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Abstract

Photocatalytic oxidation (PCO) is a promising antegging technique in controlling
indoor air contaminants, including volatile organampounds (VOCSs). It has broad air cleaning
and deodorization applications in indoor environteganging from residential and office
buildings to healthcare and nursing facilities a&dlas spacecrafts, aircraft cabins and clean
rooms in the agricultural and food industry. Numey studies have been conducted to improve
the effectiveness and performance of this technyoldbese include development of new
configurations, energy-efficient catalysts and otrerameters to control the process. However,
only limited research has been conducted undeistieahdoor environmental conditions. One
of the most recent developments in photocatalgsisa synthesis of 2% C- and V-doped ZiO
which is active under both dark and visible lighhditions. However, like most research
conducted in photocatalysis, the study on the nagcbf this catalyst has been performed only
under laboratory conditions. This study investigdtee possible application of the novel C and
V co-doped TiQ in cleaning indoor air. Mathematical modeling andulation techniques were
employed to assess the potential use of some @rtmising systems that utilize the catalyst
(i.e., packed bed and thin films) as well as tHeatfof mass transfer limitations in the
degradation of acetaldehyde, one of the VOCs thabe found in offices, residential buildings

and other facilities.
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CHAPTER 1 - Introduction

People spend most of their time indoors. This makesndoor environment important
when addressing health risks and exposures tbirtion. Indoor environments should not
pose significant risks to the health and well-besh¢he inhabitants. This can be achieved by
maintaining an acceptable indoor air quality (IA@)hout compromising other aspects of
comfort that can be achieved by keeping appropapezating conditions indoors for
temperature, humidity, lighting and acoustics.

Source control, ventilation and air cleaning arategies that can be used in controlling
IAQ. However, in source control, not all pollutastn be identified and practically eliminated
or reduced (U.S. EPA, 2007). Ventilation systemgeharactical limitations due to the associated
significant energy costs; moreover, sometimes autdo itself may contain undesirable levels
of pollutants. Use of air cleaning devices in addito the first two strategies has been
determined to improve the overall effectivenesthefwhole system in controlling IAQ. Several
air cleaning devices that are tailored for speg@ftutants are available in the market. For
instance, for particulate removal, mechanical fdtelectronic air cleaners, and ion generators
can be used; and there are adsorbents and/omeeadsorbents for gaseous pollutants. Systems
are also available for controlling both particulatel gaseous pollutants.

The increasing energy costs associated with ailitoning made many people turn to
enhancing energy conservation in buildings, horaed,other facilities by making them more
tightly sealed (Birnie et al., 2006; Xu and Shimgjd999; Tompkins et al., 2005a).
Improvements in the construction of facilities, wetion in infiltration of fresh air, and use of re-
circulated air have been determined as cost-efiegtays to conserve energy. As a
consequence, natural ventilation becomes limitatigaseous pollutants being generated indoors
accumulate, and air is retained in these airtigbtirs and buildings (Birnie et al., 2006; Xu and
Shiraishi, 1999). Use of effective and energy-éfit air cleaning devices based on
photocatalytic oxidation (PCO) is thus attractivedsolve IAQ problems.

Chapter 2 includes a literature review on volatiiganic compounds (VOCSs), air
cleaning devices and PCO technology. VOCs are btieeanajor components of indoor air
contaminants and can cause sick building syndr@B&). Acetaldehyde, a VOC, will be used



as the model pollutant in the simulation and madgsitudies on the use of PCO systems in
indoor air cleaning. It is therefore appropriatenicdude a review of literature on VOCs. Some
reviews on indoor air cleaning devices are inclutteldave a comparable understanding between
them and PCO devices.

One of the most promising techniques in the fidlthdoor air cleaning is the use of PCO
processes (Zhao and Yang, 2003; Yu et al., 20000 siderable research has been devoted to
improve this technology. Various photo-reactor gesiand configurations have been explored
and new photocatalysts have been developed rafrgimgmaking catalysts in the nano-size
regime to doping them with other materials. Onéhefmost recent advances in PCO, is the
development of the 2% C- and V-doped T({®ang et al., 2007). Results of laboratory studies
revealed that the catalyst’s activity under visilét and dark conditions were comparable
(Yang et al., 2007), making the catalyst an ativaatomponent of an effective and energy-
efficient PCO air cleaning device. However, to testpotential of a certain device for indoor air
cleaning, it would necessitate testing it in a ¢gbindoor air setting. Preliminary calculations ar
needed to design a PCO system that would be acpuatidate for the test study. Modeling and
simulation studies can help understand the inflaefosarious factors that would affect PCO
performance in a typical indoor air environment.

The modeling and simulation studies in Chaptercsi$oon scaling up various reactor
designs utilizing the photocatalyst developed img at al. (2007) that would be applicable in
cleaning some of the VOCs (i.e., acetaldehyde)nsonty found in a typical indoor
environment. The two reactor designs that are densd in the study are packed bed and thin
films on the walls and ceiling, as they are the tmmst common PCO configurations that are
being adapted by companies commercializing thid kintechnology for gaseous applications
(Tompkins et al., 2005a). The effects of severatimaisms and factors on the performance of
these systems in a simulated indoor air environméhbe assessed using mathematical models

and techniques.



CHAPTER 2 - Literature Review

2.1 Volatile organic compounds (VOCs)

Volatile Organic compounds (VOCS) are carbon ardrdgen-containing chemicals,
which evaporate readily or are gases at room tesyoer and pressure. They are important
pollutants in indoor air (Yu et al., 2007; Wangaét 2007). Compared to outdoors, higher
concentrations of VOCs can be found indoors (Warad.£2007) where there is limited
ventilation. The U.S. Environmental Protection AggXEPA) Total Exposure Assessment
Methodology (TEAM) studies revealed that indoor V@€els were typically 2 to 5 times
higher than outdoor concentrations (U.S. EPA, 2@ie at al., 2006).

VOCs may come from gaseous emissions of househelahicals and products (U.S.
EPA, 2009). There are thousands of different V@f@sluced and present in our daily lives
(Minnesota Department of Health, 2009). These thelithose coming from cleaning and
degreasing agents, pesticides, air freshenekst bmwl deodorants, environmental tobacco
smoke (second hand smoke), furniture and buildiatenals (e.g. wood products, adhesives,
carpeting, paints, varnishes, vinyl floors, motHyaolvents, gasoline, newspaper, upholstery
fabrics, sealing caulks), cosmetics, fuel oil, e#hexhaust, cooking, photocopying, etc. (U.S.
EPA, 2009; Minnesota Department of Health, 200@m@ion VOCs include acetone, benzene,
ethylene glycol, formaldehyde, methylene chlorjgerchhlorothylene, toluene, xylene, and 1, 3-
butadiene. Acetaldehyde, a component of Environatdi@bacco Smoke (ETS) is one of the
organic compounds that accumulate in rooms. XuSindhishi (1999) and Tang et al. (2004)
recognized it as key indoor air pollutant. MinnsDepartment of Health (2009) listed a variety
of factors that affect levels of VOCs in an indeavironment. These are volume of air in the
room/building, the rate at which the VOC is off-gad, the building ventilation rate, outdoor
concentration, and the time spent by people iraffexted environment.

Among those sources of VOCs mentioned above, Imgjichaterials are considered to be
the largest source of VOCs in indoor air (Wanglet2®07). Thus, it is always expected that the

concentration of VOCs in a new building will be héy than in old buildings. For instance,



formaldehyde, a common VOC in mobile homes is fomnghany indoor products, such as
pressed wood, paints, insulation, coated papermgtedand combustible materials.

VOC concentrations indoors are typically in the pplsub-ppm range (Wang et al.,
2007). However chronic exposures to low levelshebe compounds can increase some people’s
risk of health problems (Minnesota Department odlite 2009). This is true for some people
who have existing respiratory problems and higkeessgivity to chemicals. Many VOCs are
toxic and considered to have carcinogenic, mutagenieratogenic effects (Alberici and Jardim,
1997) in both animals and humans. Long-term exmoguhigh concentrations of some VOCs
can cause cancer and damage to vital organs difamlyrsuch as liver, kidney and central
nervous system. Short term exposure to high coratésris of VOCs can cause eye, nose and
throat irritation, headaches, nausea, vomitingzidess, fatigue, allergic skin reaction, and
worsening of asthma symptoms (Minnesota Departmiedealth, 2009; U.S. EPA, 2009).

VOCs are also considered one of the causes oftiit#ling Syndrome (SBS). SBS is a

situation in which the occupants experience acatecamfort effects that appear to be
associated with the time spent in the buildingrauspecific illness or cause can be determined
(U.S. EPA, 2008). To eliminate SBS, building airshbe cleaned or properly refreshed, and/or
the sources of VOCs must be removed or modifiedC¥©@annot be avoided, but concentrations
indoors can be lowered by using materials and prizduith lower VOC emissions, proper
ventilation and use of air purifiers.

The presence of these compounds from a varietgwtses represents a significant
burden to indoor air environments. It is therefoeeessary to apply control measures that would

safeguard building occupants from exposure to thasaful compounds.

2.2 Air cleaning devices
Air cleaning devices are used to supplement satwo&ol and ventilation in reducing
and maintaining acceptable levels of indoor airtaonnants. Air cleaning devices alone cannot
assure adequate air quality, particularly wheraiiant sources are present and ventilation is
inadequate. Air cleaners are classified accorthrtheir specific purposes. The type of device
should be selected according to the governing algamechanism. Thus, a particular control
device is different from devices for gaseous palis.



The three general types of air cleaners for pdeieuremoval are mechanical filters,
electronic air cleaners, and ion generators (UBA,R007).

Mechanical filters can be installed in ducts in lesnand buildings with central heating
and/or air-conditioning or may be used in portat#gices which contain a fan to force air
through the filter. Mechanical filters can be i florm of flat or panel filters, pleated or
extended surface filters, or high efficiency parate air (HEPA) filters. Flat or panel filters can
be made of low packing density of coarse glassdienimal hair, or vegetable fibers often
coated with a viscous substance (U.S. EPA, 2007).

