:

i =0 (213

where0 is the Langmuir adsorption constant of water vapor @nds the gaghase
concentration of the water vapor. E13) is applicdle under the assumption that reaction
products do not have wreffect on the degdation rate and the reaction kinetics is mainly
dominated by competitive interactidretween waterd ) and inlet concentration of challenge

compound6 [78].

12



By consideringthe secondorder (bimolecular) Langmuir adsorption model, there are three
different scenarias(1l) adsorption of target gas and water on the same type of sites with
competitive adsorption(2) adsorption of target gas and water on different types of sites with
competitive adsorption, an@8) adsorption of target gas and water on different typested si
without competitive adsorptiorBimolecular reaction rate equations for each abueationed
casearepresentedn Table2.2 [83-85].

Table2.2: Threedifferent types of bimolecular reactionliangmuirmodel

Reaction rate equation Principles Ref.

i =0 (2.14) Adsorption on different types of sites, [83-86]
without competitive adsorption
g (2.15) Adsorption on thesametype of sites, with  [43, 8386]

T

competitive adsorption

(2.16) adsorption on different types of sites, wi [83-85, 8790]

L
“1
D

competitive adsorption

In practice,EqQs.(2.14) to (2.16) are applicable whetherelative humidity of air is low enough
andhydroxyl radicals concentration on catalyst surfadlegatelimiting element.In this case,
mass transfer of water molecule from bulk to catalyst particle bex@tedimiting step of PCO
process. It is also worthwhile to be noted tiatkinetic mocel varies with operating conditions
or reactor designs:ig. 2.3 presents some common types of PCO reaEmrinstance, the results
of the kinetic model for formaldehyde in a flat plate reacfei] using Eq(2.16) were different
from that inthe monolith reactof92] or were not the same as flat plate reactor results avith
different operating conditiofB3]. To be more specific, at same operating condition, mdnolit
reactor proviésbetter mass transfer of VOCs than flat plate rea@tcst monolith reactormore
VOC molecules are in contact with catalyst active sgesnore reacti@canhapperfor the same
adsorbed photong6]. Additionally, reaction rate highly depends on operating conditimd
kinetic parameters may changi&h operatingparametes (such as flow rate, relative humidity,

light intensity).
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Fig. 2.3: Schematics of typical PCO reactors a) flat plate reactor b) monolith reactor ¢) annular reactor d) packed be

In some earlier research wgrkLangmuir kinetic model could not bevell-fitted with

experimental datand anew kinetic modehas presented with some modifications in Langmuir

model Demeestere edl. [93] presentd a new kinetic model for TCE (Trichloroethyleradfer

reaching inadequate fitting for the first order Langmuir equatromhich reactions of electren

holes andhe effect of recombination arexplicitly regarded. Mufioz etl. [94] implemented the

same approach for toluene throutje secondorder reaction raten which toluene, water, and

other compounds are considered to have a competition for adsorption on the sdmgesiera|

a higherinitial concentration of pollutants leads to reaction rate increment itmghches its

plateau but ersluphavinglower removal efficiency95, 96] In contrasta lower concentration

14



of VOCs raises removal efficiency and degradation of pollstartarbon dioxid¢97]. Increasing

inlet concentration enhanctee numberof adsorbed molecules dine catalystsurfaceand then

the reaction rate However, itdeclinesthe removal efficiency of the PCO reactordue to the
reduction innumberof active sites Moreover, asheinitial concentration risegshe masof by-
producs and intermediate occupying catalyst active sites increase, which causes more gas

moleailes toleavethe reactor without reactidg4].

Many authors enquired into the influence of inlet pollutantcemtrationon decompaosition
rate. Mo et al[98] investigated the effect dblueneconcentratioron various catalysts in #at
plate type of PCO reactor. They showed that watising concentratiorfrom 0.5 to 4.5ppm,
removal efficiency reduces up to 40%kely, Cao et al[99] revealed that conversion of butene
drops with increasing inlet concentration from 1 to 9 ppm;ewas, the oklation rate grows with
butene concentration. They also indicated that the changing magnitude of oxidation rate at low
concentrations of butene is higher than at high concentrations. LopefEL&0ginvestigated the
impact of PCE concerdtion on degradation efficiency, which showed that the efficiency declines
about 1.8 times as feed concentration raises 4.25 fold. This occurs because more PCE molecules
pass through the catalytic bed without being decomposed, either by the hydroxybradechl
radicals. Therefore, it can be concluded from the observation of each research that low inlet

concentratiorresults in highedegradatiorperformance oPCO reactor.

2.2.1.2 Light source andintensity

The light source provides the energy requiredo initiate the photocatalytic process
Theoretically, TiO2 photocatalystsre activatedat a wavelengthof less than 380m [51, 101]
Fluorescent blackight lamps (300-400 nm) and germicidal lamsgUVC, 254 nm) areéhe most
commonly used light sources in PCO of ailpiants Theenergy of these spectrums is equivalent
to or higher than the 2eV bandgap energy of Ti@[102, 103]

Increasing light intensitieads to morexcitation and electrehole pais creation accordingly,
anincreasen hydroxyl radical generation anthen,in VOC degedation rate The influence of
light intensity on reaction ratean be divided into two regimes: fistder regimeat low light
intensity, where chemical reaction dominates recombinatiaesftronhole pairsand a half order
regime at high light intensity where recombination speed is more than chemical reaction.
Therefore the correlation between reaction rate and light intensity can be summarized as follow
[21, 22, 91104].
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n=0.5 | onesun
(o (2.17)

n=1 | onesun
wherer is thereaction rate andl is the light intensity. One sun is equivalent to abo0t2D

W/m? for wavelengths below 350 and 400 nm, respectifzdy 105]

In addition, #meresearcherproposed zero ordet(n=0) regimeto describehe relaionship
between reaction rate and lightensity, wherethe overall rate is limited by mass transfir this
situation the degradation rate becasmedependent of light intensity, and the conversion reaches
a constant valudhishappensvhen light intensity is very high artkdeconcentratiorof pollutans
is quite low (ppb range). In such cases, they indicated that raising light intensity does not have any
effect onthereaction ratexsreactiorstake place under mass transfer corig6l 106] In general
therelatiorshipbetween reaction rate and the exponent of light intensity can be classified as three

different regimes, depending @imeamount of intensityKig. 2.4).

A

n=1 n=0.5 n=0

Reaction rate

v

Light intensity (W/m?)

Fig. 2.4: Reaction rate versught intensityfor different regimes

For the purpose dhe optimal desigrof PCO reactor, radiation field falso been simulated
using different methods, suchgesometrical method using difentialview factors [81, 92, 107,
Monte Carlosimulation([108-110]), andBeerLambert law [111-113]). The hstone owing to
its simplicity, was used frequenthn literatureto describethe distribution of light inside the
catalyst.When thecatalystparticlesare in very closg@roximity to each other (a nestattering
medium) the influence of absorption is much more than scattering and-IBewbert law (eq
(2.18)) can be readily applied for light intensity13].

0 00 (2.19)
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where'Ois the intensity of incidenfW/m?), * is the attenuation céfécient for UV in the
catalyst(m?) andx is catalyst thicknes#\ ccordingto thisequation the intensity of lightlecreases

exponentially with depth in the material

2.2.1.3.Temperature

Temperature is one of the most significant factors in-g@l&l photocatalytic reactien
Temperaturdnfluences theactivity of photocatalysand consequentlgffects not only kinetic
reactionbut also adsorption of gas compoundgloncatalyst However oxidation reactions are
not sensitive to minor alteratiem temperatur¢l14-117]. Thedependency demperaturéo rate
constantk, can be expressed usiAgheniusequation83, 115}

ké f(exp — ) (219

whereO is apparent activation ener@ycal molt) whichis usually greatethanzero.RandT
stand for gas constafit.98710°2 kcal mol*K 1) andtitaniatemperaturén Kelvin, respectively.
Increasing temgrature has a pasve effect ortheremoval rate of VOG=wing totheincrement
in collision frequencyNeverthelessadsorption isanexothermigprocessenhancing temperature
reduceghe coverage of photmtalyst by VOCsandconsequentlydecreasesadsorption capacity
[118-120] The rdationship between adsorption equilibrium coefficigft,and tenperature, T,
can be stated similigrto Arrhenius equatiofv8, 121, 122]

Ke f(exp — ) (2.20)
whereQ representshe heat generation @afdsorption

In general, it can be noted thatlow temperaturgadsorptionis the dominant procesandin
high temperaturekinetic reactiorplays a dominant rol&ince theoverallreaction rate considers
the combined adsorption and kinetic reaction processes, a maximal reaction rate can be reached at
an optimal temperaturd120, 123, 124] Depending onthe ratecontrdling process,raisng
temperature carenhanceeaction rate or drop it. For instance, wiagisorption igheratelimiting
process, raising temperature decreéiseseaction rate. On the other hand, increasing temperature
enhances reaction rate when kinetic reaction becanestrolling processThis mayresult in
dissimilar results by researchers when they perform expesméhtdifferent chemical pollutions
[105, 123, 124]
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2.2.1.4.Catalyst loading

Though photocatalytic reactiontakes place on the surface,catalyst loading(catalyst
concentrationhas a significant effect aifie reaction rate. Incesing catalyst loading ia PCO
reactor enhances the concentratiothefactive site. This improvement leadsahigher reaction
rate and, consequentlgreaer degiedation efficiency[63, 125, 126] Numerous researchers
reported thathedecompositiomate firstly rases with increasing catalyst loadidoyt it drops after
a specific limit.This decline in reaction rate &tributed to poor light penetration, increase in light
scattering effe¢tand particle accumulation created by the high catalyst concentriatidms case,
the optimal value of catgbkt loadingshould be foundo reachthe maximum level of VOC
conversion127, 128]

Einagaet al. [101] studiedthe dependency of benzene conversion on the loading of TiO
catalyst in the PCO reactdrhey observed that with increasing catalyst loading from 0 to 0.24g,
benzene conversion grows sharply from 0 to 10@B&rnatively, some researchepointed out a
decresing tendency of catalyst activiagsan excesive amount ofTiO2 particleis loaded on the
support surfacer-or instanceTakedaet al.[125] noticed thafor TiO- loading less than about 50
wt%, the mineralization rate of propionaldehyde is plainly proportional te padticle content,
and itsadsorbed amount does not have any great effect. However, after about 50% loading, with
elevating TiQ concentratio, the photodecomposition rate drod$ey highlighted thabeforethe
critical point, the illuminated photons were effectively utilized in photoexcitation of the loaded
TiO2, but beyond this valya fraction ofloadedcatalystis not utilized inphotoexcitatiorand leads
to the decrease in degiation rate Romeroet al.[128] demonstrated that increment in catalys
(Aldrich titanium dioxide) concentration from 0RE03 to 0.5x10° g.cm™ resuls in increagd
scattering and absorption effects as well as smaller intensities. They also cothpagesdlt of
this catalyst with Degussa P25 titanium dioxide at catalyst concentrationxd08.§.cm® and
found that the latter equivalent to duplicating the mass particle concentration of Aldrich titanium
dioxide. Likewise, Alonso-Tellez et al[129] compared two different catalgstUV100 and P25
to find the effect ofenhancing catalyst loadiran the degradationf MEK. Raising TiQ particle
content elevated MElKemovalefficiency for bothcatalysts until optimum value antéeyond this
to reach glateaulevel. The optimal amount of loading for UV100 and R@&e about 1.25mg
cmi2 with 40% decomposition an.75 mg cm? with 19% conversion, respectively. They
concluded thathe received irradiance and light transmission through UV100 photocatalyst is
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higher thartheother one at similar catalyst loadinhe deeper light penetration inside the UV100

resulsin activation of more Ti@particles and, accordinglya higher level of degdation.

2.3.Mass transfer model

The performance of PCO reactor can be divided into two maig pBytvOC transport from
bulk to catalyst surfac®) removal of then by thephotocatalytic reactiorRefaring tolast section
(reaction kinetic model)nost researchengresumed that the PCO process being limitedhley
kinetic reactionand mass transpors often ignored in photocatalyssudies especidy by
chemistry groupsThe reason is thahey try toconcentratamore on catalyst activityand its
efficiency, even thagh knowing mass transfer phenomendas a vital role in interpreting
experimental results and scaling up of PCO redd®0, 131] Therefore,to obtaina complete
modeland applythephotocatalyic reactoron a larger scaleakinetic reaction model coupled with
amass transfer modprovides a more comprehensive and accurate mpte|106]

2.3.1.Internal and external mass transfer

The mass transfer phenomenon canchéegorized as internal and external mass tranBfer.
internal masgransfer in porous mediacludes diffusion of molecules frothe external surface
of the catalyst particle to the inside tie pore.As theinternal mass transfer resistance of Ji©
assumed to beegligible(a very small thickness of Tidayer), this type of massansferis usually
neglected in most numerical modeling studigse presence oatelimiting step by internal mass
transfercan be determined using dins@mnlessWeisZ Pratercriterion @ . This criterion is
defined aghe acual reaction rateper diffusion rate. When the value @f is greater than one,
internal diffusion limits the reactiod32-134]. The eternal mass transfer involvése motion of
molecules from bulko catalyst surface via diffusion and convectidhis kind of mass transfer
controlsthe PCO process whethe driving force islargeenough andthe trangort of molecules
from highconcentratior{bulk) to low concentratiofcatalyst surface} slower than reactiofd0,
132].