Electronic air cleaners utilize an electrical fieddcatch charged particles. They can be
installed in central heating and/or air conditiansystem ducts or in portable units with fans.
Some of the most common electronic air cleanerglactrostatic precipitators or charged-media
filters. Electrostatic precipitators collect pald& on a series of flat plates while in charged-
media filters, particles are collected on the f#hdro attain higher collection efficiency, the
particles are ionized or charged prior to collattio

lon generators, like electronic air cleaners uagcstharges to remove particles from
indoor air, except that they come in portable uaitly. The charging of the particles in the room
attracts them to the walls, floors, table topspdraes, occupants, etc. These devices come with a
collector which attracts the charged particles dadke unit.

Hybrid devices contain two or more of the partidenoval systems discussed above. For
instance, one or more types of mechanical filteay tve combined with an electrostatic
precipitator or an ion generator.

There are a limited number of studies on the dffeness of portable or residential air
cleaners in removing gaseous pollutants. Adsorlardgor reactive adsorbents can be used with
particle removal devices for removing gaseous pentits in indoor air. This is due to the fact that
gaseous pollutants cannot be removed by air clgatenices that are based on filtration and
electrostatic attraction alone. The performancsotitl sorbents used with these systems depends
on the following (U.S. EPA, 2007):

» Air flow rate through the sorbent bed
» Concentration of the pollutants
» Presence of other gases or vapors

» Physical and chemical characteristics of the pafitg and the sorbent



» Configuration of the sorbent in the device

* Quantity of sorbent used and the sorbent bed depth

Generally, the efficiency of the above system dasee with the amount of pollutant captured
and is usually rated by sorption capacity and patieh time.

The most common adsorbent material is activatdaocart can adsorb some pollutants,
mostly hydrocarbons and non-polar gases (Chin g2@06), even in humid conditions. One of
the constraints of this type of adsorbent is thest mot efficient in adsorbing volatile, low
molecular weight gases. In most cases, activatdgbnas good in removing odor; however, the
absence of odor alone does not guarantee goodalityq Zeolites are adsorbents that can be
used for treating polar gases and vapors suchreebe, n-hexane and @bifrom indoor air
(Chin et al., 2006). At present, limited data arailable on the effectiveness of this system in
the removal of the low concentration range of dalts typically found in an indoor air
environment. One of the major concerns in this typéevice is the useful capacity of the
adsorbent as their lifetime can be short depenadinthe type and concentration of pollutant to
be adsorbed. Other than carbon, there are alstabpetbents available to treat specific
pollutants, such as chemisorbents impregnatedaki¢émically active materials to remove
specific reactive gaseous materials.

One of the most promising techniques in indoockganing that is still under
development is the use of the photocatalytic oiedatPCO) process. Considerable research has
been devoted to improve the technology and extisnapiplication for specific purposes.
However, most of the studies have been performeédmiaboratory conditions. More
information regarding this technology will be dissad below.

2.3 Photocatalysis
Photocatalytic oxidation (PCO), or heterogeneoustgdatalysis, is carried out when a
semiconductor photocatalyst is irradiated by atlgfioton that has energy higher than the
photocatalyst’s band gap energy. In the casdanfitim dioxide (TiQ), a wavelength less than
385 nm is sufficient to exceed its band gap enefd/2 eV. When this happens, electron is

promoted from the valence band to the conductiom b@aving a hole in the valence band. The



valence band hole and the electron in the condutizmd react with water and oxygenO
present in the surrounding air. As a consequemaeyéry potent oxidants, hydroxyl radicals
('OH) and super oxide ion<X, ) are produced (Frazer, 2001; Jacoby et al., 19@6pr

Environment Center, 2006; Maness et al., 1999).réig radicals are highly reactive and non-
selective oxidizers that can attack organic materiacluding those that make up living cells.
Several steps are involved in photochemical meshasin solid semiconductors. These
steps are described in detail in de Lasa et agRaAnd Tompkins et al. (2005a), and presented
briefly herein. First, the light energly, greater than the band gap enefgy,strikes the surface

of the catalyst and excites an electron from vaddrand to conduction band. A valence-band
hole, hy;, is created, which migrates to the surface artéhtas a reduction reaction. The

valence-band hole and conduction-band electrom@@mbine in the bulk material and on the

surface. Tompkins et al. (2005a) proposed theviotig possible PCO pathway:

Tio, O - TiO, (e2; + M) @-1)
TiO, (65 + hyy) O FFIPTET -, TiO, + heat (2-2)

Production of hydroxyl radicals

H,0. - OHye + H (2-3)
2 ads ads

ads

hj; +OH™ - "OH (oxidative reaction) (2-4)

Production of super-oxide

e +0, - O (reductive reaction) (2-5)

"OH + OrganicReactants O, — ProductCO,, H,0,etc) (2-6)

Figure 2.1 describes the primary steps of photoat@mmechanisms taking place in a solid

semiconductor photocatalyst (i.e., B)@eglecting recombination reactions.
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Figure 2-1 Steps of photochemical mechanisms in a solichsieonductor:

[1] Light energy photon () greater than band gap energy(3.2 eV for TiQ);

[2] excites electron from valence band to conducband leaving a hole in the

conduction band; [3] valence-band hole that sudalgsnigrates to surface initiates

oxidation reaction; [4] conduction-band electroattiuccessfully migrates to surface

initiates reduction reactioMdapted from Tompkins et al. (2005a).

Hydroxyl radicals and superoxide ions produced feteps [3] and [4] can attack any

organic compound (S) in the air that come into aonivith them to a more oxidized form, OS

(see Figure 2-2).

surface . air contaminant
—

= oxidized air
> / contaminant

Figure 2-2 Photocatalytic destruction of organic compounds

Adapted fromThe no odor and no mold netw2005).



2.3.1 PCO for environmental air quality applications

Photocatalytic oxidation is simple, relatively neamd considered as a promising
technique for air cleaning and disinfection. Kowal2003) listed PCO as a technology in a
developmental stage that can be applied to thaiclgand disinfection of air. PCO is known to
destroy most organic contaminants even at low seaet at near-ambient temperatures. Precise
reaction mechanisms vary for different compoundsydver, in general, PCO just needs a light
energy sufficient to overcome the catalytic materiaand gap energy, a high surface area of
photocatalyst material >100-15C g, and an oxidizing agent such as he most commonly
used photocatalyst, Tgds proven over the years to be excellent in bregkiown organic
compounds. It is relatively inexpensive, highlyodéachemically, and resistant to corrosion. The
photogenerated holes are highly potent to breakndmmost any organic compound (Frazer,
2001), including bioaerosols (i.e., bacteria, vesls The bactericidal activity of hydroxyl
radicals and superoxide ions was first demonstrayedatsunaga (1985).

The PCO process attacks practically all gaseousespef interest in IAQ problems and
effective for trace contaminants at levels on tfdepof ppm or below as well (Hall et al., 2000).
Conversion of these organic contaminants to monggbecompounds such as génd HO is
attainable especially when certain conditions fasamplete oxidation. Chlorinated organic
compounds including dioxins (a harmful emissiomfrimefficient incineration processes) and
PCB'’s can be oxidized by PCO (Anpo and Takeuchd32®ridal and Pridal, 2003). Yang et al.
(2007, 2008) have reviewed the literature and coteduresearch to modify T30 that visible
light can be used effectively in PCO.

Indoor air cleaning devices such as filtration addorption units merely transfer
pollutants to another phase which requires replacemnd additional disposal of used media.
Because PCO cleans indoor air, it can reduce tloaianof air exchange needed. The promise of
minimal pressure drop, low power consumption, piddig long service life, and low
maintenance are also additional factors which niR(B® an attractive method for indoor air
applications. It can be used to decontaminateithXa et al., 2006a); combat bioterrorism/agri-
terrorism; and maintain good IAQ in offices, builgs, homes, industrial premises, healthcare

facilities and public transportations/vehicles.(cars, ships and aircrafts). The use of PCO with



environmentally friendly photocatalysts is expedi@dolve environmental pollution also in a
huge global scale (Anpo, 2000). Researchimmaasstigated the effectiveness of Li€pated
surfaces (i.e. building materials, roads) in remgypollutants in urban air (Berdahl and Akbari,
2008). Catalytic activity per square meter of gdtalmaterial exposed to outdoor sunlight was
measured. Results of the study showed that thefuEi®, nanoparticle surfaces is technically
feasible with catalytic activities of 200 and 60diay for nitrogen oxides and VOCs respectively.
However, Berdhal and Akbari (2008) emphasized #edrto develop novel and more effective
catalysts and ensure that use of these cataly$tsovbring unintended harm to the

environment.

2.3.1.1 Odor removal

Odors can be a big nuisance and pose adversé leffaltts if not controlled or
maintained below acceptable levels. They are uggallsed by odorous volatile compounds that
are dispersed from very minute to large quantitigbe air. Activated carbon adsorption,
thermal oxidation, biofiltration, bioscrubbing angt chemical scrubbing are among the
conventional methods for odor control. PCO haseti#d research interest for application in the
control of odors. Canela et al. (1998, 1999) regmbrthe use of heterogeneous photocatalysis in
waste water treatment plants for the destructiomabdorous sulfur-containing compounds
such as hydrogen sulfide £8), trimethylene sulfide (§EsS), propylene sulfide (§EsS),
thiopene (GH,4S) and methyl disulfide (£1sS;). Though formation of intermediates and catalyst
deactivation were observed at certain conditiorth@r experiments, chemical and sensory
analysis showed catalytic processes were effigredecomposing these malodorous
compounds. Canela and Jardim (2008) found the UBEO as a viable method for the
destruction of malodorous compounds from sewageodeosition of other obnoxious odor-
causing compounds such as aldehydes and alcoheislleass pungent acids using PCO process
has been reported elsewhere (Blake, 2001). Thug, te€hnology will be of growing
importance where odor is of great concern suchoapitals, nursing homes, chemical

manufacturing and waste treatment plants.
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2.3.1.2 Residential homes and office buildings

People spend most of their time indoors. They aambstly either at home or at their
respective working places. People expect that Wmyld feel safe and protected at least in their
homes. They are unaware of the extent that theypeaxposed to harmful substances and
chemicals in their surroundings. Dungcan (200@h&article entitled “Our Toxic Homes” under
the major article “The pollution within” discuss#te harmful and toxic chemicals that can be
found in homes. Studies conducted by the U.S. BRASH and NASA and CPSC have shown
that VOCs released and off-gassed from buildingenels and equipment comprise a
considerable portion of indoor air contaminantsu(Bind Burnett, 2001). VOCs can greatly
affect the quality of life of inhabitants living dnwvorking in VOC -contaminated homes and
office buildings. One example that is a common [@obin mobile homes is formaldehyde. It is
released from building materials commonly used abite homes. According to several studies,
bioaerosols such as fungi, bacteria and viruseslsanthrive and proliferate in homes and office
buildings when high humidity conditions allow théondo so. The concentration of VOCs from
these organisms indoors is typically higher thatdoars. The absence of sunlight which
contains some UV radiation that is deadly to thgaarsms and the high humidity coupled with
moderate temperature in an indoor environment fav@survival and growth of these airborne
microorganisms and pathogens.