The dffusion stepincorporateghediffusivity of challenge gas in the film lay&rhe mnvectin
step associates with fluid velocity, fluid charactersstand geometry ahereactor However the
mass transfer coefficient expresses both diffusion and convemiareps and their influencing
parameterg asingle numbefl35, 136] The rate of external mass trangfd) on catalyst surface
can bestated as édow[40]:
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N=k(Cb-Cs) (2.21)

wherekn is externalmass transfecoefficient C, and Cs arebulk and surface concentration

Consequently, mass balance over film layer can be tewas follow[137]:

— =kmas (Co-Cy) (222)

whereas represergtheratio betweerthesurface area of film and reactor volurivass transfer
coeffident (km) can be calculated usingherwood number (Sh), Reynolds number (Red
Schmidt number (S@s follow:

She x R&/ S&3 (2.23)

wherethe value of andy, depending on flow characteristic and type of reactor, carabe
Vezzoli et al.[137] used this correlation to calculate masmsfer constant in a flat plate PCO
reactor with laminar flow, in whictialues of 0.664 and 0.5 were consideredasy coefficients
In another study by Yang et §L38] for a tulular PCO reactor, these parameters changed into
1.17 and 0.58espectivelydueto different experimeiad conditiors and flow propety.

In the case of external mass transfer limitatiohanges irconcentration during the time by

considering reaction ratan be expressex$ lElow:

—_— :kmas (Cb'Cs)'rp (224)

Wherer, is thereaction rate presented in sect®bf. Chen et al[132] andVezzoli et al[137]
studied the effect ofmass transfer in a flat plate reactwith a porous medialhey found that
internal mas transfer resistance can be negleemdrding to the magnitude of Thiele modulus
and external mass transf@ntrolsthe overall rate of reactiarDijkstra et al[139] observedhat
the system is limited by massansfer sincehe remowal rate rises with increasingeynolds
number In terms of mass transfer, they also realized external mass transfer limitation happens in
the PCO reactor.

2.3.2.Material balance

The overdlmass balance each control volume for the PCO reactor caafy@ied in both gas
and solid phaseAccording toFig. 2.2, conservation of mass for species involves diffusion,
advection phenomenon amhotochemicateaction.The mass balance equation in bulk phase for
species can bendicaied aq140]:
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— 120 na)+Y (2.25)

where,0 is the molar concentration of specigs] andw are the diffusion fluxand velocity
vector, respectively and’Y representghe rate of production or depletion of spedcidsy the
photocatalytigeactionIn this equationthe lefthand side appears fttreaccumulatiorof species,
andthefirst termon theright-hand side representse mass transfer ofpecies throughadvecion.
To simplifyEq(2.25),Fi ¢ k 6 s | wsedforigas diffuidn,emhich represents thilaérate of
diffusion is proportional to the concentration gradi€atmereseachersapplieda2D model and
assumedliffusion term inthe axial direction antbr advection in prpendcular toflow direction
are neglectefll41, 142] In order todo more simplificatioron the model, plg flow andlaminar

flow for velocity profile are frequently used.

Assadi et al[143] proposed one dimensiahmathematical model for scaling up of different
continuous flow reactors (cylindrical reactor, planar reactor and pilot unit) to remove
Isovaleraldehyde (Isoval) in gas phase. In this model, they consideredramster phenomena
combined withthe kinetic model as well as the chemical pathways of reaction. Model validation
indicated an average error of less than 10%, which shows a great agreement between model and
experiment. Adjimi et al[144] modeled a continuous stirrédnk reactor, under simulated UV
intensity, for degrdation of ethanol over Ti&6i0; in the gas phase by coupling the convection
diffusion equations for mass transfer and the light intensity model for UV penetration. They also
investigated two types of flows (counter andctwrent) and found out that diffences in
concentration and diffusive flow patterns can cause a discrepancy in the activity of photocatalyst.
Lopes et al.[100] presented a complete mathematical model in a contirlmwustubular
photoreactor, under simulated solar irréidia, for degradation of Perchloroethylene (PCE). To
develop the model, they tested six different kinetic rate equatisnggesting that
Perchloroethylene and water molecules should be taken into account in reddtierdifferent
active sits of thesuface. This model considered the effects of operating parasnetenely PCE
concentration, feed flow rate, and water vapor content, on process performance. ZhdB§let al.
developed a timeependent model for an-guct PCO air cleaner under conditorelated to
actual application. This model integraté® kinetic reactiormodel, mass balancand light
scattering model, including the effect of reageometry, parameters of mass transfer and kinetic,
and properties of catalyst and light source. Tomasic efldb] compared three different
mathematical models, orttmensional (1D) model and twdimensional (2D) models based on

ideal flow and laminar flow conditions, in the annular photocatalytic reactor for removing toluene
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from the air. They highlighted that the erall rate of this reactor is controlled mainly by the
interphase mass transfer and concluded that 2D model based on the laminar flow is the most
appropriate model for a comprehensive description of annular photocatalytic air purification
system.

In termsof advection,laminar flow andideal plug flow aremostcommonly impémened
assumptioain PCO reactorin plug flow, thevelocity profile is assumed constganiform flow)
in each direction along the reactand there is no bouary layer near the whlwhereas laminar
flow takes the effect of bouary layer into account and velocity profile has a parabolic shape after
fully developed regionOne important shortcoming @host modeling studies is related ttee
effects of intermediasand byproducts in the reaction term. Effects of these produesssumed
to be negligible in kinetic rate, while they can imp#wt adsorption of main compounds and

activity of the catalyst.

Some authors for example Hossain et al]92] and Jarandehei et dl146], presenteda
compehensive threelimensional advectiediffusion-reaction modeto investigate elimiation
of VOCs in monolith and flat plate PCO reactor, respelstiunder steadygtate condition, which
the result vas impressivelyfitted with experimentabdata. In addition, Wang et al. [88, 147]
developeda threedimensional and unsteadyate mathematical modekhich reached good
agreement with experimentslowever these modeal consideed only the mass balance of
pollutants ingas phasendassumedeaction occurs in a control volume adjacent to the catalyst

surface.

Applying advectionanddiffusion in gas phasand reaction ratenodel inthe solid phasgeas
well as boundary layer transfezan provide detailed modelingf all involving steps in PCO
procesqFig. 2.2). To date, noststudies consideretthe mass balance &peciesn either gas or
solid phaseand aly afew models presented mass balance in both plf@kel45] In this context,
some authorgfor example Zhang et al[148], Boulinguiez et al[149], Biard et al.[150] and
Toma gi [145Rintrodmdeda simplelD mass conservation equation, in which mass transfer
happens through gas boundary layer near catalyst surfageoesndiffusion has been assumed
negligible due to very thin catalyst lay@onsideringheaforenentioned facts, they imghented
thefollowing mass balance in tlgas phas€éEq.(2.26)) andsolid-phase Eq.(2.27)):

u—="Q ay(C-Cy) (2.26)
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Q ay(C-6 )=r=f[C4 (2.27)

The morerealistic mass transfer modeln beachievedwhenthe concentratiorgradientby
diffusion( Fi ¢ k @lsng tha RCP reactas taken into considerationThis model providesa
betterapproximatiorthanthe previous ongwhere a quick dropf concentration at gas boundary
layer is unrealisti§145]. Similarly, Ma r e | i [L151]a th d a IT o ma[t}5] flevetopedr wo- .
dimensional and unsteadyate mathematical model for both gas and solid phakecaiiisidering
molecular diffusion in the gas phagemore comprehensivaodel was presented by Zhong et al.
[81] andAssadi et a[143] for PCO reactor by considering advection, diffusiand boundary
layer transfer of molecule thegas phase as well asaction inthe solid phase.

2.4. Parametersaffecting PCO performance

As decomposition of challenge gas photocatalytic oxidation reactor depends arflow
condition, type of pollutant for adsorption process and propertigsatbcatalystdetermining the
influence of each parameter can provide great insight rietooval performance o¥/OC.
Accordingly, this section befly reviews the effect oflow rate, catalyssurface aregorosity,and

catalystthickness

2.4.1.Airflow rate

The airflow rate plays an important roletlre degradatiorrate ofVOCs inPCO reactor. The
general idea abotteinfluenceof airflow rate is that it has a duatlverseeffect onPCO reaction
Increasingflow rate reduces residence time in the photoreactor, whadcordingly causes
decrease in removal efficiency. On the other handh@flow rateincreasesthe rate of mass
trarsferbetween gas and photocatalyst surigross, which leads t@nhancement of reaction rate
[152, 153] In caseof higher residence tim&OC molecules have a moohance to be adsorbed
onthecatalystsurfaceln consequeng¢éhenumberof compoundthatreactwith hydroxyl radicals
or superoxideanionsincreaseshence removal efficiency enhancg87]. Therefore, m the mass
balance equatiorthe mass transfer coefficienks) is influencedby changing airflow rate ithe
PCO reactorAs airflow rate (or velocity) incrases boundary layer thickne@s film thickness),
1 decresesaccording to relatiokw=D/| , and consequentlitnincreases As long as mass transfer
conrols the overdlrate, increasintheairflow ratecan improve the reactor efficiendy contrast,
degdationefficiency is declinedby increasing flowatewhen the PCO process is not limited by

mass transfer.
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Bouazza et al154] reported thatemovalof benzenever P25 decreases sharply up to 72%
when flow rate rises from 7.5 to 60 ml/min, which represtir@segativeeffect of lower residence
time domiratesthe positive effect of highermass transferyang et al.[155] observed that the
reaction rate enhanced when the airflow rate increased from 0.3 tés@6ddecreased when the
flow velocity changd from 0.6 to 0.94 m/$heyconcluded thatass transfer and surface reaction
aretwo vital factors contrding the overallreaction rate of PCQVhen mass transfer contrale
overallreaction ratetheconversiorenhancewith the increase of flowelocity. Converselywhen
surface reaction controls the overall reaction ratiee removalefficiency decrease with the

increase of velocity becauseaxthorter resident timg.55].

2.4.2.Catalyst surface areaand porosity
The surface area aparositycanhavea major impact on photocatalyst activity and accordingly

on degradatiorefficiency. Asfor the surfacearea,pollutant adsorption capaciandthe ability of
hydroxyl radical generatioenhance ahe highersurface aredn this case more VOC molecules
can transfer tahe catalyst surface and react, which promstdecanposition of challenge
compound to final productd29]. The impact of surface ardas) in mass balance equation of
PCO appears in interphase mass transfer t€m(C-Cs)) and adsorption constart)(in reaction
rate (defined by I-H model) Increment irsurface area enhances both mass transfer and reaction
rates, whichconsequentlyincreagsremoval efficiencyof the reactor.Maira et al[156] showed
that the activity of the Ti®is strongly affected by crystal size. view of this, the smaller Ti©
crystals providea higher surface area fothe adsorptionof pollutants which resuls in higher
conversion Alonso-Tellez et al. [155]comparedthe performanceof UV100 and P25 in PCO
reactor. They found th&tV100, owing to its larger surface area, has a higher ability tolsige
amount of pollutantand means that UV100 canovide higher removal efficiency fohe same
VOC content.

Porosity plays an essential role jphotocatalyticactivity. High porosityimplicates higher
surfacecontactfor reactars and enhancethe degradation rateMoreover, the porous structure
facilitates the harvesting of light because of the enlarged surfacdl&®al58] As for the
modelingperspective porosity can affedboth masstransfer andeaction rateéerms With raising
porosity ¢), effective diffusion coefficient®@ O8It in diffusion termsncreasesresuling in
highe masdransfer of VOCsMoreover in terms of reaction rate, rate constagtdue tobetter
light penetration in catapy bed is enhanced by increasing porosi#rconada et al[157]

evaluated the effect of porosity in photocatalytic activityeyshowed thaporous TiQ film could
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improve TCEconversiorby around 20% higher thahat ofdens film.Alonso-Tellez et al. [155]
also reported thatUVv100, owing to the smaller size of the porous network has better
photocatalytic activity than P25. They pointed out that this large fractimmcofporosity can lead
to an artificial increase in the residence time of the pollutant within the UV100 partitles
consequenceeactand and intermediatecan escape fror®25 much easierthan from UV100,

resulting in adwerdegradation yield

2.4.3.Catalyst thickness

Another key factor that impacts the final product conversion and photocatalyst efficiency is the
thickness of photocatalyst fillBasically,varying catalyst thickness influensboththeavailable
surface othecatalyst andhepercentage aibsorbedight. Increasing catalyshicknessenhances
external masgransferon account ofncrement indiffusional length of reacting molecules from
bulk to the catalyst surface. As the film thickness increasesome point, light can be totally
absorbed by photocatalyst layers atigirefore the reactionrate can be reached miaximum.
Besides with a further increase in catalyst length, the reaction rateldvaot change andthe
diffusionallength ofthe charge carrier tthe solid-gasinterface remaisiconstantwhich restrics
the reactivity of the catalysts near the surface of the support m§i&2al159, 16Q]In terms of
modeling, the impact of catalyst thickness isnoasstransferrate andreaction rateln terms of
masstransfer with increasing thickness, internal diffusi¢n 2y ) getsmore spnificant role in
degadation of VOCs and, hencenay cause internahass transfetimitation. BeerLambert
equaton (Eq(2.18)) shows thatncrement inthickness increaseste constan{(’Q "Q O ) due

to improvemenin light absorption(l) .

Chen efal. [132] proposdan optimal catalyst layer thicknes' & at which the degradation
rate is at maximum. They found thahile the film layer is thipnthe light absorption will not be
strong enough and therefore, the activity obtolcatalyst lagr cannot be at its highest possible
level. When the catalyst thickse increases, more electrons and healiisbe created and then,
reaction raé can reach to its maximum vall#owever further ingease in catalyst lengtiasults
in recombination of charge carrier at relatively far froriidsgas inerface, which cause tower
reaction rateVezzoli et.al[59] pointed out that using a very thin film layer of catalysh@PCO
reactorcanreduce diffusion limitationMeanwhile, the decreasé light absorption declines the
reactor efficiency, which represents wagtresource and money.They noticed that the final

conversion of phenol growsith theincreaseof average film thickness up to aboub4 dand

25
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reaches to a plateau afthiat. Up to this thicknessdiffusion of pollutants inside the film layer

have minimal effect on reaction rate and growth in reaction rate nearly follows light absorption.
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3. Methodology
3.1.Model development

3.1.1.Mass balance

A onedimensional heterogeneous mattagical model of UVPCO reactor was developed by
considering the following physical phenomefpadvection and dispersion of molecule in bulk
as well as mass transfer across the boundary layer in the gas pha®eadsalption and PCO
reaction in the solid phas@ig. 3.1). The following assumptions are made in the model

development:
i) Axially dispersed plug flow along the bed,
i) Constant bed porosity,
iii) Negligible temperature gradient in the PCO filter,
iv) Negligible light reflection or cattering by photocatalyst,
v) Uniform coating of TiQ particles on the support material,
vi) PCO reaction on the Tturface, and
vii) Negligible internal diffusion,

(@)

PCO filter uv lamp

o O o Q@ ()
<:E|'° °© Y, 9

O @ o Qo Q : Q

4 4 J
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(b)

Axial dispersion

7
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/, Boundary layer
/ .- mass transfer
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&
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'TiO, ) Target compound @ Water molecule @ By-product @ Carbon dioxide

Fig. 3.1: Schematic diagram ¢&) UV-PCO system (b) mass transfer in the PCO filteafsporption
desorption and reaction of molecules on JiO

Accordingly, VOCs mass balance in ggdid phase can be expressed as

- Gas phase:
— 0 — 66— —ns &) G
- Solid phase:
(9] .
— Qwo o i (3.2
Qo
Initial conditions:
0 O m att=0 (3.3)
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where-ho HO ,"Q, & Andi aredefined ashe bed porosityinterstitial air velocity, axial
dispersion coefficient, intgghase mass transfer coefficient, geometric surface area per unit
volumeof PCO filter, thereaction ratdor challenge compounand byproducts respectivelyC,

andCs stand for concentration thegasandsolid phass.

The Danckwertsoé b o ucdtodeddoyedsgstem dré dpplied6ly. Infther t he
system Fig.3.2-a), plug fow (no dispersion) to the immediate left of the entrance line \x=0
(closed) and to the immediate right of the exit (& 9 (closed) is counted. However, dispersion
and reaction occur between X=dhd x =0 ". At the reactor exitgoncentration is continuous (no
concentration gradient)Fig.3.2-b). Hence, a Robiype boundary condition at the inflow
boundary and a Neumaitype oneat the outflow were defined 62]. Boundary conditions are

expressed a@®llows:

(b) €Y
‘ D, dC;
et =0 Cio = (0" — = |, o
: : b D,=0 ! D, >0 ! D, =0
1 1
: 1 1
c «— | le—
0 <« | -~ - |
-— D le—
« ' D
«— I
— e
1 <+ :-V' - : ¢
Lt Le 0410°
£ 1 Lf ! X:Lf x=0
x=Ls x=0

Fig.3.2: a) Closeeclosed vessel b) SchematitDanckwerts boundary conditions at entrance and exit
66p 66 0O — atx=0 (34

— 0T atx=0 (3.5)

3.1.2.Radiation model

The radiation model is based on the linear source spherical emission model [€5SBe
model regards the UV lamp as a line source, with each point on this line emitting radiation in every
direction isotropically. The incident radiation intensity at any positiore)(on the PCO filter
surface was modeled with the following assumptig®is163} 1) isothermal conditions; 2)
negligible absorption, scattering, or radiation emission by the gaseous media between UV lamps

and filter; and 3) negligible lamp radius compared to the {mfiiter distance.
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Fig. 3.3. Schematic of PCO reactor representing LSSE model coordinates

ConsideringOas the light intensity emitted per unit length of the lamp, radiation intensity at

point P (seeFig. 3.3) for a specular source is obtained[b§3]:

e ‘0QQ
Q0 — . (3.6)

o 0. —— = -—— 0Al — OAT— 3.7)

wherez is the vertical coordinate,is the lateral reactor coordinate, is the lamp length, and

Ris the distance between lamp axis and the point of interest on filter slfgce3). When there
are multiple lampsN lamps) laterally parallel to the PCO filter, the distance between the axis of

lampj and a point®) on thephotocatalytic surface can be estimated by:

Y o ® w 5 © 8 (3.8

wherew j is the distance of the lamp axis from the oridiig(3.3). The radiation intensity

on the surface of the photocatalyst equals the sum of contributions from each lamp. By measuring

radiation intensity at the lamp wallQ)), the incident light intensity othe catalyst surface is
defined as follow$163]:
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1O . .. ) R ® 0
—y OAI OAT
T ® W 5 o B8 ® w 5 o B8

wherei is the radius of the lampgt should be noted that E8.9) is valid only for

monochromatic irradiation.

The UV light irradiance inside Titania film can be estimated according to the Bedyert law
[164] (Eq. (3.10)).

O 0O Agb‘. (3.10)

" 311
C b - (311

whereGs the UV light incident intensity, is theattenuation coefficienande is the overall

effective TiQ layer thicknessO is considered the average UV light intensity at the catalyst

surface, calculated by:

A O 006 (3.12)
(0]

O

3.1.3.PCO rate expressions

Several models have been proposed to study the lsradtiphotocatalytic oxidation of a
contaminant, and they are mainly based on Langmuir Hinshelwoét) @xpression$l5, 165
167] The L-H model quantitatively describes the PCO-gabd reaction rate based on the
hypothesis that monolayer adsorption occurs on a uniform catalygl&ife At the steadystate
condition, the EH degradation rate of compound A in PAO) (can be expressed bymnodelM-
1) [70, 71, 168]

o — 2 (3.13)
p VO

where'Q is the reaction rate coefficient, is the adsorption equilibrium constant, aglis

the compoundA adsorbate concentration. When adsorbate concentration i® l6wbecomes

<<1 and the reaction rate can be simplified by a linear expressmite(M-2) [27, 35}

i Q8 (3.14)

whereQ is the apparent reaction rate coefficief®t €Q 0 ). In addition, Eq(3.13) can

be modified to consider the inhibiting effect of water molecules arprdgucts (competitive
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adsorption with water molecules and byproducts) in the reaction rate. In such a scenasterthe
vapor and byproducts compete with the pollutant for adsorption sites on the photocatalyst, hence
decreasing the pollutant removal rgg8, 123] In this case, the-H rate expression of challenge
compound in PCO is determined byqdelM-3):

. (Vo)

i Q . = .
p VO U O Bu 0 (3.19)

where0 andv represent the water adsorption equilibrium constant and adsorption
coefficient of byproduct on a single site, respectively. Moddl€l, M-2, andM-3 are generally
called unimolecular tH models as they describe the reaction rate only based on challenge

compound and catalyst surface interac{e.

However, bimolecular {H models consider interactions between both target compounds and
water vapor molecules (dual adsorption of both species on the photocatalyst surfafE6Sites)
In these models, water molecules have dual effects on the PCthegfepduce hydroxyl radical
to attack VOCs and adsorbs competitively with pollutants. If dual adsorption happens on the same
type of site, the model is defined as competitive adsorption of target gas (compautidwater
vapor molecules and kyroducts on the same type of si{@8, 165] In this case, the PCO reaction
rate iscalculated considering the bimolecular competitive single site rhodel (mnodel M-4),
[90]:

- DL OO

o Q 3.16
p UG 0S& BO 6 f (3.16)

where all variables are the same as in(B4.6).

On the other hand, there are also two other bimoleculdr hodels for cases when dual
adsorption occurs on two different types of surface sites, with or without the competition of
challenge compoungwith water molecules and kjyroducts. They are called n@aompetitive two
types of sites bimolecular-H (modelM-5) and competitive two types of sites bimoleculaid L
(modelM-6) models, respectively. In this regard, moddis (Eq. (3.17)) andM-6 (Eq. (3.18))
are defined as followf87, 165, 169, 170]

- (Vo) VING)

p LO Buo {0 5 p U O Buo 0 5 (317
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. - 0RO 0 O
l Q — — . = —= — : = (3.18
P LRO UL O Bu R0 7 p LRFO U O Buv 0 ;

where0 5,0 7,0 5,0 5,0 5 and0 j are the target compounds, water vapor
molecules and bproducts adsorption equilibrium constants on the two types of sites (1 and 2),

respectively.

The PCO reaction rate coefficie®() in modelsM-1 to M-6 is a function of light intensity,

electronhole generation and recombination. Hence, this coefficient can be modif&&g]:as

0 — 0 z7Q (3.19

where Q and Q are the photon generation and recombination rate coefficients,
respectively. This expression is on the basitheftonstant concentration of hole$ dt steady
state and the same concentration as electfehg171]. Moreover, it was assumed thide
recombination rate coefficient of the separated electron and hole is much fastdrethales
generation coefficienf@ ) [171, 172] Eq(3.19) can be simplified by combinin@, Q@ , and
"Q to form Eq(3.20), which make the estimated parameters of reaction rate model more reliable

(less unknown parameters leadinghewrowerconfidence interval in the curve fitting).

KON ¢ (0 (3.20)

To estimate kinetic parameters of mod&is3 to M-6 through nonlinear curve fitting,
overparameterization may occur due to a greater number of parameters. In this regard, adsorption
coefficients of the challenging compound and water vapor were obtaireggeimdiently in the dark
condition (in the absence of UV light). In the PCO reactor, the primary competition for adsorption
on photocatalyst happens between target compound and water otiagigher amount of these
compounds in the air compared with-jmpducts. Langmuir adsorption isotherm by considering
competitive adsorption of challenging compound and water vapor on a single adsorption site can
be defined afl73]:

(Vo)
p ULO 0O

n n (3.21)

wherer) andry are the adsorption capacity of adsorbents¢gftga) and the maximal

adsorption capacity (mg/Jcay), respectively. The adsorption capacity can be expressed as the total

mass of the adsorbed VOC till adsorption equilibrium time per mass of PCQd@ter
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qo L O 0 Qo (3.22)

whered is the elapsed time of adsorption test (min), Q is the airflow rate (L/thin), and

0 are the upstream and downstream target compound concentrati@n, anglthe mass

of removal media (g). It should be highlighted that the obtained adsorption coefficients from Eq.
(3.21) are applied in Models1-3 andM-4, as they consider single site competition adsorption of
compounds. To calculate the adsorption parameters of mbtélsand M-6, independently,
through two sites adsorption isothemunder dark condition, overparameterization problem is
occurred again due to a large number of unknown pararfiatérsith the limited amount of
availabledata. Therefore, kinetic parameters of mod&is andM-6 were estimated directly from
PCO reaction tests and then compared with the results of other mdde® M-4).

The water concentration in the airy)Gvas calculated from the pressure of saturated water

vaporn using the Antonine equatigh75]:

N PR Sk ”’f;‘“o

where T (K) is the air temperature. The@y can be defined 4&75]:

(3.23)

T ¢ p WYO
Ain Yo

(3.24)

wherery  and RH are the standard atmospheric pressure and relative humidity, respectively.

3.2.Model implementation

The developed model was solvedimericaly by the finite differencan MATLAB R2018a.
For the estimation of the kinetic parametetsvo builtin MATLAB® subroutines were used:
bvp5c for numerical integration of differential equations asdcurvefit for minimizing the
objective function which was the difference between themerical solution and experimental
result Themass transfeamodel combined witthe reactiomateequationwas solved usingvp5¢
a finite difference code that implements an implicit Rukgéa formula with fifthorder accuracy
(four-point Lobatto IlIA formula). Thebvp5cfunction is an effective BVP (Boundary Value
Problems) solver that controls both the scaled residual and truglefépr Moreover, thenon
linear leastsquare based on the Levenhévigrquardt algorithm[177] wasemployedfor curve
fitting, which minimized the error between experimental data anedicted oneThis algorithm

works based on the combination of gradient descent and @wstn methodsTo solve the
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problem numerically, the catalyst bed is decomposed into n=500 elemental cells connected in
series (se€ig. 3.4). Gasphase concentratio€i) and solid phase concentratidyj are assumed
uniform within the same cell and differ from one cell to another. Simulations were performed with

an absolute and relative toleranaf 1x10°.

Moreover, the governing equations of transient state were solvie IYDE15S function via
the method of line (MOL)This function is an implicit method that solves the equation at each
time by backward differentiation formulas witt' ®rder Tayl or expansion (G
Ge ar O-adapdive algorithnselectsstep size automatically and chasgeders from one to five
(e.g., k=1 5).Based on MOL, thed&tial Differential Equation (PDEjand QdinaryDifferential
Equation (ODE)resulting from the mass balance in gas and solid phases were converted into a
system of ODEs, in whickthe secongrder central scheme watilized in the spatial domain

discretization Then, the ODE system was solved by u€ME15S function

Fig.3.5 illustrates the numerical simulation flowchart. Input parameters are either computed
from the existing empirical equations or measured using experinrestdts. The adsorption
isotherm and kinetic reaction expression are obtained through curve fitting of experimental data,
and the mass transfer parameters are computed from empirical correlatimersparameters are
measured directly before the experimheThen, they are applied in the overall mass balance
equations for gas and solid phases. Ultimately, ODE15s integrates the differential equations

system to calculate the downstream concentration during tRBCLY reaction.

Advection & diffusion

C= cl?l Cl CZ C3 "\ Cn C=Cout

> e ) et b b e e e e - —
l l l l Boundary layer
Gy : ‘sz: cl. : C., : mass transfer

i‘ * * * PCO reaction

Fig. 3.4. Spatial discretization of the catalyst bed.
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Fig.3.5: Structure othe simulatiorprogram.
3.3. Experimental investigation

3.3.1.Material and characterization

A commercially available PCO filter (SairGobain Quartz made up of TiCtoated on
amorphous silica fiber felts (SFF)) was used in this study. The Scanning Electron Microscopy
(SEM) system (Hitachi Tungsten FilamenB8&00N Variable Pressure SEM) was used to analyze
themedia surface. In the SEM test, a small piece ob/BEF was coated with gold nanoparticles
(for better resolution), placed on the sample holder, and scanned. SEM images adaléd on
silica fiber felts at different magnifications were displayeéim 3.6. BET surface area and pore
parameters of the PCO filter were investigated bya8lsorption measurement (Quantachrome,
Autosorbl). Some of the main properties of the photocatalysts are Iist€dble 3.1. Methyl
ethyl ketone acetone, and toluen®9.9%) (Fisher Scientific Inc., Canadagm chosen as a

challenging compound. Acetonitrile FLC grade) was used for HPLC analysis.