PCO can destroy VOCs and microorganisms includiiyahial VOCs. The hydroxyl
radicals produced during the process are suffilsigmdwerful that they can decompose most
organic compounds even at low levels. VOCs candserded on the catalytic surfaces and
oxidized to less harmful compounds such as.&QO is a cost effective technology for removal
of VOCs in comparison with adsorption, biofiltratior thermal catalysis (Wang et al., 2007). It
is considered the most promising technique in ¢éimeaval of VOCs in indoor air (Zhang, et al.,
2003; Mo et al., 2005; Yang, et al., 2003; Zhanglgt2007). Huang et al. (2000) described the
bactericidal mode of photocatalysis with $iO

Kowalski (2006) indicated PCO was the most prongigechnology for use in an
integrated building design employing both air andace disinfection systems by creating self-
sterilizing surfaces for building components sustdaorknobs. In PCO, the catalytic material is

excited by UV and sunlight and is not consumedhegrocess. This makes PCO a self-cleaning
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process, requiring no regeneration. Due to theiduter design, room temperature operation, and
negligible pressure drop, PCO reactors can bernategd into new and existing, heating
ventilation, and air-conditioning (HVAC) systems.

The technical issues associated with the use of iR@OmMmercial and residential
applications and alternative designs will be diseddater in this paper. Some PCO-based
systems are currently available in the marketJapan, they are being sold as self-contained
recirculation units made from filter materials atvith TiG, and UV lamps (Kowalski, 2003).
However, like other technologies, PCO still needserevaluation. More improvement of the
PCO process/technology in the coming years williput place as a component of green
building designs and help society to move towastanable development (Pridal and Pridal,
2003).

2.3.1.3 Healthcare and nursing facilities

Kowalski (2006) defines health care facilities Hgyges of buildings associated with
health care, such as hospitals, clinics, doctdfisas, dental offices, and homes or offices
converted for health care use. Health care workedspatients are continuously exposed to
airborne hazards that are commonly found in thasiities. U.S. EPA (1988) published a report
entitled “Indoor Air Quality in Public Buildings.Chemicals such as chloroform,
trichloroethylene, benzene, xylene and formaldetwele found in hospitals, nursing homes and
office buildings. Among these chemicals, formalglidrconcentrations in all three kinds of
establishments tested were the highest. The valaes0.106g/L in hospitals, 0.081g/L in
nursing homes, and 0.147&L in office buildings. Infants, the elderly andlspeople are more
susceptible to diseases associated with airbornartie because of low physiological functions
and immune systems. Thus, maintaining acceptakblddvels of air pollutants in these facilities
is very important. Odor is also common in healtfedacilities and more significant in nursing
homes due to frequent toileting, more soiled lingiespread use of portable commodes, and
pungent cleaning chemicals (Ninomura and CohendY19%he demand for more nursing care
will greatly increase in the coming years due ®approaching retirement of the “baby boomer”
generation. In order to provide them with good duaif life, good IAQ in nursing homes
should be maintained. Knowing the deodorizatiorabijty and potential to destroy most

organic compounds, including bacteria, viruses@attiogens, PCO will have valuable
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applications in nursing home facilities. Use of Pf@®indoor air cleaning can control the spread
of contagious pathogens and at the same time rexhergy costs associated with increased

ventilation rates in health care and nursing faesi

2.3.1.4 Spacecrafts and aircraft cabins

In spacecraft environment, material off-gassing anman metabolism emissions are the
primary sources of chemical contaminants. Genaratites of human emissions in spacecrafts
are provided by NASA in Perry (1995). James e{1®94) discussed the volatile organic
contaminants found in the habitable environmentvaf space shuttles (STS-26 and STS-55).
Trace chemicals from these sources, which can ntonéde the spacecraft atmosphere, must be
controlled to achieve an acceptable living envirenim

The enclosed and isolated environment coupled hmitibed ventilation present a unique
design challenge with respect to providing a cotafde spacecraft environment in which people
can live and work (Perry, 1995). NASA crew memlsyeard spacecraft are continuously
exposed to pollutants in the respirable air thatroake them ill and unproductive. Excessive
levels of pollution in spacecraft air can causevenembers to experience cardiac rhythm
disturbances, eye and respiratory irritation, headand disorientation, and risk of developing
chronic disease such as cancer (James and MukharagdP99; Zorn, 2003). These pollutants
can also interfere with biomedical experiments geaiarried out in outer space.

Photocatalysis has great potential for use in albmimaf NASA applications. The use of
self-generating and non-consumable photocatalyéterrals makes the process especially
attractive in moderate and long-term applicatioher® consumable materials are to be avoided.
Confined spaces like space shuttle cabins andchiamtienal space stations (Zorn, 2003) are
locations for the broad oxidation potential of PQDfficient residence time to achieve complete
oxidation of simple hydrocarbon contaminants to,@a water is needed for PCO to to purify
spacecraft environments (Ollis, 1996). A suitaliletpcatalyst coupled with a good photoreactor
design can partially or completely replace the caminused adsorption systems in spacecrafts.
PCO can be incorporated in the air revitalizatipstesm of a spacecraft to maintain safe levels of
air contaminants. The use of PCO process wouldihelpe reduction in lift-off weight of the
life support system for the spacecraft, or othiteel applications such as in space stations
(Ollis, 1996). Some kinetic studies of the coni@rf oxygen-containing contaminants,

aromatics, oxyhydrocarbon contaminants containgtgioatoms (e.g., sulfur, nitrogen and
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silicon) and multicomponent systems that are typica spacecraft environment can be found in
NASA research grant report (NASA-CR-203027) (Oli896). KES Science and Technology
(2005) has developed the Airocide Bj@n airborne pathogen killer. In aircraft cabigagseous
contamination originates from human metabolic psses, off-gassing of lubricants in the
engine, equipment, furnishings, detergents, and &ow drinks. Excluding vapors from

alcoholic beverages, VOC concentrations in airaaltins are generally low. However, several
studies have confirmed that odor is a common proldspecially in periods during and after
boarding. This can be attributed to semi-VOCs frmamsengers, as well as hydraulic fluids, de-
icing fluid, and engine oils. Transmission of dsedy infectious bioaerosols aboard aircraft is
also a serious concern (Ginestet et al., 2005).

The supplied air is composed of an unfiltered olgsiir from the engine’s compressor
stage and about an equal quantity of filtered cetated air. The air ventilation system in
modern aircraft is used to provide fresh air in¢hbin and to remove air contaminants from
confined spaces. The outside air supply contr@scHbin pressure, temperature gradients,
prevents stagnant areas, maintains air quality dessgipates particulate matter, and odors in the
cabin. However, the current regulatory air exchamage in aircrafts is apparently not enough
since complaints from flight attendants and passengre still being raised. Ventilation is
intended to dilute the pollutants; however, ambantuality at busy airports may be poor, and
contaminants may be introduced into the passeraien through the bleed air.

Consideration of power consumption, size and weagldt life cycle costs of a VOC
control system is important for aircraft applicatso Installation of a control device such as PCO
will maintain acceptable air quality inside aird¢re@bins, improve the quality of fresh air being
supplied inside aircrafts as well as the amouriitesth air flow, thereby reducing fuel
consumption and operating costs. Moreover, the BfoQess transforms the odor-causing
contaminants as well as bioaerosols to,@ad water instead of being concentrated on an
adsorbent bed and then purged overboard.

Ginestet et al. (2005) developed a modular andnergble PCO air filter unit to improve
the quality of recirculated air entering the cabirhe air filter used is photocatalytically active
under UV light illumination. The study was consigi@ione of the preliminary attempts to design

a filter for VOC removal in cabin aircraft appliaats. Despite the limitations and problems (i.e.
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intermediate reaction products) encountered irr gtady, PCO technology still appears to be a
promising solution to odor and IAQ problems in eaft

Hall et al. (2000) developed and studied a mu#gsthoneycomb monolith PCO reactor
for the destruction of VOCs and bioaerosols inrar cabins. The study showed that PCO
reactors for VOC control can replace HEPA filtevs thioaerosol control. The detailed life-cycle
costs comparison made between PCO and carbon &dsdfdiEPA showed that adsorption
involves higher life cycle cost owing to the lowsadption capacity.

Yates et al. (2005) described a PCO cleaner whimhls&aneously removes VOC

pollutants and ozone in aircraft cabins and indoorironments.