36



TMG 15.0kV 7.4mm x300 BSE3D 60Pa S Ybdum

Fig. 3.6. SEM images of the Ti&SFF filter at different magnifications.

Table3.1:Technical data for TigSFF filter obtained from BET and SEM analysis

Parameter PCO filter
Fiber diameter (d) 10° &
Specific surface area (BET) 150.8 n¥/g
Bed porosity {) 0.96
TiO: layer thickness odfiber () ) 1' a
Filter thickness (b 10-12 mm
Filter weight (may) 1.4+0.05¢g

3.3.2.Experimental setup and procedure

The schematic of the experimergakup employed to study the PCO performance is displayed
in Fig. 3.7. The photocatalytic reactor imade up ofin aluminum duct with 10 cm x 10 cm inner
crosssection area and 1.3imlength todelivera uniformairflow on the PCO medi&ompressed
air with 0% relative humidity and temperatureaifout203 was used as the carrier gas. The
airflow rate was adjusteby a mass flow controllefOMEGA, FMA5542A) and measured
accuratelysing a calibrated flow meter (DryCal ElGte). The inlet air was humidified kpyassing
a portion of it through a bubbling system filled with distilled watek. sensor (DATAQ
InstrumentsModel ELUSB2) was placed in the reactor to monitor the temperature and humidity.
The light intensity was providedy the UV lamps (Philips, TUV PIS 5 W/4P),and it was
measured using @ermicidal Radiometer ILY77 The | i ght i ntenwas6bly on e
W/m? and its intensity variefom 7 to 104 W/rion the PCO filter. Challenggompound were
automaticallyinjectedinto the airflow by a syringe pump (KD Scientific, Model KI2%0).
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Fig. 3.7. Schematic diagram of the experimentatgefor PCO experiments.
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3.3.3.Adsorption experiment

The adsorption test was performed at airflow rate of 30 L/min under dark conditice hawjtir
of TiO2/SFFfilter. The challenge compad was injected at four different concentrations (250,
500, 800, 1000 ppb) and at relative humidity ranging fi&%b to 50% The challenge compound
was introduced into the airflow and concentration at the outlet was recorded with the time using
PID detetor (ppb3000 RAEwith measurement range of 1 ppb to 10,000 ppihe adsorbed
amount of mass by the PCO media was computed according to the time scale from the beginning
of injection till the saturation time.

3.3.4.PCO reaction test

3.3.4.1.Steadystate PCOexperimert

The PCO reaction for the kinetic study was carried out at the sgtaidycondition using a
layer of PCO filter. The test was done at two sdepeeliminary dark adsorption step (lamp turned
off) and then photocatalytic reaction step by turning on the lamp. After injection of challenge
compound (concentration range 050 to 1000 ppb)into the air stream, the downstream
concentration of the reactowas monitored by PID until the PCO filter was saturated
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(concentration was the same as upstream). Then, the UV lamp was turned on to start the PCO

reaction step and it was continuedrdhching the steaetate condition.

3.3.4.2.Time-dependent PCO experiment

A time-dependent experiment waarried out to validate the developed model in transient
condition. The experiment was conducted with a lay€eriob/SFFfilter and two UV lamps on
each side of the filter. Before starting the PCO reaction, the UV lampstuvaesl on, then the
challenge compound apecificconcentration was automatically injected into the inlet air stream
at flow rate of 20 L/min and relative humidity 60+1%. The downstream concentration was

monitored during the test till it reaches geadystate condition
3.3.5.Air sampling and analysis method

3.3.5.1.HPLC analysis.

Aldehydes and ketonesere collected on the higburity silica adsorbent coated with 2, 4
dinitrophenylhydrazine (2,-®DNPH) cartridge (SUPLECO LpDNPH S10L, Sigma Aldriemd
analyzel by HPLC methodThe sampling pump flow rate was 1 L/min, and the sampling duration
was 20 min for the steaehtate test. In the case of tidependent experimerthe sampling flow
rate was 2 L/min for the duration of 3 mirhe absorbed compound wasrexted with acetonitrile
based on US EPA T-@1a[178] and analyzed bierkinElmer Flexar HPLC with LE.8 column
(SUPELCOSII™ LC-18, 25 cm x 4.6mm, Bi ) and a U\ Vis detector. The mobile phage
HPLC was72% acetonitrile and 28% of deionized watgth atotal flow rate of 0.017 mL/SThe
minimum detection limit of HPLC based on calibration curve was around 15 ng/DatRtdge

3.3.5.2.TD-GC/MS analysis

VOCswerecollected in AirToxic tubes (SUPELCO). The AoXic adsorbent tube is made up
of stainlesssteel filled with Carbotrap B followed by Carbosieve adsorbent for capturifi@l23
VOCs. GC tubes were conditioned for 30 min at 320 with helium (as carrier gas) before sampling.
Samples were collected at floate of around 15 mL/min and a sampling duration of 10 min. The
adsorbed VOCs in tubes were released into GC/MS ((Agilera08&C coupled with Agilent
5977B GC/MSD system) using coupled Gerstel thermal desorption unit (Gerstel" )T B&3db
Gerstel Cooled ljection System (CIS4). The primary desorption (Gerstel TD3vAsconducted
in splitless mode with initial temperature of 3D (no hold) and raigkto 230 at a rate d240
°C/min (hold 10 mipwhile CIS was held aB0°C. The secondary desorpti¢@erstel CIS4) as
operatedn split mode(ratio: 15:1).The temperature in CIS was rapidly increased to°25&t a
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rate of10°C/sedhold 10min). Analytes were separatedtine GC at a flow rate of 1 ml/min using
anAgilent DB624column 60m,0 . 250 mm | . D. , a n d) with. the fobomingf i | m
GC oven temperature programitial temperature40°C, holdtime:5 min, ramprate of 10C/min,

final temperature: 258C, hold time: 10 min. MS was operated in electron impéEl) ionization

mode withascan a range of m/z 30 to m/z 300. lonization source and quadruple temperatures were
set at 230C and 150C, respectivelyHelium was used as carrier gas for the GB/MS analysis.

Peak areas based on total mnrent (TIC) were used for quantificatiofhe detection limit for
measuring the sample was betweeh dg/tube depending on the challenge compoundshend

lowest calibration levsl

3.3.5.3.GC-FID analysis

Additionally, thegrab sampling of upstream and doweaam, simultaneously, were also taken
using 1lier Supetinert foil gas sampling bags. The air was then injected manuallyhetgas
chromatograph (G@890B, Agilent Technologies) equipped with a flame ionization detector
(FID)- methanizeimn order to aalyze carbon dioxide (G2 The GC/FID system contained a J&W
GC packed column in UltiMetal tubing (length 6 ft (1.83 M), 1/8 in. OD, 2 mm ID, Hayesep Q
packing, mesh size 80/100). Helium was used as carrier gas (31.8 psi). The oven temperature was
kept @ 603 with 8 min holding time. The FID temperature was 25@nd the flow rate of Air,
H>, and N (makeup flow) were 500, 48, 2 mL/min, respectivdliie range of quantification by
FID-methanizer was around 0.4 pih2%.
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4. Modeling of PCOreactor in the presence of mass transfer limitation and axial

dispersion

Mass transfer plays a critical role in the efficiency of photocatalytic oxidation (PCO)
technology for air purification applicationBhotocatalytic reactors are often different frimwal
reactors like batch, perfect mixed, and plug flow reacfditekough substantial research worksha
been published on the modeling of the PCO reactor for air purification, most of the existing models
were verified based on small scales under idaaditions[35, 81] In the smaliscale reactors, the
plug flow model and laminar velocity profile (with negligible dispersion) could describe flow
behavior and mass transfer in the reactor. However, an appropriatepti@scof the
hydrodynamics is necessary to consider fluid mixing, mass transfer from the gas phase to solid
phase and reaction at the catalyst surface for proper evaluation of reaction rate. This is increasingly
more important when simulating largeale eactors, in which dispersion, bypass, recirculation,
and dead zone may happen and the effect of fluid elements containing different velocities cannot
be ignored6, 26]. Therefore, the performance of existing PCO models validated for small scale
could be questionable and may not be scaled up to simulate tisedldlreactors correct|85].
Moreover, most of the correlations for the mass transfer coefficient were obtained for non
photocatalyst media with larger characteristic length. Nevertheless, in fibergkess PCO filter,
the characteristic length is very sin@due tothe micro-size of fiber), and consequentihe
Reynolds number is quite low. This can cause a considerable deviation when a mass transfer
correlation validated for nefiber is used for fiber one. Thisork presents a modeling study on
the photocatalytic oxidation of methyl ethyl ketone (MEK) by SFHEified with titanium dioxide
as a photocatalyst when the kinetic reaction rate does not control the system (very fast reaction).
First, a threedimensional CFD modeling has been conducted to simulate the behavior of flow in
the photochemical reactor. An@irate CFD model can provide greater insight into the evaluation
of the velocity profile on the PCO filter. Since airflow in the contumisystem deviates from ideal
flow, a residence time distribution (RTD) analysis with tracer gas is then perfornied ta
guantitative characterization of the carrier fluid hydrodynamics and its divergence from ideal
conditions. The experimental data were compared to the CFD simulation results. Moreover, an
axial dispersion plug flow model was proposed to represemesiigence time distribution of the

challenge compounds in the reactor. Finally, this paper focuses on the modeling of the PCO reactor
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under mass transfeontrolled regime. A mass transfer correlation (Sherwood formula) for the
SFF filter in the UVPCO reactor was proposed and compared with the results of other existing

ones in the literature.
4.1.Methodology

4.1.1.Modeling with COMSOL Multiphysics

Modeling in COMSOL Multiphysics (from COMSOL Inc.) was performed in two stages; first,
a steadystate turbulent flowtsdy within the reactor, and second, a tracer study (RTD analysis)
with a solution of mass balance including the flow distribution from the first stage but considering

unsteady conditions (transient simulation).

The simulation of airflow in the PCO reactwas conducted using the CFD module of
COMSOL, which is a commercial finkelementmethodbased modeling tool. Even though the
fluid flow through the main part of the reactor is laminar, the value of Reynolds number at the
entrance region was high in thenchscale system using compressed air, representing a turbulent
regime. Due to this complexity, the use of an appropriate model allowing for consideration of
turbulence effects is crucial. Various turbulent models are available in COMSOL, suetaad k
ki . The k- model is the most widelysed engineering turbulence mo§Er9]. This model is
quite robust, economical, and reasonably accurate in a wide range of flow conditions. However, it
is suitable rather for external flows, is accurate only in the fully turbulent regime and some
difficulties can occur in complex-B cases. Moreover, thelt mo d e | tends to o
turbulence generation in regions where the flow is highly accelevaidetelerate{ll80]. On the
other hand, thek model is often more suitable in cases wheretekmodel is not acc
as with internal flows in nowircular ducts. Moreover, the k model possesses high aaty and
applicability when used in regions with the laminar flow for which the turbulent kinetic energy
becomes zer{il81]. Due to these reasons, the Kurbulence model was applied in this study to
simulate the fluid flow in the PCO reactor. The reasons for using the turbulent model can be

expressed as follows:

1) The straight inlepipe with a diameter of 6 mm was considered in the model to simulate
turbulent effects inside a flexible hose. The flow in the inlet pipe was turbulent due to a small

diameter of the hose and high air velocity through it.
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2) The wire mesh located near tinket of the reactor for the airflow homogenization caused a
local reduction of the crossection of the reactor. Such reduction necessitates an increased air
velocity, resulting in a locally increased Reynolds number corresponding to the turbulent flow.
Moreover, the fluid flow pattern in the vicinity and behind the wire mesh was, in general, expected

to be more complex and rather turbulent.

The fluid flow was solved in COMSOL Multiphysics 5.1 as an incompressible flow with-the k
model, which was the twequation turbulence model adopting the Wilcox revised naéel
with realizability constraints and the Reynchligeraged NaviéStokes (RANS) approach. The
internal geometry of the reactor was created in COMSOL as a geometry node. Then, due to its
symmetry, the geomstiwas divided longitudinally in half to save computational resources. The
lateral face (longitudinal cut) was set to a symmetry boundary condition. The boundary conditions
of the internal walls of the reactor were treated with adouiirocedure employmwall functions.
A uniform velocity profile 4 at the inlet and zergauge pressure (meaning the atmospheric

pressure) at the outlet were specified.

The mesh used in the simulations consisted of mainly tetrahedral and swept elements. The
influence of the mesh density to simulation results was investigated by means of eight various
mesh configurations. It was necessary to create a sufficiently deskenga the entrance of the
reactor and the wire mesh where large velocity gradients and vortexes can exist. The finest
considered mesh contained about 8.1 million of elements, while the coarsest one consisted of 0.31
million mesh elements. The mesh indegence and the suitable mesh configuration was evaluated
and identified, respectively, by refining the mesh until the velocity profile was affected less than
1% by a further refinement. The mesh with 2.36 million elements with an average element quality
of 0.71 was determined as suitable in this respect (more details can be found in the supporting
information filein [183]). The mesh generation process was made by considering the maximum
element size, minimum element size, element growth rate, and curvature factor 5.7, 1.1, 1.13, and
0.5, respectively. At the entrance section (including the expamstbe geometry of the duct and
the wire mesh), at the middle part of the reactor (where the lamps are placed), and at the outlet, the
tetrahedral type of mesh elements was used. In other sections of the reactor, where the geometry

of the duct has a simp@gometry, the swept mesh (prism mesh elements) was adopted.

In the next stage, a tracer study (RTD analysis) was performed by means of the solution of mass
balance in the timdomain. As the tracer was present in a diluted form, a COMSOLiburibdel

for transport of diluted species from Chemical Reaction Engineering Module was applied. This
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model allows for the solution of diffusion and convection and for modeling the component
concentration in the fluid. In the advectidiifusion mode, the turbuleit i ne mat i ct vi sco
was used as the turbulent diffusivity in the mass balance eq(i8iéh The tracer concentration

over time at the inlet of the reactor (the input signal) was defined as f¢ll84/s185]

6 o6y A@DP O 0 ) (4.1)
whereo stands for the time delay during the injecti@m the present papeb, Ti was
applied).

The simulation was conducted with an insulation boundary conditiotflux)o and also
advective flux specified as bodary conditions at the internal walls and the outlet, respectively.
For the outlet concentration, it was assumed that mass transfer was only caused due to convection

in the freeflowing fluid. A summary of the boundary conditions is presentehinie4.1.

Table4.1: Boundary conditions for the CFD model

inlet outlet channel wall
Momentum balance Uo Po Wall function
Component mass balance Cin Convective flux No flux

4.1.2.Residence time distribution experiment

To characterize the flow in the PCO reactor, the Residence Time Distribution (RTD) was
determined by the injection of carbon dioxide C@nhdmethyl ethyl ketone (MEK) tracers into
the process fluid (air). The G@acer gas was used to evaluate the effect of SFF filter on RTD
since it is an inert passive gas that is adsorbed little on the photocatalyst. The RTD experiment
with MEK (as a targetompound for the PCO reaction) for flow rates, ranging from 10 L/min to
40 L/min, was also performed to determine the axial dispersion coefficient. In order to verify the

applicability of the result, RTD test was also conducted at flow rates of 50 L/chi®Ca/min.

An input signal of 1 mL of C&was loaded instantly into the inflow stream, using a syringe at
time t=0 s (flow rate of 10 L/min). C(utlet concentrations were measured as a function of time
using a CQanalyzer (Fluke 975 AirMeterith measirement range of 0 to 5000 ppiig. 4.1).

In the case of MEK tracer signal (input signal of 1 uL), its outlet concentrations were measured in
time forvarious flow rates by a PID detector (ppb3000 RAE). The exit age distribution function,
E(t) is ddined as followg186]:
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Fig. 4.1. Schematic of thexperimentasetup for RTD experiments.
It should be noted that for G@esting, the RTD experiment was performed in presence of PCO
filter, due to the nomadsorptive characteristic of GOn the media while MEK testing was carried
outwithout the filter (as shown iRig. 4.1).

4.1.3.Masstransfer limited PCO experiment

Experimental conditions for the mass trangfentrolled regime in thBCO reactor include the
use of high light intensity and an extremely active photocatalyst. Moreibwesshort residence
time is necessary to limit the conversion. This can be accomplished by means of high flow rates.
The PCO filter with thicknesses of 3mmand 5 mm, and the MEK concentration of 150 ppb were
utilized. A low challenge concentration was chosen to achieve a high conversion of the oxidation
reaction at a lower level of light intensity. In order to investigate the mass transfer rate effect on
the performance, it is more favorable to operate at high conversions since the efficiency reduction
with flow rate increment can be observed clearer than at low conversions. To ensure that the
photocatalyst was operating in the mass transfer limited regirperiments at various light
intensities (26, 52, 78, and 104 mW/mwere carried out to determine the independency of the
MEK removal efficiency on the light intensity. Further, the experiments in the second series were
performed for a constant intens{®8 mW/cn?) with the variation of the gas flow rate in the range
of 10 to 40 L/min.
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4.2.Result and discussion

4.2.1.CFD Simulations
In the steadystate analysis, the CFD model provided the velocity distribution throughout the

flow domain. Numerical results demorage that the velocity distribution through the reactor,
particularly, at the entrance, after and behind the wire mesh, and also in the reaction section is non
uniform (sedrig. 4.2). The simulations were performed for various airflow rates, the range of 10
40 L/min, to investigate fluid dynamics in the photocatalytic reaEigr4.3 shows the distribution

and contours of the velocity magnitude at the filter ceesgion for various flow rates. It is clear
from the figure that the lamp has a major impact on the fligtviloution on the filter. However,
the velocity at the lower part of the filter is more uniform as there is no effect of the lamp in that
region. With increasing the flow rate, the relative velocity distribution (regardless of its magnitude)
is almost thesame, and the flow tends to pass below the lamp. In the contourfp#3), it can

be pointed out that the magnitudes of velocity on the fittedia corresponding to the lamp
location are nearly identical for all the considered flow rates, and the main variation can be

observed in the area below the lamp.

The CFD simulation results indicated that the expansion and reduction in the geomaetily as w
as the presence of lamps at the middle part, cause a significant flow mixing in the channel, resulting
in the nonuniform flow in the PCO reactor. Although the streamlines behind the wire mesh
become more uniform, they deviate when the flow is cloieettamps and also behind the lamps,
where the PCO filter is placed, leading to the-naiform flow in the PCO filter.

Lamp

Wire mesh

Inlet flexible
hose

Fig.4.2. CFD modeling of the fluid field in the reactor channel at Q&/b@in (red lines show the streamlines).
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Fig. 4.3. Contours and distribution of the velocity magnitude at the PCO filter-ssas®on for various
flow rates; (a) Q=10 L/min, (b)=20 L/min, (c) Q=30 L/min, (d) Q=40 L/min

In the next step, results from the simulation of the tracer gas were compared with experimental
data. For this purpose, distribution functions E(t) were plotted versus time using ileui&Dd
concentrationby applying Eq.(4.2). The RTD experiment was also performed, and the
concentration of Cé&tracer was measured with the flow ratel0 L/min lasting 224 seconds both
in the presence and in the absence of the photocatalyst medigse4-a). It can be observed
from this figure that the results of the residence time distribution in the PCO reactor for the

experimentincluding the filter, are very similar to those gained in ¢éxperiment without the
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filter. This can be justified and attributed to the fact that the SFF filter is highly perousgo ¢

and the noradsorbing gas (Cfpcan easily pass through it. Further, the results obtained from the
numerical simulation are igood agreement with the experimental one. This indicates that this
simulation approach can be used to predict the flow behavior, even in complex geometries, and
with high accuracy. The simulations were also performed for the assumption of ideal plug flow
and laminar flow to investigate deviations with respect to the actual Rmw4.4-b confirms that

the dispersion in the PCO reactor is not negligiagethe RTD curve for the actual flow is fairly
different from those of ideal flows. In the case of plug flow, molecules have the same residence
time and move with the same velocity and concentration. However, in the laminar flow, molecules
in the centerhe of the reactor channel move faster than those near the wall (as the velocity profile
of laminar flow is parabolic), which leads to a higher dispersion than in the case of plugijow.

4.4-c displays that with increasing flow rate up to 40 L/min, dispersioreass. However, there

is a considerable deviation from ideal plug flow and laminar flow. It should be mentioned that the
results inFig. 4.4 determined in a way that the area under the E(t) curve of RTD is unity. The

analytical model displayed in this figure will further be explained in sedtidr2

(@)

[=——— Numerical solution

Analytical solution
¢ Experiment without filter
A Experiment with filter
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Fig. 4.4. Residence time distribution E(t) of €@ the PCO reactor; (a) the comparison between

simulation and experimental results in the presence/absence of catalyst (b) the deviation of the actual flow

from the ideal plug flow and the laminar flow at Q=10 L/min (c) the deviation of the actual awtfre

ideal plug flow and the laminar flow at Q=40 L/min determined by a simulation.

4.2.2.Analytical analysis of RTD

Users of photocatalysts generally do not have access nor knowledge of CFD tools. Thus, one

of the aims of this research is to develop a semguhd straightforward methodology for the

evaluation of flow characteristics in the presence of dispersion using the RTD curve. To
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characterize the neideal flow within reactors, several models have been developed, namely,

continuous stirred tank reactarsseries and dispersion modglé2, 186].

Since RTD data are generally known for a number of discrete time intervals, the mean residence

time @ ) and the variance of the residence time) (can be evaluated §k36]:

o (‘)'Q‘)'Q(‘)B 06 5 ¥ 4.3
B 505 (4.3)

O F 60Q0B o o 60
) (4.4)

806000 B 60 Y0
The axial dispersed plug flow model, or simply the dispersion model has been applied to
simulate the noideal behavior of the gas in the PCO reactor. Considering the fact that the axial
dispersion is mainly due to velocity gradts whereas the lateral dispersion is owing to the
molecular diffusion only[186], the differential equation representing this dispersion can be

expressed as
re 16 .16
—. —— O0—.
T o Tw T w
whereO is the axial dispersion coefficient, which characterizes the degree of dispérsion.

(4.5)

should be noticed that the concentration gradient in lateral directions was assumed to be negligible.
By considering an openampened vessel, the analytical solution of the model can be described as
follows [186]:

O ¢ —ARoDp ——
0 —===A0D—F— (4.6)
” C LIJ . ATS é 0
A . x EOQEK) — T
” d- l!) 'Q l!) !Q O &

where L, yand Pe represent the characteristic length, the superficial velocity, and the Peclet
number, respectively. By applying the proposed method for the t€@er, the result is
demonstrated ifrig. 4.4. It can be observed that the analytical solution perfectly matches the
experimental result. This method was then used to evaluate the RTD analysis of MEK at various
flow rates.Fig. 4.5-a presents the residence time distribution behavior of the PCO reactor and
simulation results gained with the use of the axial dispersion model at flow rates of 10, 20, 30, 4
50, 60 L/min. It was found that, with an increase in the airflow rate, the peak value of the tracer
increases as well. Moreover, the higher the flow rate, the shorter the time after which the peak was

observed. Thus, the dispersiogreass with enhanioig the flow rate, which is in accordance with
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the earlierstudies [187-189]. As Peclet number indicates the extent of axial dispersion, it was
plotted versus velocity iRig. 4.5-b. Under our experimental conditions, the Pae#s lower than

100, which is the acceptable minimum limit for pllgw [186]. These low values of Pe imply

that the PCO reactor cannot be considered adeah plugflow reactor owing to that substantial
axial dispersion. On the other handijsiteasy to see that the axial dispersion coefficient)(D
continuously increases as superficial velocity increased~geé.5-b). As the value of Re.Sc in

the present study is between 200 to 700, the axial dispersion coefficient, according to-the Aris
Taylor correlatiorf190, 191] can be represented by a quadraticfion of the superficial velocity
(Dax=| U?) [186]. However, the correlation proposed by Afiaylor is only valid for cylindrical

channels. In thiseseath, the best fit is given by:
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Fig. 4.5. (a) the residencéme distribution E(t) of MEK at various flow rates, (b) the
dependence of the Peclet number and axial dispersion values on the superficial velo

4.2.3.PCO reaction under mass transfer limitation
Fig. 4.6 demonstrates the removal efficiency of MEK versus light intensity and flow rate for

two different PCO filter thicknesses. As it is mentiomethe methodology section of this chapter
the reation requires to be conducted at shorter filter thickness and high lamp radiation to ensure
that the system operates at the mass transfarolled regime. This way, it was assured that the
lights with high intensities could completely penetrate the aedsulting in an extremely active
photocatalyst. Therefore, to determine the optimum y#h@ephotocatalysis reaction experiment
was performed at various light intensiti€sg; 4.6-a). This figure shows that the optimum point
for both filters was at a light intensity of 78 mW/£rit should be noted thatl experiments were
performed at a low concentration of MEK (150 ppb)reach high conversiomder the mass
transferlimited condition. InFig. 4.6, at lower light intensitythefilter with a thickness of 3 mm

has higher removal efficiency, wiears, at high light intensity, it has lower efficiency compared to
the filter with 5 mm thickness. This can be attributed to the possibility of eleotiien

recombination in the thick photocatalyj86]. However, with elevating the light intensity, the
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number of activated patrticles in the filter with 5 mm thickness increases, which leads to outperform
the other one.

Fig. 4.6-b demonstrates the dependence of the experimentally measured MEK conversions upon
flow rate. The experimental light intensity was taken equal to 78 m¥Widmen the apparent
reaction rate is completely controlled by mass transfatations. As expected, for all samples,

the observed removal efficiency decreasethadlow rate increases (due to the corresponding
reduction of the residence time).
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Fig. 4.6. MEK PCO efficiency as a function of (a) light intensity (flow rate=10 L/min) (b) flow |
(intensity=78 mW/crf)
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The mass balance through the PCO filter considering axially dispersed plug flow and steady

state condition and assuming a psefitkt-orde reaction is given by:

o0 26 806 P “has o6 (*9)
o Qo -
i Qood6 6 10 6 (4.10)

whereQ , &% ,-,6 ,1 andQ are the external mass transfer coefficient, the geometric
surface area per unit volume, the bed poypstOC concentration at the catalyst phase, the
photocatalysis reaction rate, and the apparent photodegradation rate constant, respectively. In the
case of a high reagent consumption in comparison with the-tnaasser process, a significant
concentratiorgradient happens in the boundary layemeans the surface reaction is extremely
rapid, and the mass transfer rate to the surface dictates the overall rate of reaction. Accordingly,
the concentratiod becomes much lower than the biglis concentration (i.3, L 6) [192].
EqQ.(4.9) and Eq(4.10) are readily combined to give:

Q0 Q6 p - .
20 5 20 Q8 411
Y O 1 (4.11)

where the overall rate constaf () is stated as:

]

P P P
T T T #.12
Since mass transfer is trate-controlling process@ | Q ),thenQ  'Q . To solve the
Eq.(4.11), D a n ¢ k vbeundar§ sonditions were applied as:
66 66 0O — (4.13
_ (4.14)

The analytical solution of E¢4.11) in term ofremoval efficiencycan be written agL86]:

pm - 00
o 1 r] Q w e,_
. 0 O
® p oz P 5 TR (4.15
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The parameter q is expressed as:
. TQ ©t0 p -
~ 4.16
n p P (4.16)
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wheret, and0-qare the hydraulic residence time of reactor (s) and thickness of SFF filter,

respectively. The geometric surface aiegm?m?®) was calculated on the basis of fiber diameter
and coatinghickness (shown ifig. 4.7) through Eq4.17).