2.3.1.5 Inactivation of bioaerosols

Photocatalytic oxidation can inactivate and des#iolyorne pathogenic organisms such
as bacteria, fungi, viruses, as well as their spfvera et al., 2007a). Matsunaga (1985)
pioneered this research in demonstrating the migcatal effects of hydroxyl radicals and
superoxide ions during PCO process (Kowalski, 20B6jthermore, he found that the extent of
killing was inversely proportional to the cell willickness. Maness et al. (1999) also explored
the bactericidal activity and killing mechanismptifotocatalytic TiQtowardsEschirichia coli
The sensitivity of microorganisms to Ti@hotocatalysis is likely in the following ordefirys >
bacterial cells > bacterial spores (Huang at &l02. Huang and his co-workers found that the
destruction of bacteria by PCO starts with thecittan the external cell wall followed by the
oxidative damage of the underlying cytoplasmic meanb. The photocatalytic action goes
deeper and deeper as the cell becomes more pesragablater on causes cell lysis and death.
In their study, continued bactericidal activity wasserved even after UV illumination on %O
wass terminated. Comparative studies originallyedoy Goswami et al. (1997) showed that
PCO was more effective than ultraviolet germicidadiation (UVGI) in the destruction of

Serratia marcescengKowalski, 2006; Goswami et al., 1997; Vera et 2007b).
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2.3.1.6 Defense against biological and chemical terrorism

Photocatalytic oxidation can be used in the corafdliological and chemical attacks.
Biological and chemical agents that are being uséerrorism attacks can be deactivated by
PCO to convert them to less harmful compounds.

PCO has the potential to be used in the dispodainsfof confiscated chemical warfare
agents (CWAS). In response to the call of the ChahWeapons Convention of 1993 for the
bans on the production, possession and use of cakmeapons, Hitchman et al. (1997)
conducted a feasibility study on the use of PC@ psoposed method for the destruction of
existing arsenals and deposits of chemical weapons.

Kozlov et al. (2003) investigated the PCO of diéguifide (DES), a simulant for
chemical agent mustard gas. During the experinseme intermediates were formed, but later
on DES was completely oxidized to yield &@ater and sulfates and carbonates as final
products.

Martyanov and Klabunde (2003) also reported the BE§aseous 2-chloroethyl ethyl
sulfide, a chemical agent known to be the main comept of mustard gas (HD), a chemical
weapon. Oxidation of this compound resulted inftrenation of intermediates of different
toxicity levels that can be toxic to humans. HoweWarther oxidation can lead to the
transformation of the intermediates to compoundssser toxicity.

Smith (2008) listed PCO as one of the catalytichods that can be used to destroy
chemical warfare agents under ambient conditiohs. duthor also mentioned possible
incorporation of photocatalytic surfaces on pratecgarments and masks for the protection of
emergency responders. However, the ability to 3@ Buring night time is of great concern for
the military due to the scarcity of a light sourmeessary for photocatalysis to take place. There
is a great possibility that terrorist attacks carirbtiated at night times too, and the first
responders must have their protective gadgetsituming both day and night. The 2% C-and V-
doped TiQthat is active under both visible light and darkditions (Yang et al., 2007) might
solve the issue.

Use of biological agents also became a mode ajrism attacks. The ability of PCO to
deactivate bioaerosols such as bacteria, viruselsspores makes it attractive in the mitigation

of bioterrorism activities. Kau et al. (2009) stedlithe inactivation of anthrax spores in mice
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using doped Ti@substrates by PCO under visible light illuminati®@sults from the study
suggested that spores from the photocatalyzed draug a lower survival rate than the control
group. Based on their results, Kau and his co-astimalicated that photocatalysis could directly
inactivate lethal toxin, the major virulence factdB. anthracis. Because of this, they envision
that induced injuries of the spores might be momgartant than killing spores directly to reduce
pathogenicity in the host. Kowalski (2003) suggedte use of PCO as another option for
handling mails in the post office to protect em@ey in case of CBW attacks.

2.3.1.7 Agricultural and food industry

Maintaining IAQ in livestock buildings is necessanyprevent the on set and spread of
airborne diseases among animals and as well as thasmight be contagious to humans. For
safety purposes, food and agricultural productstinegprotected against microorganisms and
harmful compounds that can contaminate them throlgisurrounding air. Effective air
decontamination methods are therefore necessanyimmal slaughter and food processing
facilities. PCO is regarded as one of the air dlegtechnologies that can help in maintaining
good air quality in these facilities and as wellmpreventing contamination and microbial
spoilage of food and dairy products. To decomp@seful products in food processing and
packaging plants, photocatalytic devices, surfarescoatings can be installed (Vera et al.,
2007b). PCO process can be used to prevent presraging of flowers and fruits by
maintaining low levels of ethylene gas that is raty produced in storage areas (Pridal and
Pridal, 2003). Cho et al. (2007) reported use dDRICthe nonthermal disinfection of fresh
vegetables by inactivating foodborne pathogenit¢dracsuch ak&. Coli, Salmonella
TyphimuriumandB cereusn fresh carrots. Maneerat and Hayata (2006) detraied the
antifungal activity of PCO with 7 nm Tiparticles againd®. expansuman organism
responsible for postharvest rot development irtdrsiich as tomatoes and lemons.

2.3.2 Recent advances on PCO

Most suitable photocatalysts are the metal oxid@@@nductors, because of their
resistance to photo-corrosion. To increase thequaddlytic power of semiconductor
photocatalysts like Tig) researchers and other manufacturers have bed¢inwansly modifying

their structure. This includes changing its siz® af another method of synthesis or doping it
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with other metals, metal ions and mixed-metal oxidéanosize regime as defined by Klabunde
(1994) deals with particles of 1 to 100 nm or abbito 16 atoms or molecules per particle.
Anpo and Takeuchi (2003) found that nanosized, p@ticles of less than 10 nm showed
enhanced photocatalytic reactivity due to the quangize effect. This phenomenon is due to
electronic modification of the photocatalysts adl ag the close existence of the photoformed
electron and hole pairs and their efficient conitidn to the reaction, resulting in a performance
much enhanced over that of semiconducting, a@wders. The size of nanoscale particles
influences many physical and chemical properties s binding energy, melting points, and
optical and electronic properties (Gupta et alQ2Gupta, 2003). Nanosize Ti@as more
surface area and active sites for adsorption tlyareiveasing its photocatalytic activity. In terms
of photochemical characteristics, ultra-fine paegdike nanosized particles have some
advantages relative to macropatrticles such as FK25(Zhao and Yang, 2003). Zhao and Yang
(2003) provided the following explanations for tklaim. First, smaller particles (1 — 10 nm)
exhibit characteristics between molecular and elkiconductors. Second, blue shifts of the
band gap in UV absorption for these particles enbaadox potential of the photogenerated
electrons and holes. Lastly, the high surface-twmeslume ratios improve effectiveness for
surface-limited reactions. In inactivation of ba@esia photocatalysis, smaller TiQarticles are
reported to cause quicker intracellular damage ggwe al., 2000).

Several PCO reactor configurations and designs baga explored. Catalyst supports
can be used to maximize active surface area (Andorakeuchi, 2003). Catalysts can be fixed
(anchored) on supports by means of physical suftaces or chemical bonds. Typical supports
for PCO photocatalysts include activated carbdaerfoptic cables, fiberglass, glass rings,
glassbeads, wool, thin films, membranes, quartd,segvlites, silica, stainless, and polymers
(Tompkins et al., 2005a; de Lasa et al., 2005).chbet al. (1999) used porous silica support to
adsorb intermediates formed during the reactionpadent release of harmful substances out of
the system during a PCO process.

Various photo-reactor designs and configuratiorth s packed bed, monoliths,
fluidized beds and thin films are described in T&mp et al. (2005a). Thin-film photoreactors
have been described for oxidation of a varietyadepus pollutants as well as bioaerosols. In
this form, immobilization of the catalyst is podsilto prevent dispersion of the catalytic

nanoparticles into the air. Ushijima et al. (1989¢d TiQ film in the decomposition of acetic
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acid and acetaldehyde. Sopyan (2007) studied tbphtalytic degradation of gaseous
acetaldehyde, ammonia and hydrogen sulfide usingsized porous anatase and rutile ;TiO
films. Results of the study showed that the andilméhas higher photocatalytic power than
rutile. Xu et al. (2006b) reported 95% and 75% phtatlytic efficiency in the destruction of
bacteria pseudomonas aeruginosadbacillus subtilisrespectively, using nanostructured N-
TiO; films. The result showed that the photocatalytwer increases with decreasing thickness
of the film. Skubal et al. (2008) developed an axbea surface made up of Ti@ms that have
the capability of self-detecting, characterizingaqtifying contaminants and decontamination by
a photocatalytic process. The device initiatesdg@ntamination process once the set
concentration limit based on regulatory and saséaydards, is exceeded. It utilizes the principle
of a feed back system to monitor itself. This tesbgy is said to have potential application in
combating chemical and biological incidents andt@orination. The support substrate was
created by depositing fine platinum electrodeshom aluminum oxide substrate.

The search for new types of light sources otham thel lamps was also explored by
other researchers in the field of photocatalysigerCet al. (2005) first demonstrated the use of
UV Light Emitting Diodes (LEDs) in the PCO of pefatothylene (PCE) in air. UV LED is said
to be an energy-efficient solid state light sout would replace traditional UV light sources
(i.e. incandescent and gas-discharge lamps). Ufilibeescent lamps, it does not contain
mercury vapor that can be harmful to people’s hedtlis said to be long-lasting, robust, small
in size and highly efficient. A commercial UV LER$ a typical output of 12 mW and a peak
wavelength of 395 nm. With these recent developséinivas confirmed that there is great
potential for the UV LED to be used as light souiaephotocatalysis.

Hybrid systems that combine PCO process and otheleaning devices were studied.
Hodgson et al. (2007a) developed a combined UVPR&rcsorbent system to control the
formation of unwanted intermediates and by prodat®CO process.