Q ¢

o

)
5 a (4.17)
q

C“
c |

whereQ| and0 represent fiber diameter, the TBiGayer thickness, and the fiber length,

respectively. For the SFF filter used in this study, a value of 10dm?%m?®) was calculated based

on SEM analysis.

The relevant variables were then expressed in dimensionless form by calculating the Sherwood
(Sh), Schmidt (Sc), and Reynolds (Re) numbers, as defined in the Nomenclature section. For the
range of experimental conditions, Sc was calcdlatebe 1.04. Using this value of Sc, Sh is
calculated based on the mass transfer coefficients obtained for two different catalyst thicknesses
and plotted against Re, as showrkig. 4.8. This figure displays that Sh number for airflow rate
ranging from 10 L/min to 40 L/min using thickness of L=3 mm is very close to L=5 mm. This
indicates that mas transfer is independent®tttalyst bed thicknesses due to the same geometry
and characteristic of the fibrous catalyst. Following correlation was obtained using least squares

regression:

"Q 8T oYE? Yo (4.18)
whereReis defined based on fiber diameter and interstitial velocity. Due to very small fiber
diameters,Re becomes lower than unity in the SFF filter. Correspondingly, the observed

dimensionless mass transfer coefficients are very low.
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Fig. 4.8. Dependence of the Sh number upon the Re number in SFF filter with varying thick
and velocity (Sc=1.04).

Contrary to earlier works on fibdrased structured materials, which focused more on the
activity of the catalyst, limited numbers of articles covering mass transfer are avgi@BleTo
date, just a few correlations between Sherwood and Reynolds numleefibifous caalyst in the
gas phase witla low Reynolds number are availablEable 4.2 demonstrates some literature
correlations for mass transfer in fidesised catalyst supports (except R&€4]; for monolith
structure)validated for the relatively low range of Reynolds number. Groppi ¢t @8] studied
the gas/solid mass transferamnetallic fiber filter. Their results showed significantly low values
for Sh number.Satterfield [196] and AhlstromSilversand [197] studied the mass transfer
characteristics of wirenesh catalysts with high porosity and then propasecelations for the
mass transfer coefficient the absent of axial dispersion. The correlation proposed by Votruba
[194] for the monathic structure was commonly used in PCO stufls&s 71, 198] Zhong[35]
used Votrubads c ahe mask #rdansfes woefficient o fibarylass filter by
corsidering fiber diameter as the characteristic length. However, this correlation was obtained
based on mass transfer through the vaporization of liquid from the surface of monolithic structure.
Further more, i n thebdediantegréotmaiitiowas definadtas chamagcteristic
length.
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Fig. 4.9 compares the correlation developed in the present study with those given in the
literature for 0.01<Re<10 at a constant Sc=1.04. At low values of Re, prediction by Groppi is
closer to the prest study. However, the deviation increases when it is compared with other ones.
By increasing the value of Re, the calculated Sh number of all other correlations deviated
considerably from that of the present study. One of the possible explanatiorghfar deviation
is the effect of axial dispersion on mass transfer, which was neglected for studies related to wire
mesh and honeycomb type of catalyst,(Refs.[194, 196, 197)] Although Groppi accounted the
axial dispersion effect for developing the mass transfer equation, the correlation demonstrates a
weaker dependence on Re than that of present
porosity and higher fiber diametevhich overpredicts the mass transfer for the condition related
to the present study. Correlations related to wiesh (i.e.Satterfield and Ahlstrorsilversand)
are validated for high Re number where turbulences may.oéotruba obtained the relatship
by considering the hydraulic diameter of the monolith as the characteristic length, which may cause

such a significant deviatidi94].

The above observations highlight the necessity for the verification and assessment of the
applicability of mass transfer correlations for actual conditions prior to their use for performance

estimation.

Table4.2: Experimental parameters and correlations used in different research works.

Study Media type - A(¢m) Re Pe Correlation
Photocatalytic reactior Present work Fiberglass 0.96 10 0.020.07 8-17 YQ Mmoo Yo
Catalytic reaction Groppi[195] Metal fiber 0.86 25 0.251 >10 Q8 e YH

Satterfield[196] Wire mesh 0.71:0.91 68.584 1-100 very high YO @ YE Yo

Anlstrom Wi h 0.7 3001650 0.8-140 high

Ire mes > 0. . ve i PP R
Silversand197] fy hig QO ) WP Yo
P 8

Liquid vaporization Votruba[194] Honeycomb 0.320.38 1-10 p 1 3-480 very high  "\Q 1§ muY %9 "Y S
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Fig. 4.9. Effect of2 fon Sh as predicted by various correlations at Sc=1.04
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5. Kinetic modeling of the photocatalytic degradationfor removal of MEK

Kinetic analysis is a powerful tool to ass#dsscatalytic properties of material and reaction rate
in the PCO process. The prominent factors affecting catalytic performance or kinetic parameters
of photoreaction are the adsorption capacity and oxidaapability of the photocatalysf$99,
200]. Most reported kinetic parameters in the literature strongly depend on the experimental
conditions and cannot be easily extrapolated to other conditions. For a continuous flow reactor, it
was usually assumed that reactors operate under ideal plug flow; hence, reaction rates are
determined by ignoring dispersion/diffusionhis model is based othe assumption that the
velocity profile is uniform and, accordingly, dispersion is negligiblg/(lb 0). However,the
result ofthe previous chaptedemonstrated that significant dispersion occurs in the PCO reactor
(Dax'uL>0.01), and flow in the reamt deviated from the ideal plug floj&83]. Additionally, the
main limitation of previous kinetistudies on the PCO reacisrthat they were validated at very
low velocities, in which high/complete mineralization efficiency to.@@d HO was achieved
with little generation of byproducts. Nevertheless, at higher velocities (due to the short residen
time), complete mineralization cannot be achieved (partial oxidation) and amounrpfducts
is not negligible. In such case,-pyoducts can compete with challenge compounds for adsorption
on the active sites of the photocatalyst. This chapter casplae result of kinetic modeling using
both ideal plug flow and axially dispersed flowtire PCO reactorSix kinetic rate equations on
the basis of Langmuidinshelwood (l-H) expression were examined to find the best model that
fits the experimental da. The L-H modelwasextended to consider the competition effect of by
products in the reaction rat®oreover, the light intensity distribution on the photocatalyst surface
was simulated using the linear source spherical emission model (LSSE) antedaldth the

experimental data
5.1. Methodology

5.1.1.Dispersion model
As kinetic modeling of VOCs in thiesearclwas performed under steadtate condition, the

developed model in chapt8iis simplified as follows:

Gas phase:
0 20 4B P Thps s
Qo Qw - (5.2)
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Catalyst phase:

QO o6 6 i (5.2

Boundary conditions:
60 r 686 O — atw T (5.3)
T atw 0 (5.4)
5.1.2.Ideal plug-flow model.

To compare dispersion model results with the ideal -filmg, the dispersion term was
neglected and Eq. (5.1)-(5.4) were simplified as follows:

Gas phase:
0 — P QW o 0 Tt (5.5)
Qw -
Catalyst phase:
MO o6 o6 i (5.6)
boundary conditions:
6 O 0 atw T (5.7)

Assuming that the bulk concentration of comporfed ) changes linearly in the PCO filter,
a reasonable estimate[201]:
O0p Onp

5 —h -h 5.8
6 c (5.8)

Eq. (5.8) can be statedd 6 0 and solved using E¢5.6):

o (
Yo = z
Qp

(5.9
The mass transfer effect is significant if the following criterion ocf208]:

Yo
— TP (5.10

(0]

5.1.3.Experimental procedure
The PCO reaction testf MEK was conducted using the reactorgptdisplayed irFig. 3.7. A
layer of TiO2/SFFwas installed in front aihe UV lampand MEK was injected automatically into
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humid airby a syringe pumpgrable5.1 alsoshows the experimental conditions at which the PCO
test was performedn addition,anadsorption test wasonduced in the PCO reactavith a layer

of TiO2/SFFfilter under dark conditionThe detail otthe adsorption test condition is provided in
section3.3.3

Table5.1: Experimental coditions employed in gaghase PCO of MEK carried out in a continudlasv
photoreactor7=20°C; P=1 atm)

# of Experiment Qreed CMEK feed RHreed |
[L/min] [Ppb] [%] [W/m?]

1 30 100 33 7
2 30 250 33 7
3 30 375 33 7
4 30 500 33 7
5 30 600 33 7
6 30 800 33 7
7 30 900 33 7
8 30 1000 33 7
9 30 250 50 7
10 30 500 50 7
11 30 800 50 7
12 30 1000 50 7
13 30 500 17 7
14 30 500 67 7
15 30 500 33 14
16 30 500 33 23.5
17 20 1000 33 7
18 10 1000 33 7

5.2.Results and discussion

5.2.1.UV radiation intensity

Fig. 5.1 illustrates the radiation intensity distribution on the photocatalyst surface for three
different lamp arrangements and positions as predicted by the LSSE model. The irradiance
distribution ugng one lamp (presented Kig. 5.1-a) indicates intensity at the side of the filter,

where the lamp was mounted, was higher than other positions. EqQweéwen two lamps were
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used, the light intensity distribution on the filter surface became more unifornfri(seel-b),

due to the symmetrical lamgacement in the duct. Decreasing the distance between the lamps
and the filter (at x=15 cm) increases light intensity magnitude but reduces the light uniformity (see
Fig.5.1-c). To validate the results, after measuring lamp walls intengifgr(each lamp was 650

w/m?), irradiation intensity on the catalyst surface was measured at 5 points for each case and
compared with the LSSE model predictionsg@od agreement was observed between the model

prediction and experimental results’(R0.94).

To simulate photon absorption rateTiiO film, the attenuation coefficientvas obtained. In
this regard, the light intensity was measured at the front and back of the media for different
thicknessesFig. 5.2 presents the dignsionless light absorption ratd () 7) ) versus
overall effective TiOz layer thickness. The average light intensity at the front)wag=7 W/n?
and average light intensity at the back of the media was measured for filter thicknesses of 0.2,

045, 0.8, and 1.2 cm. The attenuation coefficient was calculated and presérdabte ;2.

Tableb.2; Attenuation coefficient in the Bediambert model.

Parameter Unit Value 95% ClI R?
‘mt 0.1053 0.0082 0.98

Intensity (W/m®)
7.330

7.187

7.044

6.901

6.758

6.615

6.472

6.329

6.186

6.043

5.900
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(b)

Intensity (W/‘mz)
14.49

14.28
14.07
13.86
1365
13.44
s 430 —— ) 13.22
13.01
12.80

12.59

12.38

Intensity (W/m’)
25.36

24.79
24.22
2364
23.07
2250
21.93
21.36
20.78
20.21

19.64

Fig. 5.1. Distribution of radiationntensityon the surface of the PCO filter for (a) one lamp at x=20

(b) two lamps at x=20 cm and (c) two lamps at x=15 cm.
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Fig. 5.2. Dimensionless light intensityersusoverall effectivephotocatalytic TiQlayer thickness.

5.2.2.By-products of MEK in the PCO

The MEK degradation mechanism and corresponding formation of its intermediates/by
products have been studii@®, 203205]. Results show that aldehydes and ketones are the primary
intermediates/byroducts of MEK. Vincent et §204] and Raillard et al.[48] detected
acetaldehyde (by GC/MS) as the mainpgrgduct of MEK decomposition under UV light
illumination. However, the latter authors observed the presence of formaldehyde, saettioe,
acid at very low concentrations. Zhong efoal] and Mamaghani et §03] analyzed MEK by
products in the UMPCO eactor quantitatively and found formaldehyde, acetaldehyde, and
acetone were the major detected compounds. In this study, identification and quantification of
MEK photocatalytic reaction bgroducts were measured by HPLC. The result is presented in
Table 5.3 for the experimental conditions of run 8 (describedTable 5.1). The identified
compaunds in the reactor exit were (for Run 8): unreacted MEK (816.3 ppb), formaldehyde (70.5
ppb), acetaldehyde (74.6 ppb), acetone (5.8 ppb), and traces of propionaldehyde. Aldehydes
(formaldehyde and acetaldehyde) are the maiprbyucts of the PCO reactiowhich is in line
with previous studief®7, 203]

Considering that (¢-mex IS represetative of carbon atom concentration of compoufarmed
by MEK decomposition (including unreacted MEK and itspgogducts), it can be expressed as
below[85]:
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OFr 02¢0 (5.11)
whereC; (ppb), and n(C) represent the gas phase concentration and the number of carbon atoms
of each component molecule, respectivelyTherefore, the mineralization efficiency can be
evaluated85]:
5

z (5.12)

The carbon atom concentration of each identifieghtmduct arising from MEK photooxidation
and also unreacted MEK are calculated using Exj11) and shown irTable5.3. Then, the result
showed that for 18.4% conversion of feéd®6 of MEK mineralized into C&(seeTable5.3). It
was also found from carbon mass balance thdi9® of carbon detected by analytical methods
(HPLC and GGFID), and only B6% of carbon concentration is related to undetected by
products. The total atoms concentration of atplbyducts formed by MEK photodegradation was
around6.4%. This indicates that bgroducts effect on adsorption of MEK should be considered

in order to describe the PCO reaction rate appropriately.
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Table5.3:Product analysis by HPLC for the photocatalytic reaction of MEK; experimental conditions desciib&tem1(run 8)