TiO,, the standard photocatalyst is active only undédight with a wavelength of <
384 nm. UV light accounts for only 5% of solar ejewhile 45% is visible light (Yang et al.,
2007). To make PCO technology more energy effidretite destruction of pollutants in indoor
air, photocatalysts that are highly reactive undgible light (i.e. solar light and fluorescent
lamps) regime are necessary. The limitation oruteeof UV light £ <384 nm) of TiQdue to

its wide band gap has been overcome. Several peszarhave found a way to extend its activity
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under visible light regime. Transition metals (M, ®In, Fe and Ni) and nonmetal atoms (C, N,
S) can be used as dopants to extend the photatatdyivity of TiO, into the visible light

region (Qi et al., 2007; Yang et al., 2007). Tki®ne of the most important developments in
photocatalysis research - the energy-efficienizatilon of the solar or visible light in PCO of
indoor air pollutants. Asahi et al. (2001) dope@®with nitrogen. It resulted in a photocatalytic
activity under a light source with 500 nm waveldndthis means that it can cover the main peak
of solar irradiation energy beyond earth’s atmosplo¢ about 460 nm and a light source
peaking at 390 — 420 nm such as the light-emittidgum gallium nitride. Wang et al. (2007)
demonstrated that transition metal incorporatehi@-silica aerogels have similar or higher
photocatalytic activity under visible light (>42@nj than the UV-active commercial Degussa
P25 TiQ. Anpo and Takeuchi (2003) envisaged the poteafian-implantation method in the
development of visible light highly reactive Ti@hotocatalysts and thin films that are
incorporated within zeolite frameworks. Wang et(2007) developed multi-type carbon-doped
TiO, particles via controlled nonhydrolytic sol-gel mmed that exhibited significant photo
response from UV to near infrared region (>950 nhahg et al. (2004) claimed that their newly
developed CaBO, is efficient in decomposing organic contaminants @cetaldehyde) under
visible light regime X > 400 nm). Even visible light has some biocid&ets (Futter and
Richardson, 1967; Griego and Spence, 1978; Kowa6Ki3). Qi et al. (2007) showed that a
carbon-synthesized nitrogen-doped T i@noparticle photocatalysts developed by sol-gel
process exhibited high photocatalytic activity undsible light illumination in deactivating.

coli.

One of the major breakthroughs in the field of ploatalyst development is the 2% C-
and V-doped TiQby Yang et al. (2007) which contain some carbah 28 vanadium. The
catalyst has comparable activity both in the dadk @nder visible light illumination. This
development overcomes the limitation of PCO teabgypiin decontaminating the air during
night time.

More advances in the PCO technology in the comeayyare underway. Researchers
are continuously developing materials and otherstaymprove the technology for

commercialization purposes.

20



2.3.3 Operational issues of PCO for indoor air applications

Despite numerous developments in the field of PtB€ére are still issues that need to be
considered in new PCO systems and photocatalysispKins et al. (2005a) presented several
challenges that must be overcome before commezatadn of PCO for gas phase cleaning.
Among these challenges were the design of photlytiatleatment devices with low pressure
drop and development of catalysts that use ligiecéf’ely and can be easily regenerated. Cost
studies of PCO in Tompkins et al. (2005b) addresisegbotential development of improved
catalysts that can give high reaction rates andtyua yields in order to beat granular activated
charcoal as a cost effective means of treating VOCs

There are also technical issues that still nedzeteesolved. Harmful and unwanted
intermediates can be produced along the PCO pro¢essntsov and Dubovitskaya (2004)
observed the production of acetaldehyde in thequabalytic oxidation of gaseous ethanol. The
selective nature of PCO in dealing with gaseougumes can result in the formation of unwanted
products (Hodgson et al., 2005b). Understandingéhectivity and performance of a particular
PCO process is important to control the formatiboravanted intermediates. These
intermediates can occupy active sites of the csttaliyd can contribute to deactivation (Zhao and
Yang, 2003). Hodgson et al. (2006) suggested thebowation of PCO with other air cleaning
systems to remove unwanted by-products. The reggoerand lifetime of the photocatalyst
must be also fully understood.

The optimum relative humidity for utilizing PCO mess in indoor air cleaning must be
determined. Peral et al. (1997) reported the deergaphotocatalytic activity for organic
compounds in the absence of water vapor. Thoughdityncan enhance the production of «OH
radicals in a PCO process (Yu et al., 2006), itmamote competitive adsorption between water
and the contaminant. (Obee and Brown, 1995).

The performance of PCO in a typical indoor air eovment is not fully understood.
Typically, pollutant concentrations found in ana@ad environment range from ppb to sub-ppm
levels (Wang et al., 2007; Hodgson et al., 2006Jd¢$on et al., 2005a; Hodgson et al., 2005b;
Tompkins et al., 2005a). Most studies were conaliotelaboratory settings under relatively

high concentrations of pollutants. Because theve lh@en very limited studies on the
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performance of catalysts at low pollutant levalgang et al. (2007) point out the need for more
investigative studies at low concentrations. Aladpor and ambient air pollutants do not
involve just a single pollutant but mixtures of qoooinds (Zhang et al., 2007; Hodgson et al.,
2005b; Hodgson et al., 2006; Hodgson et al., 2Q0EKe any other indoor air cleaning method,
PCO'’s efficiency on treating types of pollutant chffer because chemical and physical
properties vary from one compound to another.

Nano-sized TiQ@can cause respiratory problems in animals and hsnhetal ion
dopants can be harmful as well. Safe containmetitasfe materials on a PCO system is
necessary to protect the public once it is comraéred.

Due to limited studies, the efficacy of PCO thalizgs visible light in the destruction of
most species and type of bioaerosols must be edtadl

Most of these issues need to be resolved beforenesamlization of a PCO device

intended for indoor air applications commences.
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CHAPTER 3 - Modeling and Simulation Studies

3.1 Introduction

Recently, Yang (2008) reported the developmenthotqcatalysts that are active both
under visible light and dark conditions. The phatatyst was made from Tp@loped with
carbon and vanadium in varying amounts. The agtofithe photocatalysts was tested for
gaseous acetaldehyde. Results showed that the €-dogded TiQ containing 2% vanadium
had comparable activity under visible light andkdeonditions (Yang et al., 2007; Yang, 2008).
This characteristic makes the 2% C- and V- dop&} potentially a great component of an
energy-efficient PCO device that can clean théaih during the day and at night. Moreover,
the light spectra of the fluorescent lights in heraad offices as well as the visible light
component of the solar irradiation can be utilirechitiate the photocatalytic process.

With this major breakthrough in the field of phaatelysis, the use of effective and
energy-efficient PCO air cleaning devices in conmggindoor air pollution may be within our

reach. However, initial evaluation of the photobatts activity was conducted under laboratory

setting using a concentration of ab@57x10° mg/nT (143,000 ppm) acetaldehyde (Yang,
2008; Yang et al, 2007). This very high concerdrais much larger than the typical indoor air
concentrations of most VOCs, which are only inppb to sub-ppm range. This study was the
first attempt to explore and evaluate the use ®2% C-and V-doped Ti{as photocatalysts in
some PCO systems under ideal indoor air environnsing this catalyst, IAQ modeling
techniques based on mass balances were appliedutate the fate of acetaldehyde in a typical
room size with ideal indoor air conditions. Typidaadloor air concentrations of acetaldehyde
which are found in available literature were usbdo PCO systems are considered in the study,
packed bed and thin films. Tompkins et al. (200%@gd them as the most common designs that
are being adapted by companies commercializing BCRhology. For effective and efficient
operation of PCO systems, it is necessary to kin@agbverning factors in their operation as
they vary from one type of system to another. kangple, the effects of mass transfer and

reaction rate limitations and the pressure dropcafberformance in packed beds. Results of the
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modeling and simulation studies are expected tanailde design of a PCO system in a room or
chamber that might be used in the future. Simutatidows several alternatives to be evaluated
based on predicted performance and estimated topeaation.

At low concentrations mass transfer to the catalyst diffusion within the catalyst
pellets may limit the rate of oxidation. In this tkpthe values of the kinetic constants are based
on a zero order kinetic model and the data of Yetra). (2007) and Yang (2008). With this
assumption, the emphasis of the study is on cont@mioxidation with the rate limited by

transport processes.

3.2 Indoor air quality modeling

The main source for the presentation in this sedidJ.S. EPA (1991). Indoor air quality
models are considered useful tools in describiegrdnsport and dispersion of air contaminants
throughout a structure and the change in indoocaitaminant concentrations as a function of
source strengths, air-exchange rates, removal mesrhs, and other parameters. These models
are mostly based on the principle of conservatiomass in a compartment or zone. A
compartment or zone is an area in which the spaidtions in contaminant concentration can
be ignored over the time period of interest. Bameple, a single room, floor, or house that is
well-mixed is regarded to be a single zone. Howg#scentral forced-air heating systems and
circulation fan in operation and where a sufficigidng period of time is allowed for mixing are
considered well-mixed. Empirical models are alsailable that can better describe specific
situations, but they do not have wide applicabiiitgt the models based from the first principles
possess. Equations (3-1) or (3-2) describe thergBoe and removal of contaminants in a room

space based on the principle of conservation obmas

rateof accumulatn = rateof [input + generation output- sinkg 3-1)

VdC| —rateof change [(inﬁltrati onof )+ (generation) _ (exfiltration of )_ (indoorremoval )] (3_2)

dt ~in massdueto outdoorair indoors indoorair of contaminarts

whereV is the indoor volumeC; is the indoor concentration and the time. Figures illustrating

this balance are presented in the sections whitihwo
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3.3 Packed bed PCO system

3.3.1 Background

One important use of packed bed systems in cheminthbther process engineering
fields is its use as a fixed-bed catalytic reaf@eankoplis, 2003). The packing materials may be
spheres, cylinders, or other kinds of commerciatlpcts. In photocatalysis, a bed of
photocatalytic material can be configured to cl#anair indoors. Kowalski (2006) noted that
this is one of the more recent designs in PCO. &b et al. (2005) and Ibhadon et al. (2007)
used packed bed photoreactors incorporating pdoaumsing titania photocatalysts in their study
of the photocatalytic degradation of VOCs.

Figure 3-1 depicts a possible configuration of ekea bed in the upper part of the room

that can utilize an effective surface area for phatalytic oxidation of organic air contaminants.

Light
Y
e’
Packed bed Packed bed

fan

Side View Top View
Figure 3-1 Packed bed in the upper part of the room.