Molecular
Compound (i) CAS no. Ci [ppb] Cic [ppb] Cic/ CcMex feed [%0]
Formula Structure
9 H
MEK? C4H:O \ C/C\ K 78933 816.3 3265.2 88.03
SN H
H
H O
\ /
Formaldehyde CHxO 50-00-0 70.5 70.5 1.9
H
H
H
\ / o
Acetaldehyde CzH.0 /C N 75-07-0 74.6 149.2 4.03
H
H
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H
N / o
Acetone C3HeO H T 67-64-1 5.8 17.4 047
H———T—H
H
H
o
Propionaldehyde CsHsO /\ /% 193386 trace . -
N
Carbone dioxide COo, O—(C—=0 124389 175 175 4.7

aCarbon atom concentration of MEK in feed streame(Geed= 927 ppb) was G.vek feea= 3709.2ppb
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5.2.3.Kinetic data and model fitting

MEK degradation through PCO was simulated for six kinetic rate expressions (s€213)s.
(3.18)) using the ideal plug flow model and the dispersion model (see Eq95.1)-(5.7)). It
should be noted that the LSSE and Blemmbert model were also used to simulate the radiation
intensity applied in the rate expressions (mod&id to M-6). Additionally, within this work
reaction parameters were estimated under kinretiogrolled regimes (free of mass transfer
limitations). In order to consider the competition effect ofbgducts in models1-3 to M-6, an
assumption was made to find the adsorption coefficients -pirdjucts with higher confidence.
According to the identified concentration of-pyoducts (given ifable5.3), the major generated
by-products were aldgides (formaldehyde and acetaldehyde), #mel massof others was
negligible. In this regard, both formaldehyde and acetaldehyde have been lumped into a single

pseudo species to reduce the number of kinetic parameters. Therefore, the t&rm in the

denominator of modeld!-3 to M-6 was defined as:

v 6 =0 06 =0 o 0 0 (5.13
where Ald, F-Ald, and A-Ald stand for the Aldehydef-ormaldehyde, and Acetaldehyde,

respectively.

The equilibrium adsorption of MEK (0.2b ppm) under different relative humidities for the
PCO filter is presentenh Fig. 5.3. As can be seen, the adsorption capacity drops as the relative
humidity increases. This indicates that despite water solubility and polarity of MEK, relative
humidity can have a considerable inhibitive eff@€6]. Similarly, the adsorption reduction effect
of formaldehyde by increasing relative humidity was reported by Kibanova[207l. The
adsorption parameters of the Langmuir model (E21)) are determined and given Table5.4.

The maximum adsorption capacitynjgvas compugd at different levels of humidity separately

and correlated by a linear equation. However, the adsorption coefficients of MEK and water were
obtained independently to be applied in thél lreaction rate model. Some auth¢@88-210]

reported that the adsorption coefficient obtained from the dark condition is different from the
equivalent coefficient determined the photocatalyti reaction process. But it should be noticed

that the rate expression used in their studies was applied onthdategradation of single
compound, and it was assumed that the intermediapedmucts do not influence the reaction rate.

If the adsorptioncoefficient truly reflects the adsorption affinity between adsorbate and the
surface, this coefficient determined in PCO should be the same as measured in the dark adsorption
[208, 211] Thus, the estimated adsorption parameters from dark adsorptigle @&te adsorption)

were applied in the modelg-3 andM-4 to find other unknown parameters.

Table 5.5 reports the kinetic and adsorption equilibrium parameters resulting from models
fitting to the experimental data by considering the ideal plug flow model and dispersion model.
FromTable5.5, it can be concluded that both plug and dispersion models provided a high fitting
accuracy (R>0.99) to the reaction data. However, the dispersion model gives less residual error
(S%R). In terms of kinetic rate expssion, all rate models applied in modeling can qualitatively
express experimental results of MEK degradation through the PCO filter (see curve fitting results

in Fig. 54). ModelsM-5 and M-6, because of the greater number of parameters and limited
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experimental data, result in a large value of confidence intervals. However, these two models were

used to compare with other models at different operatingitons.

The results of curve fitting were then used to validate experimental data at different operating
conditions. Fig. 5.5 demonstrates the prediction of both models (plug and dispersion) at various
concentrations (at RH=50%). According to this figure, the rate expredgie3)sVi-4, andM-6
show a better prediction than others, particularly at high concentrations. This atinboged to
thecompetitive adsorption of MEK with water and-pyoducts on active sites of the photocatalyst.
Due to the hydrophilic characteristic of H68], all of these polar compounds take part in
competitive adsorption on each site. On the other Hdr8 has less accuracy, especially in the
plug flow model, since it considetise adsorption of MEK and water separately in two different
adsorption sites without any competitiokl-1 and M-2 also hae less accuracy at higher
concentrations as the competition of other moleculas neglected. In terms of RHgig. 5.6
displayed thamM-3 andM-6 provided the best prediction for variation in relative humidity, kird
4 deviated fromthe experimental result, particularly at low RH. This might attribute to the
dominant effect of byproducts at lower RH, and its hindering effect cannot be predicted properly
by M-4.

It was also observed that all rate expressions failed to fit the change in air vétagig/7a)
and light intensity Fig. 5.8-a) when the ideal plug flow model was used. The reason can be the
presence of large dispersion in the PCO reactor, which is neglected ig doplumodel. In
previous study183], residence time distribution (RTD) analysis with a tra@s igdicated that
the flow regime in the photoreactor cannot be considered as ideal plug flow and that a significant
axial dispersion is available. Therefore, ignoring the dispersion term in the ideal plug flow model
(Eq. (5.5)) causes such a major discrepancy between simulation results and experimental ones in
Fig.5.7-a andFig. 5.8-a.

Results show that the dispersion model using rate expreddi@esndM-6 could provide an
acceptable fit to describe the variation in velocity (Sige5.7-b) and light intensity (se€ig. 5.8-
b). Kinetic modeling suggests that MEK and water vapor molecules must be considered in the rate
expressionDue to the significant impact of the water molecule on the MEK degradation rate,
modelsM-1 andM-2 cannot properly describe the experimental data. Considering the inhibiting
effect of water and bproducts on MEK adsorptiof-3 could provide the besttfing results
among unimolecular rate expressions. Furthermore, among different bimole¢uilaodels ¥-
4 to M-6), the most appropriate fit was achieved by assuming MEK), kind byproducts
adsorbed competitively on the different types of active gité€6). From a purely statistical
standpoint (seg@able5.5), theM-3 model produces the best fit for the existing experimental data
according to the highesfRnd lowestY values. Moreover, for the sake of simplicity, moblel
3 has the least number of required parameters, which leads to narrower confidence inderval an

plausible value of estimated parameters.

The kinetic study of PCO degradation of MEK was reported by Arconada[ZtZjland
Raillard et a[213] usingM-1 rate expression considering the ideal plug flow reactor. However,
the kinetic paramters obtained were fa very high concentration (hundreds of ppm), which

resulted in lower values of these parameters in comparison with the present study (concentration
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of less than 1 ppm). That could be due to the possibility of #aylér adsorptioriormation at

very high concentrations, which may affect the value of kinetic parameters. Another possible
explanation is that the nature and characteristics of the photocatalyst used in those studies are
different from the one used in this study. Apartirthat, the kinetic parameters in this research
were obtained at a different air velocity than those ff2b2, 213] AsFig. 5.7-a showsthe ideal

plug flow model failed to predict the PCO performance at various velocities, which may cause the
discrepancy between calculated kinetic parameters derived from the lgesautirthe present

study.

The kinetic study result in the present study indicates that the ideal plug flow model cannot
properly describe PCO reactor behavior since significant deviations were observed, particularly,
when light intensity and air velocity e changed. This implies that the axial dispersion cannot
be ignored in the PCO reactor, which is in agreement [d&B]. In that work, it was found that
significant deviation from the plug flow reactor occurred because of low Peclet number (less than
100) or high value of axial dispersion. Therefore, the validated dispersion model combined with
the rate expressiomM-3 is the most appropriate model to be applied in building mechanical
ventilation air purification systems.

2.0

1.84 | o Exp (RH=15%) -9
1| * Exp (RH=30%) -

169 1 + Exp (RH=50%) @

14 |- = -Model (RH=15%)
| [—— Model (RH=30%) - -

124 |---— Model (RH=50%)| @ -

q (MEypx/Eeqy)

C,\.’lEK.l’ee(l(ppm)

Fig. 5.3. Adsorption of MEK under various relative humilities faO./SFFfilter

Table5.4: Langmuir parameteifer adsorption of MEK ormiO./SFFfilter.

Parameter Value 95% CI
Om (MQuieK/Gear) -0.0003G, [ppm]+4.0215 -

Kwmek (ppnT) 7.5 0.067
Kw (ppnt?) 8.6x10° 2.08<10"
R? 0.98
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Table5.5: Kinetic and adsorption equilibrium parameters obtained from the application ekpessions M. to M-6 in the plug flow model and the dispersion model (for run 1 to 8).

Plug flow model

Dispersion model

Model Par Units Values 95% Cl R? Yoo Values 95% Cl R? Y o
(ppnr) (ppri7?)

M-1 K ppm s' mW! m? 5.37 0.25 0.997 0.18 7 86¢ 10° 0.40¢ 1G° 0.997 0.12

o ppn* 1.52 0.14 201 0.19
M2 sTW m? 3.05 0.63 0.992 0.55 6.9710F 0.25¢107 0.993 0.47
M-3 K ppm st W m? 8.33 0.95 0.998 0.14 14,2816 0.2%1C° 0.998 0.10

O ppnT! 7.5 - 75 -

o ppnT* 8.6x10" - 8.6x10" )

O ppnt* 13.8 1.2 14 15
M-4 K ppm st Wt m? 13.13 138 0.997 0.19 21 10 0.9310? 0.997 0.12

0 ppnTt 75 - 75 -

0 ppnt 8.6x10" - 8.6x10" -

0 ppn* 3.13x1C° 4.97x10* 2 334103 4.81x10*
M-5 K ppm st W m? 169.4 113.34 0.997 0.19 0 OB 10 341 0.997 0.12

o ppn* 0.98 3 1.95 42

o ppn* 6.85 13.8 75.9 11.9
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M-6

ppnt*
ppnT*
ppm st Wt m?
ppnt*
ppnT*
ppnT*
ppn*
ppn*

ppnt

270

980

43.73

0.99

0.046

3.15

0.046

970

980

1700

110

773 0.998 0.17
11

10

784

13.3

2170

2800

99

9.24x10°
9.3

0.037

3.15

0.063

920

1032

360

101x10° 0.998

95

6.6

63.3

9.17

1440

1890

0.11
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Fig. 5.4. Results of curve fitting for differelkinetic rate expressions (models-Mto M-6) using (a) Pludlow model; (b) dispersion model; u=0.05 m/s; &4#33%; bve=7 W/n? (Run 18).
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Fig.5.5. Effect of MEK inletconcentratiofCwmex teed ON the PCO degradation &k exit at steady state conditions) with different kinetic rate expressions (moekl® M-6) using (a) Plug
flow model; (b) dispersion model; u=0.05 m/s; R¥F50%; bve=7 W/n? (Run 912).
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5.2.4.Evaluation of mass transfer effects

Fig. 5.9-a demonstrates the effect of air velocity on the mass transfer coefficient in the PCO
reactor using Eq.  (4.18) (a value of 109x10m?/m® making use of E@.17) for the geometric
surface area is applied according to parameters reporfeabia3.1). This figure indicates that
higher velocity increases the mass transfer coeffficieading to the increment in the mass transfer
rate. The relationship between the air velocity g@d/Cab, (Eq. (5.8) to Eq(5.10)), for various
removal efficiencies using rate expressMnr3 for plug flow model and dispersion model are
presented irFig. 5.9-b andFig. 5.9-c, respectively. Since mass transfer plays aensggnificant
role at a lower concentration, the inlet concentration of 250 ppb was chosen for simulation. Both
figures show that the concentration gradient criteria incsaglsen removal efficiency increases
at a fixed air velocity. Consequently, the mamnsfer effect becomes more important. However,
increasing air velocity at a constant conversion decreases this criterion (due to higher external mass
transfer coefficient). It is observed from the simulation that for all cagés/Can <0.1.This
demonstrates thaihe mass transfer limitation effect in the process isimgtortantand that the
ratelimiting step is the PCO reaction. Hence, the mass transfer resistance can be ignored, and the

surface concentration is considered equivalentég#tseous concentration.
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6. Modeling of MEK in PCO : Systematic Model Development and Validation

One of the major challenges in studying the potential ofRBIO reactors for commercial
applications is finding eeliable tool to assist in designing, scaling and optimizationMost of
the developed models in the literature were validated in a-soa# UVVPCO reactor and cannot
be applied in an actual application (larger scale). Since the PCO performancdsdepenany
factors (operating conditions, experimentahlget and kinetic parameters), the scalupgof this
reactor is challenging. Limited work has been conducted to identify the critical parameters
influencing PCO performance. For mass transfer linfeocess, affecting parameters such as
inter-phase mass transfer, velocity, and dispersion/diffusion can be critical. For the reaction rate
limited process, critical parameters can be the catalyst surface area, inlet concentration, relative
humidity, andight intensity. Therefore, there is a strong need for a detailed model to consider all
these physical and chemical phenomenEhis chapter presents a comprehensraédation
process at three different | ev e fimentaldatatwhich mo d e |
were collected in sma#icale, as well as larggeale setps.int he i nter model com
prediction made by the model was compared with that of two other existing nfeidalty, this
chaptempresents a dimensionless formtloé proposed model and investigates the impact of non
dimensional parameters on reactor efficiency in order to find the controlling steps in the process.