The increased surface area resulting from the tisarmsized photocatalysts increases
the reaction rate (Zhang et al., 2003). However ube of nanoparticles in a packed bed system
can increase the pressure drop. Pelletizationeoptiotocatalysts can reduce the problem
associated with the pressure drop as well as ptéwenparticles from becoming entrained in the
air. An optimum pellet size is necessary in ordeathieve good performance with minimal

pressure drop. Along with this, the effect of re@ctate and mass-transport limitations in the
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overall PCO process will be considered in mode#ing simulation studies for a packed bed

photocatalytic reactor.

3.3.1.1 Pressuredrop in packed beds

Pressure dropAP) is the decrease in pressure from one poinpizicied bed to another
downstream. In fixed-bed adsorption systems, tleeggnusage resulting from pressure drop is a
significant portion of the overall operating coSopper and Alley, 2002). Bird et al. (2002)
presented two theoretical approaches for estimatiagsure drops through packed beds. In one
method the packed bed is regarded as a bundlegiethtubes of cross section; the theory is
then developed by applying single straight tubekéocollection of crooked tubes. Furthermore,
this method assumes that packing is uniform anttlieae is no channeling. The diameter of the
packing is also assumed to be small compared tditmeeter of the column in which the
packing is contained and the column diameter istzon. In the second method, the packed
tower is assumed to be a collection of submerggectsdh The pressure drop is calculated by
summing up the resistances of the submerged pwtithe first approach known as the “tube
bundle theory” is regarded to have been somewhat successful than the second approach; it
is where the famous Ergun equation was derivedi(&iral., 2002).

Equation (3-3) is a form of Ergun equation for sjda particles adapted from Bird et al.
(2002). The Ergun equation relates the pressune it depth of the bed, fluid flow (i.e.
velocity), packing size, bed porosity, and visgpaind density of the fluid (Bird et al., 2002;
Geankoplis, 2003; McCabe et al., 1993; Copper dielyA2002; Fogler, 1999). It is a result of
superimposing the Blake-Kozeny equation (Bird et2002) and Geankoplis (2003) or what is
known as the Kozeny-Carman equation in McCabe. ¢18983) for laminar flowNgep <10) and

the Burke-Plummer equatiohlge, > 1000) for turbulent flow in packed beds.

[ )
z \ G \1-¢ D.G,/u) 4

In equation (3-3)AP is the pressure drop across the lzes the depth of the bed), is the

particle diameters is the void fraction or porosity of the b8, is the superficial mass velocity,
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andpg andu are the gas density and viscosity, respectiveguré 3-2 describes a typical packed

bed PCO system for cleaning indoor air.

Treated a

Contaminated air

Vo

Figure 3-2 Packed bed system for indoor air cleaning apmations.

For packed beds, the Reynolds numib&if) is affected by the porosity or void fraction,
g, inthe bed (Geankoplis, 2003; Bird et al., 2082hown in equation (3-4).

_DV,p, D,G,

= = -4
- (e .
Equation (3-3) may be written as
—¢g) 1750V} (1-
AP _ 150,u (1-¢)  1750Vs (1-¢) a.5)

z gD £ g.P.D, ¢&°
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To compensate for the irregular shape of partidesCabe et al. (1993) incorporated a
sphericity shape factod{,) as shown in equation (3-6). The shape factoefsdd by

Geankoplis (2003) as the ratio of the surface af@asphere having the same volume as the

particle to the actual surface area of the parttblat is,

7D2

AP

® (3-6)

In equation (3-6) D, is the equivalent diameter, defined as the dianwdtthe sphere having the
same volume as the particle arfy, is the actual surface area of the particle. Tiogegffor a

sphere®s = 1.0. Sphericity factor values of other shapes@adily available elsewhere
(McCabe et al., 1993; Geankoplis, 2003) or candbeutated using equation (3-6).

Equation (3-5) also includes the proportionalitystant §.), an important conversion
factor when use of English units is desired. THeevaf this constant in English system is
32.174 Iy, ft/s-Iby; it is 1.0 kg-m/SN in the Sl system and 1.0 g-cfdgne in the cgs system.
Equation (3-7) is a variation of equation (3-5)whichG, = p V. In equations (3-5) and (3-7),

D, can either be the equivalent diamefs(Geankoplis, 2003) or the nominal size (McCabe et

al., 1993; Geankoplis, 2003) for that partiche.is treated to be equal to 1.0 when nominal size
is used foD, (Geankoplis, 2003; McCabe et al., 1993).

AP _ 150G, (1-¢)* , 175G, (1-¢)

3-7)
z g®Dp, & gPpD, &

The diameters of the pelletized particles are assuim be small compared to the

dimensions of the column in which the pellets ametained.
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3.3.1.2 Rate limitations
Most gas-solid catalytic reactions, including hetgneous photocatalysis, obey the
Langmuir-Hinshelwood rate form (Ollis, 2005; Xu a8Hiraishi, 1999):

Rate=r = —E = kK—AC (3_8)
dt (1+K,C)

wherer is the reaction rat& is the reactant concentratidns the time k is the kinetic constant
and K, is the adsorption equilibrium constant. Equati®®8] turns into an apparent or pseudo-

first order reaction at low concentrations and zeater at high concentrations. Rate equations
can be combined with appropriate balance equatmpsedict performance of various reactor
configurations. The importance of mass transferahdr influences on the overall efficiency of
PCO in the removal and destruction of pollutants loa investigated (Ollis, 1996). Rate
equations due to mass transfer can be incorponati@tAQ models based on mass balances to
predict the performance of PCO systems. The inflaef diffusion into the particles on the
overall reaction process is usually representethéeffectiveness factot,(Bailey and Ollis,

1986) as shown in equation (3-9).

= observedeactiorrate (3-9)
rate which woud be obtaine(with nadiffusionresistanc

The effectiveness factor indicates the relativeartgnce of diffusion and reaction limitations. It
is a measure of how far the reactant diffusestimgpellet before reacting (Fogler, 1999). This
dimensionless parameter cannot be easily derivalytarally in some cases. The use of a new
dimensionless parameter called observable mod@uspuld eliminate this constraint. Onde
is known, Table 4.21 in Bailey and Ollis (1986) dsnused to determine thdor a particular
order of reaction.

When the rate of removal of acetaldehyde in a phbleel is limited by the external mass
transfer of the pollutant to the surface of thealyat, the rate of reaction in the catalyst peliets

limited by the mass transfer through a film surming each pellet. The removal rate in mass
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balances both in the room and in the packed bddheitefore be assumed to be due to the rate
of mass transfer. Use of mass transfer coefficigk$ will be appropriate to define this process.

A suitable correlation of the Sherwood numb¥g,() to the mass transfer coefficient for this

particular system can be found in several soudasdy and Ollis, 1986; Bird et al., 2002).

3.3.2 Modeling and simulation methods

The study of packed beds is divided into threespdithe first part is the estimation of
pressure drop given certain operating conditiol& Jecond part is the determination of the
effectiveness factor to assess the influence efmal mass transfer limitations on the overall
reaction on a catalyst pellet. And lastly, the iadair modeling and simulation studies of a
packed bed system in a room. Under the study, agseswere looked at. First is when the
process is reaction rate limited and internal ditba through the pores of the pellets is limiting
the reaction and second is when the external massfeér is limiting the rate. To simplify

calculations, metric units were used throughout.

3.3.2.1 Pressure drop calculations

Pressure dropAP) is estimated using the Ergun equation (equaBeBs3-5, and 3-7)
using the CGS units. Separate pressure drop andlmgdaalculations were made for beds with
spherical and cylindrical shape pellets. The padiextiwas assumed to consist of pelletized 2%
C-and V-doped Ti@photocatalyst that is active both under visibl&tignd dark conditions
(Yang et al., 2007). Both spherical and cylindrigallets have a diametdd4) of 0.2 cm.
Cylindrical pellets have a length) twice the diametei,). The bed has a depty of 1 cm
and a porositys) or void fraction of 0.4 which is typical for mogsacked beds (McCabe et al.,
1993). The porosity or void fraction)(is considered to be the external void fractiothefbed
not the total porosity for the reason that the p@ne usually too small to allow any considerable
flow through them (McCabe et al., 1993).

In accord with the PCO experimental studies in Yangl. (2007), acetaldehyde was
selected to be the representative VOC in the ré@mmost PCO processes for indoor
applications occur at nearly ambient conditions;udations were made at room temperattie (
of 20°C and a pressur®) of 1 atm. Normally, in estimating the pressurepdin packed beds

using the Ergun equation, the gas dengigy\(aries with pressure and temperature (Fogler,
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1999). However in this study, the effect of temper@and pressure in the gas density is
considered unimportant since the photocatalytic@se is assumed to occur nearly at constant
ambient conditions. Moreover, the fans that dragvgas through the packed bed do not generate
significant pressure drop. Since typical conceitrat of pollutants in indoor environment are in
the ppb to sub-ppm range, the feed gas streanetpatked bed can assume properties of air at
the PCO operating conditions. Using the ideal gas the density of air at AT and 1 atm was
determined to be 1.206 x $@/cn?. Likewise, viscosity of airy) at this condition is 1.81 x 10
g/cm-s (Bird et al., 2002). The study was carriatusing a range of gas flow rates
corresponding to superficial gas velocitg) of 5 to 25 cm/s. This is to cover the range of
typical air movement in office buildings of 13 cnf25 ft/min) to 25 cm/s (45 ft/min)

(ASHRAE, 2007a; ASHRAE, 2004).