6.1. Methodology

6.1.1.Mathematical model

Thedeveloped model in chapteriBcludingM -3 L-H reaction rate modgthe LSSE model for
irradiance distribution on the photocatalyst surface and thel&edrert model for incident light
absorption within the filterwere used forintermodel comparison anahodel validation in both
bench and pilot scale¥his modelwas then used for dimensionless model analysis in the PCO
(section6.1.2.

6.1.2.Dimensionless model
The developed model (E8.1) and Eq(3.2)) was nondimensionalized to generalize the
theoretical and experimental investigation results and facilitate tARBCY reactor scalep. This

was done using the following expressions:

oF — , 8f=— , 86l =— , 80 p=—2 , o — , cE—, Pe— , Y3
h

. . -
h h h

8 88

Da=——,| 006y, 0UO6f ,7 U0 {6 i
h

This leads to the following dimensionless expressions:

B L NV 7Y (6.1)
. - : Ygo!  of

Lovgel 87 06 ]
r T [ B R (6.2)

with theinitial and boundary conditions of:
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of of n at of T (6.3)

of — 1 atf T (6.4)

6.1.3.Experimental investigation

6.1.3.1.Experimental setup

Two different UMPCO reactors scales (bench and pilot) have been studied chapier The
detailof benchscale reactor wasxplained in chapter Jhe pilotscale reactoffFig.6.1) was made
of four 3.6 m parallel aluminum ducts with 0.31mx0.31m inner esesfional area. Each duct
had an adjustde fan to control the airflow ratdhe UV-PCO reactohas two 0.31mx0.31m PCO
filters, including two UV lamps (Stdr-Ray, Atlantic Ultraviolet Inc.). Because the experimental
setup is an open duct system, laboratory air was used as a carrier gasearaitnidifiers (using
deionized water) were placed near the entrance of thggetprovide the required level of relative
humidity. The inlet air was monitored for humidity and temperature by a sensor (HMT 100,
Vaisala). The airflow rate over the pbotatalyst media in this sep was between 0.034 to 0.082
m®/s. UV lamps provided an average of 50 Whght intensity (lamp walls intensity() was 270
W/m2).

vOCs

Activated carbon filter

Vacuum fan

Fig.6.1: Schematic diagram d¢ie pilotscalereactor.

6.1.3.2.PCO reaction test

Two kinds of PCO tests were conducted; tidependent and steadyate. The tim@&ependent
PCO test was performed in the bersdale reactor to compare the prediction of the proposed
model wth the predictions made by two existing models (km@del comparison). The steady
state reaction test was used to validate the proposed model for bothsbalechnd pilescale

reactors under various operating conditions.
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6.1.3.3.Time-dependent PCO experimeh

A time-dependent experiment was performedthie benckscalereactorwith a PCO filter
(TiO2/SFF) using two lowpressure mercury UV lamps (Philips, TUV8L5W)with adominant
wavelength of 254 nm on each side of the filtérst, the UV lamps were turned on and, then,
MEK at concentration of 800 ppb was automatically injected using a syringe pump (KD Scientific,
Model KDS210, USA) into the compressed air (RH = 0%). A mass flow controller (MFC;
OMEGA, FMA5542A) adjusted theirflow rate at 20 L/min (1.2 #hr) while the relative
humidity was kept at 50+1%. To find MEK breakthrough point, a PID detector (ppb3000 RAE,
USA) was used to measure MEK concentrations at the reactor downstream. The experiment was
continued until théCO reaction reached the steatigte condition.

6.1.3.4.Steady-state PCO experiment

The steadystate reaction test was conducted usiing./SFF filter in both benclscale and
pilot-scale reactors. The PCO experiment in the jsibatie reactor was carried out bge et al.
[214] and the data provided from them for the madsidation in this study. A layer of PCO filter
and a UV lamp were used in the bersdale experiment, while in the pHstale Fig.6.1), two
layers of the filter and two UV lamps (between two layers) were used. The -stasely
experiments in the benetale were carried out in two ste&pdamps turned off (preliminary dark
adsorption step) and then turned on (photocatalytic reaction Empgach concentration (from
100 to 1000 ppb), experiments were continued until filters were completely saturated with MEK,
and then by turning on the UV lamps, the PCO reaction was initiated. In thegaletreactor,
Lee et a[214] turned on the UV lamp after 10 min injection and started taking samples 5 min
after that. The upstream and downstream samples were taken at the same time. PCO experiment

in bench and pilot reactors was carried out at temperatures of 204h8 21+13 , respectively.

6.1.3.5.Residence time distribution (RTD) experiment

RTD test was perfornteto characterize the airflow pattern in the PCO reactor by injecting
MEK tracers into the inlet airflow. The RTD experiment with MEK in the besezle reactor for
velocities ranging from 0.015 to 0.1 m/s (equivalent to 110s<<R€00) is presented thapter 4
[183]. This study also reports the RTD test in the gslcdle reactor to determine theiadx
dispersion coefficient for velocities between 0.35 to 0.85 m/s (6900<R&00). In this regard,
MEK tracer was injected instantly into the inflow air stream and, then, the outlet concentration

was measured, in time for various airflow rates, usiR¢fadetector.
6.2.Results and discussion
6.2.1.Model Validation

6.2.1.1.Model parameters determination

Two models were used to simulate the PCO reactor; the dispersion modaI1gq.Eq(3.5))
andtheideal plug flow model (no dispersid@15]). The kinetic parameters of MEK usihg-3
L-H reaction rate (E€3.15)) for ideal plug flow and dispersion models were evaluated in the

benchscale reactofsee sectio.2.3.
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Fig. 6.2. (a) the residence time distribution E(t) of MEK at various flow rates, (b) the

dependence of tHeecletnumber and axial dispersion values on the superficial velocity

Fig. 6.2-a demonstrates the RTD analysis of MEK for the pdoale reactor for the flow rates
ranging from 0.034 to 0.082%s. The higher airflow rate, the higher the peak value and the shorter
the ime after which the peak was observed. The Peclet values and axial dispersion coefficients
were plotted versus air velocitiesHiy. 6.2-b. The low valies ofPe. number (less than 1Q086])

indicate that the PCO reactor deviates from an idealpdwgreactor even at higher airflow rates.

A quadraticfunction, Eq.(6.6), was consideretb correlate the axial dispersion coefficient with

the superficial velocity:

0O T o 6900< Re <17200  (6.6)

6.2.1.2.Inter-model comparison
The simulation result of the proposed model was compared with the prediction made by two

existing models. Model 145, 150]rests upon an ideal plug flow model in which the model
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assumed the presence of a uniform flow without diffusion/dispersion effect. Model Il, by Zhong
and Haghighal81], involves the ideal plug flow assumption with the molecular diffusion effect

of challeng compoundn gas.Table6.1 summarizes these models and their boundary conditions.

Table6.1: Models used for intemodel comparison

Governing equation Ref.
— 60— NQH6 6)
® Tohé 6
Qo !
Model | I.C: [145, 150]
6 0o m  att=0
B.C:
6 0y atx=0
— -0 — 0 — Qs 06)
— Qw6 6 i
I.C:
Model I & & 1 att=0 [81]
B.C:
0 0Op atx=0
— T atx=0
— 0 — 60— —NQ®é6 6)
@ Nohé o6 i
Qo !
I.C:
Model IlI 5 6 T att=0 Present study
B.C:
606p 00 0O — atx=0
— T atx=0

To compare the simulation results of the developed model (Model Ill) with the predictions
made by model | and Il, thexperimentatlata from the timelependent study in bendlcale was
employed.Fig.6.3 compares the simulation result of these three models with experimental data
with inlet MEK concentration of 800 ppb (the input parameters are availablgbie6.2). The
figure shows that Models | and Il have less accuracy than Model Il at the staaelyondition.

As Model I (ideal plug flow model) developed based on no dispersion/diffusios treasfer

effect, it underestimates the outlet concentration. Model Il was simulated by considering the
kinetic parameters of the ideal plug flow model as wethasolecular diffusion effect. Diffusion

in the reactor causes fresh MEK molecules to mith weonverted ones (bgroducts) and,
consequently, the challenge compound concentration decreases (lowers the reaction rate). This
resulted in a reduction of PCO conversion (higher outlet concentration) when kinetic parameters

of the plug flow model werased.

Model lll gives a more accurate fit than the others, especially at the initial stage (before reaching
the steadystate condition). The figure shows a higher discrepancy between experimental results

and the other two models. At the initial stage, #ldsorption process or mass transfer has an
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important role in MEK degradation, and Model lll, due to more adequate boundary cawlition

the inlet and more accurate expression for dispersion term, resulted in a better prediction.

The good agreement betwethe experimental data and the prediction made by model (1)
demonstratethatthis model can predict more accurately {\BXZO reactor efficiency trends as a

function of time.

Table6.2: Input parameters fdnter-model Comparision

Parameter Unit Value Model | Model I Model 11l

Co ppb 800 V V \Y
t min 50 \% \% \Y
L+ cm 1.2 \% \% \
Doax m?/s 0.005 - - \%
- - 0.96 \Y, \Y, \Y
t - 3 - V -

“a 0.1053 \% \% \Y

Q L/min 20 V V \
d ‘m 10 \Y, \Y, Vv
1 ‘m 1 Y, Y, Y,
Dm m?/s 9.8x10° - \% -
f m?/s 1.8x10° \% \ \%
o] m/s 0.0012 Vv Vv Y,
® m?/ m? 109 10° \% \% \%

) W/m? 65 Vv Y, Y,

Diamp cm 1.4 Vv Vv V
Xdistance cm 3 V \ \Y
Yiamp cm 2.7 \% V V
Lp cm 6.5 \% \% \%
) W/m?2 90 \Y, \Y, Vv
RH % 50 V V V
Kaisp ppm st W m? 14.28x16 - - \Y
toh ppnt* 7.5 - - \Y
t R ppntt 8.6x10" - - \%

t q ppnTt 14 - - \Y
Kplug ppm st W1 m? 8.33 \% \% -
+ ppnt* 7.5 \ \Y -
* R ppnt! 8.6x10* \% \J -

O ppnt! 13.8 \% \ -
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Fig.6.3: Comparison the results of three different model for prediction of MEK outlet concentration ¢
concertation of 800 ppb (u=0.034 m/s490 W/n?).

6.2.1.3.Modeling of bench and pilotscale reactors at steadstate

Fig.6.4 shows the radiation intensity distribution on the photocatalyst surface for both- bench
scale and pilescale as predicted by the LSSE model. The figures show that the irradiance
distribution ina benchscale reactor is more uniform than the pgoale. The reason is that the
UV lamp in the benckcale was placed at a longer distance from the PCO filter. The experimental
validation of the LSSE model R 0.94) indicated that the modetegliction is close to the
experimental dataig.6.5 illustratesthe dimensionless light absorption rgfe (%) ) within the
PCO filter Fortheoverall effective TiQ layer thicknessf 45° d&(calculated using E(B.11) for
one media), the incident light is totally absorbed by-TKbwever, with two PCO filters, half of
the filter does not absorb any light intensity (§&6.5), which shows a thicker media has no
positive effect on energy absorption. As for the mass of photocatalyst (or thickness of media),
Fig.6.6 demonstrates that removal efficiency decreases with decreasing photocatalyst mass and

also media is saturated faster.

Fig.6.7 compares the removafficiency predicted by Model Il with the measured catalyst
removal efficiency under UV illumination for both berstale and pilescale It shows a good
agreement between the model prediction and the experimental data for various operating
conditions, vhich is confirmed byFig.6.8. The linear regression displays the slopes of unity with

overall R of 0.98 for experimental measurements versus model predictions.

The result shows that as the inlet concentration, relative humidity, and velocity increase, the
removal efficiency decreases in both reactors. Increasing the inlet concentration enhances the
number of adsorbed molecules on the catalyst surface and subsequent reaction rate. This causes
the number of active sites of catalyst to be reducadsing MEK molecules to leave the reactor
without reactionThus,removal efficiency declines. Additiongllintroducing excessive humidity
also leads to the reduction in catalyst active sites and, consequently, decreases in the reaction rate
and removal efficiency. As the velocity increases, the residence time of MEK molecules inside the
reactor decreases, wh results in a reduction in the adsorption of the pollutant and lower

conversion.
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In the case of byproducts, as challenge compound concentration and residence time increases,
by-products generation growths. Nevertheless, with increasing the relativaityuntheir
generations reduce. This indicates that at higher concentration and lower velog@tpdbgts
have a higher inhibitive effect on the adsorption of challenge compound and, consequently, on the
PCO reaction rate.
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Fig.6.4: Distribution of radiation intensity on the surface of the PCO filter for (a) becale (b) pilot reactor.
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Fig.6.7: Steadystateremoval efficiency at different operation conditions in (a) besudle (b) pilot reactor (error bau

shows the standard deviation of test results)(experimental data was rep{2t&g])in

Fig.6.8: Overall model predictions vexperimentatesults for benciscale and pilot reactor

6.2.2.Dimensionless analysis

Fig.6.9 shows the results of dimensionless modeling of the-RGO reactor at inlet
concentration of 800 ppb in the berstale UMPCO reactor, with two plots: a) removal efficiency
versus dimensiongs time and b) dimensionless concentration versus lengffig®®-a shows,
at the beginning of the process, removal efficiency (mainly becauslsaipdion) is at its highest
level, due to more available active sites of catalyst for MEK adsorption in the first step and reaction
with hydroxyl radical in the second step. While, with time, active sites are occupied by MEK
molecules and bproducts. Cosequently, the removal efficiency by adsorption and PCO reaction
decreases after a specific time owing to the reduction in the available catalyst active sites. Finally,
an equilibrium state happens between MEK molecule adsorption and surface reactiomg rasu

constant conversion (steadtate condition). Increasing Da number improves the removal
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