3.3.2.2 Estimation of the effectiveness factor

The focus of the study is on the diffusion of tl@taminant within the particles. Using
the effectiveness facton), the magnitude of diffusion effects on overahddics of catalyst
pellets were evaluated for the range of pore ratpgg) of 2 — 10 nm. To obtain, the
observable modulusb) must be estimated first using the following etua(Bailey and Ollis,
1986):

p=_"o (ﬁj (3-10)

whereu, is the observed rate in gmolesfemV, is the pellet volume in cinAyis the external
surface area of the pell&; is the concentration of the contaminant gas écetaldehyde) in
indoor air anD is the effective diffusion coefficient defined bguation (3-11) in Bailey and
Ollis (1986). In Yang et al. (2007), the rate of @oduction was used as a measure of the rate
of acetaldehyde decomposition and in this studywlldreat it the same way. Kim et al. (2002)
indicated that in practice, the use of initial réaet = 0) in the kinetic study is sufficient seit

is difficult to develop a model for dependence bbtocatalytic degradation rate on the

experimental parameters for the whole treatmerg.tifinis also prevents the possible
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interference from by-products. Thus, the initideraf CQ production (1.4 x 18 gmoles/cnis)
provided in Yang et al. (2007) was used as thergbdeaate () in equation (3-10).

£p Kp
Deff = DTK— (3'11)

In equation (3-11) (Bailey and Ollis, 1986),is the diffusivity or diffusion coefficient of the

contaminant (i.e. acetaldehyde) in air inztsmap Is the porosity parameterjs the tortuosity

factor, andXr is a parameter that accounts for restricted diffusvithin the pellets.
K

r

Several resources are available to estimate thestiity or diffusion coefficientD) of
acetaldehyde in air for the temperature and pressiunterest. A result of the combination of
the kinetic theory and the corresponding-statesragnts, equation (17.2-1) in Bird et al. (2002)
can be used to estimate diffusion coefficient®at pressures. Two versions of online
calculators are also available in U.S. EPA (2008} tan estimate diffusion coefficients of most
compounds in air at certain conditions. The fiestsion contains preset inputs for some
compounds while the second version requires gaoerat input parameters for the chemicals of
interest. Several literature sources also provitfadivity values for certain compounds in air at
a specific temperature and pressure. For instdhedliffusivity of acetaldehyde in air at 26
(0.124 crils) was found in Rafson (1998), U.S. DOE (2006) dr. EPA (1994). To convert
this parameter to the temperatufe ¢f interest, which in this case is 20, the direct
relationship of diffusion coefficient with*%in equation (17.2-1) in Bird et al. (2002) was
utilized. The diffusion cooeffient was estimate®0.1202 cm/s at 2C.

Some literature sources give a range of internial fraction or porosityd;) of 0.3 to 0.8
(Froment and Bischoff, 1990; Fogler, 1999; McCabale 1993; Geankoplis, 2003). Although
0.4 is a typical pellet porosity, a pellet porogpgrametere) of 0.5, which was used in this
study, can account for some macropores that camdsent in the C-and V-doped TiQellets.
These macropores can be attributed to the spat@sdreindividual crystallites and aggregates.

In actual diffusion in porous solid, the pores moé straight and cylindrical but irregular.
The tortuosity factort) compensates for this effect. Typical measuredesabft factors given

in Bailey and Ollis (1986) are in the range of th4 while other literatures indicate 1.5 to
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greater than 10 (Froment and Bischoff, 1990; Geplika2003). For commercial porous solids
values range from 2 to 6 (Geankoplis, 2003). Is #gtudy, a of 2 was assigned that was
consistent also with the value inherent in lamnegime part of the Ergun equation (McCabe at
al., 1993).

Small pores associated with the crystallites insaberation are very small but larger than

the molecular dimensions of both the contaminadtain which suggest the occurrence of

K
restricted diffusion. Equation (3-12) gives a rowgtimate of the paramet}%ig which

r

compensates for this phenomenon.

04
K
K_p D[l _ :cont ] (3_12)

pore

In equation (3-12)ontis the molecular (equivalent) radius of acetaldehyde contaminant

gas, and o is the characteristic pore radius of the catghgdiet. The equivalent radius of
acetaldehyde is estimated by obtaining the volufreme molecule (in ciimolecule) through

the Avogadro’s number (6.023 x Z@nolecules/gmole) and the density of liquid acethidle
(0.785 g/cm). Assuming that the acetaldehyde molecule is $ghidn shape, the corresponding
equivalent radius can then be obtained with a vafadout 0.28 nm. This is not very much
different from the diameter of a typical molecufeao of about 0.4 nm (Practical Physics, 2008).
Although in the system in consideration for deterimg the effectiveness factor, the
concentration of acetaldehyde in air is only 1 pgm,pore radius of acetaldehyde molecules is
more appropriate to use than just the air moleaiia. This is advantageous in the sense that it
will over estimate the effect of mass transfer tations on the photocatalytic process. The range
of pore radius (ke Of the pellet considered in the study is fron@20 nm. The average pore
radius of NanoActiv® TiO, with mean aggregate size ofifn is about 1.6 nm (Nanoscale,
2008). Yang et al. (2007) obtained a particle siz&.2 nm in the characterization of the 2% C-
and V-doped Ti@ Chorkendorff and Niemantsverdriet (2003) discdgbe many length scales
of catalyst: Subnanometer in the molecular levéd 10 nm for small catalytically active
particles that go into the pores of support patich the micrometer dimensions, mm to cm for

shaped catalysts in the form of extrudates, spterdsnonoliths, and cm to m length scales for
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the macroscopic level (i.e. catalytic reactor bedadustrial plants). Transport phenomena such
as diffusion of molecules inside pores are veryartgnt as they may affect the rate of product
formation. The pore system of supports such asasiéilumina and carbon is usually irregular in
shape and contains macropores, with dimensionsaftal00 nm and micropores with
characteristic dimensions of 5 to 10 nm. C-and YetbTiQ individual particles are very small
about 9.2 nm in size (Yang et al., 2007) and whadlefized, the number of micropores will be
more significant than the macropores. This sugghatsthe use of a range of pore radius from 2
to10 nm chosen for this study is appropriate.

Figure 4.21 of Bailey and Ollis (1986) can be usedetermine, for a particular order of
reaction using calculated valuesdising equations (3-10), (3-11), and (3-12). TabBshows
both then and® for zero and first order reactions as a functibrpge in spherical pellets. The
observable modulus for cylindrical shape pellets @alao calculated in similar manner with
spherical pellets. However, difficulty arises inetenining then since Figure 4.21 in Bailey and
Ollis (1986) does not have a plot for this partcugeometry. The use of a generalized modulus,
allows all geometries to be the same. The useeoFiure 3.6.1-2 in Froment and Bischoff
(1990) can be use to estimdteralues for cylindrical geometry. It is a plotwpkersus thiele
modulus (), in which the cylindrical geometry is in betwedab and spherical geometry. For
first-order kinetics, the observable moduldg (s related to thiele modulug)(by equation (3-

13):

D =g B-13)

In Figure 4.21 in Bailey and Ollis (1986), the cesvfor slab and spherical geometry
merge ford > 15. Since the values of observable modulus fandgical geometry obtained in
this study is greater than this ceiling value, \@a ase the same curve to obtain the effectiveness
factor. Furthermore, Figure 12-5b in Fogler (19989ws the merging of the curvesrp¥ersusp

for sphere, cylinder and slab geometries for différreaction orders gt> 2.
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3.3.2.3 Indoor air quality modeling (Reaction rate limited with internal diffusion)

This section studies the effects on the air quality typical indoor air environment upon
installing a packed bed loaded with 2% C-and V-dop&, (Yang et al., 2007) . Given an
acceptable value for the air movement in the radepth of the bed and certain bed
characteristics (i.e. density), a feasible arethefed can be also determined.

For the purpose of this study, a small office romith typical dimensions of 3 m x 3 m x
3 m was considered to be the zone or compartmeat(&igure 3-3).

Figure 3-3 Well-mixed room with a packed bed in the room;
The design in Figure 3-1 is an example arrangelfmettdrawn to scale)

In conformity with the standard ventilation ra&) for office buildings in ASHRAE
(2007b), the room in Figure 3-3 is ventilated aat@ of 0.48 ifmin per person. For one person
(p=1) in the room (which is considered in this siudhe ventilation rated) is 0.48 ni/min or
1.07 air changes per hour (ACH).

The acetaldehyde outdoor concentratiGg) (vas set to the typical value of 20 4¢/m®
(11 ppb) that is indicated in ASHRAE (2005) and ASAE (2007a). ASHRAE (2007a) also
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provides an emission rat&,) of 35ug/h-person of acetaldehyde which will be adoptegine
The room is equipped with a packed bed reactorabwiains pellets of 2% C-and V-doped 7iO
of spherical geometry. With the packed bed in ojp@mathe concentration inside the room is
being maintained at a certain lev€l)( The concentration of the contaminant insidertwan is
assumed to be uniform. This completely mixed madsumption allow€; to be equal to the
concentration of air leaving the room and the catregion of acetaldehyde entering the packed
bed Ci). Two mass balances were made in order to solg;fd-irst is the mass balance within

the room as shown in equation 3-14.

% =QGC, +S,p-QC UMW M, (3-14)

In the above equatioviis the volume of the roonbjs time,Q is the ventilation rate in
m®/min, C,is the concentration of acetaldehyde enteringadbentS; is the source emission rate
per personp is the number of people in the roo@),is the concentration of acetaldehyde in the

room, u, is the reaction ratey is the effectiveness factola: is the weight of the catalyst and

Mpis the molecular weight of the acetaldehyde.
A steady state assumption was made in equationt)(,%ereir\/% =0. This means

that generation of contaminants is equal to remdialas also assumed that the rate of removal
due to the packed bed is mainly influenced by #te of destruction of acetaldehyde, a diffusion
rate limited case. The experimental studies in Yeirg. (2007) involved the treatment of very
high concentrations of acetaldehyde and in thidystsmall amounts of the photocatalyst
particles were used to make pellets. In theserdegae can say that the observed reaction rate

(v,) of 2.283 x 1¢ gmoles/gcat-s obtained from Yang et al. (2007)lm@an estimate of the

reaction rate with no mass transfer resistancetheoeffectiveness facton)in equation (3-14),
a value of about 0.15 was used, which is the estdnaalue for pore sizes of 5 to 9 nm assuming

zero order reaction and using equations (3-10},1(3-and (3-12).
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The second mass balance is performed within thieeploed reactor (equation 3-15)

qu - quut =V, WcatM p (3'15)
whereq is the flow rate in the packed bégljs the concentration of acetaldehyde entering the

packed bed an@, is the concentration of acetaldehyde coming otih@fpacked bed. Under
steady state conditions, equation (3-14) can bttemras

C = Qco +Spp_Uo WcatM p
| Q

(3-16)

As Cyyrapproaches zero,

c = SRS (3.17)
Q+q
which gives the lower limit o€; when all of the acetaldehyde that enters the pabkdds
oxidized.
The indoor air concentration of acetaldehy@g (as evaluated using different values of
flow rates @) in the packed bed. The flow rates in the paclettiere set as multiples of 0.48
m%/min, the ventilation rate in the roor®)for one person (sayd, 2Q, 3Q etc..). The area of
the bed was estimated for superficial velocity) values from 13 cm/s (25 fpm) to 25 cm/s (45

fpm) (ASHRAE, 2004; ASHRAE, 2007a). A zero ordescton rate assumption (wheke= v,)

resulted in equation (3-18) which can be used timese the weight of catalyst needed to bring a

particular indoor air concentration to zé@,,:= 0).

w_ = 96

= -18
o = - 6-18)
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Table 3-5 shows the calculated indoor air concéntrdC;), area of the bed and weight
of catalyst required for a 100% efficient packed.dg¢owever, a finite length of bed is necessary
that will not compromise a large surface area éaiction. A bed depttz) of 1 cm will serve for
this purpose. The weight of the catalyst neededamtain low levels of acetaldehyde in the

room are presented in Table 3-6.

3.3.2.4 Indoor air quality modeling (External masstransfer limited)

Considering a packed bed design in the room asshowigure 3-2, the rate of removal
of the acetaldehyde due to reaction is 61.6 % d/@nt-s and approximately equal to 1.34 x°10
gl/cnt-s if its due to mass transfer of the acetaldetigdie surface of the pellets fgg = 15
cm/s. The lower value of the rate due to mass featisan the rate due to reaction suggests that
for a packed bed system, external mass transfieniteng.

Similar indoor air environment in section 3.3.2.8ssassumed. However in this case, the
effect of external mass transfer limitations to pledlets in the bed was evaluated. Due to its
closeness to a packed bed system, a plug flow nsbae¥n in equation (3-19) was used to
describe the change of concentration through tokguhbed over time due to mass transfer of
the pollutant to the surface of the pellets.

% =k CA, (3-19)

whereC is the pollutant concentration at any residenoeft. k. is the mass transfer coefficient

in cm/s andA is the area of mass transfer. The acetaldehydseatration at the pellet surface
is assumed to be zero. Integration of equationd(3ahd applying the following boundary
conditions in the packed bed yields equation (3-20) = 0,C = Ciand att = tg, C = Cyys,
whereC; is the concentration of the gas at the inlet efgiacked bed;,.: is the concentration of

the pollutant coming out of the packed bed &id the residence time in the bed.

Cout = Cje ¥nitn (3-20)
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The area of mass transféy,jj can be estimated by finding the total externdieze area of the

pellets over a differential volume of the bed. £ies1 cn differential area is assumed with a

depth,zof 1 cm. The volume of each spherical pellet witlismeterD, of 0.2 cm is 0.004187
cm’. A bed porositys of 0.4 gives 0.6 cfiof solid volume in the bed. This results inNywvalue
of 143 pellets/cth For the given diameter of the spherical peliet,also have a surface arég,
of 0.1256 cri. Thus, the area of mass transf&r)(as a result of using equation (3-21) is

approximately 18 cAfcm?®.

A =N_A (3-21)

PP
The mass transfer coefficient values for the rasfgeelocities of 5 to 25 cm/s are estimated
using the correlation of the Sherwood numidé&, () for flow around a spherical particle shown

in equation (3-22). This equation is appropriateReynolds numbers greater than 20 for flow in
packed beds (Bird et al., 2002).

k.D
Noyp =55 = 20+ 080(Ng, ,)'*(Ns. ) (3-22)

Nre,pandNscare the Reynolds number for pellets in packed bedsthe Schmidt number,
respectively. For a steady state balance aroungableed bed and with equation (3-22), equation
(3-15) becomes

AC; ~Coy = qC; (L—e i) 3-23)

A mass balance around the room similar to equ#8etv) was performed, however equation (3-
23) is used to replace the removal term in the @adled in equation (3-14) to yield equation (3-
24).

v% =QC, +S,p-QC, —qC, (1-e ') (3-24)
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whereq=V,S and S is the area of the bed normal to the flowst@ady state conditions,

equation (3-24) was rearranged to solveGoat various velocities in the bed.

C = G, * S”P
| Q+V,S(L—e )

(3-25)

The residence timéeg) in a 1 cm length of the bed (z) for velocitiessab 25 cm/s is

calculated as follows:

ty = (3-26)

The indoor air concentrations for 1000, 5000 an®a® cnf area of the bed (S) are

determined as shown later in Table 3-7.

3.3.3 Results and discussion

3.3.3.1 Pressuredrop

The pressure dropfP) across a packed bed with 0.2 cm-diameter sphgratizts of 2%
C-and V-doped TiQand a bed depth of 1 cm was estimated using tipenEequation described
in equations (3-5) and (3-7). The equivalent supi@ifmass velocitiesR,) are for flow

velocities from 5 cm/s to 25 cm/s using the rela@) = p,V, . The Reynolds number in the bed

(Nrep) Obtained using equation (3-4) for 5to 25 crafsges from 11 to 55 (Table 3-1). This
means that operating the air circulation in thewamd the packed bed under acceptable air
movement for office buildings indicated in ASHRAEDQ7a) and ASHRAE (2004) favors a
process occurring in the transition between thegtgzCarmanNgep <10) and Burke-Plummer
(Nrep>1000) regime. The use of the Ergun equation tbeeak appropriate to estimate the
pressure drop for this range of velocities. Thespure drops within the given velocity range are
low and range from 22 dynes/€if2.2 Pa) to 159 dynes/érfl5.9 Pa) as shown in Table 3-1.
The low values of pressure drop obtained from tledefing studies suggest that this system has

the potential for commercialization.
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Table 3-1 Calculated pressure drops across a packed bedtlwspherical pellets O, =0.2

cm).
Vo Go Nrep AP
(cm/s)  (g/cnt-s) (dynes/crf)

5 0.0060 11 22
10 0.0121 22 49
15 0.0181 33 80
20 0.0241 44 117
25 0.0301 55 159

Results for cylindrical pellets with diameter o2@m and a length twice the diameter are
presented in Table 3-2. This size proportion chdsethis study is common for cylindrical
pellets of activated carbon. Results for the sugatfmass velocity, Reynold’s number and
pressure drop are shown in Table 3-2.

Table 3-2 Calculated pressure drops across a packed bedthvcylindrical pellets (D, = 0.2
cm, Lp = 2D, = 0.4 cm).

Vo Go Nrep AP
(cm/s)  (g/cnt-s) (dynes/cr)
5 0.0060 13 16
10 0.0121 26 35
15 0.0181 39 59
20 0.0241 53 87
25 0.0301 66 119

A cylindrical pellet with a lengthL) twice the diametei,) resulted in a reduced
pressure drop across the bed. As previously disdusssection 3.3.1.1, the relationship of the
pressure dropdP) with both properties of the particle and thedlbieing treated in a packed bed
system can be referred to the Ergun equation (emsaB-5 and 3-7). For cylindrical particles,

the equivalent diametebDf) was calculated as follows:
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D, =(—D§|_pj3 3-27)

Using equation (3-19), the size and proportiorheftylindrical pellet resulted in an equivalent
diameter D¢) of 0.29 cm, a size larger relative to the splaisthape pellet. Using equation (3-
6), the value of the sphericity factabd is 0.832. The shape of the cylindrical pellesalffects
their orientation in the bed, which can create nvmiel space between the pellets resulting in an

increased available area for flow in the bed.

3.3.3.2 Effectiveness factor

As described in equation (3-9), the effectivenessadr,n is the ratio of the observed rate
with the rate which would be obtained with no maassfer resistance. Figure 4.2 of Bailey and
Ollis (1986) describes the effectiveness factaa &sction of the observable modulds) (The
values obtained from the experimental work cangegluo estimate the observable modulus for
acetaldehyde decomposition. The corresponding \aflydrom Bailey and Ollis, (1986) is used
in section 3.3.2.3 in the removal term in the IAQdual in equations (3-14), (3-15) and (3-16).
The mass balance is used to explore the effetti®féaction process on the concentration of
acetaldehyde in the room.

Values of the observable modulus and effectivefeedsr for spherical pellets and
cylindrical pellets are obtained using equatiori(3-and are shown in Tables 3-3 and 3-4.

Table 3-3 Observable modulus®) and effectiveness facton{) as a function of pore radius

in spherical pellets.

Mpore 0} n
(nm) Zero Order First Order
2 23 0.09 0.05
4 17 0.13 0.06
6 15 0.15 0.07
8 14 0.15 0.08
10 14 0.17 0.08
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Table 3-4. Observable modulus®) and effectiveness factorr{) as a function of pore radius

in cylindrical pellets.

M'pore o n
(nm) Zero Order First Order
2 33 0.06 0.03
4 24 0.09 0.05
6 22 0.09 0.05
8 21 0.10 0.05
10 20 0.10 0.05

When® is sufficiently large (say >3), internal diffusiah acetaldehyde is limiting reaction or
consumption (Bailey and Ollis, 198@).values in Tables 3-3 and 3-4 are much larger &han
This means that the extent of diffusion limitatisfarge for both spherical and cylindrical
pellets and that the diffusion of acetaldehydenistolling and the observed rate is limited by
diffusion. With cylindrical pellets witl., = 2D,, higher® and lowem values were obtained as
compared with the spherical pellets described ild 8-3, which implies more diffusion

limitations.

3.3.3.3Indoor air pollutant concentration and amount of catalyst

Table 3-5 presents the results of the IAQ modediniglies for a reaction rate-limited case
with internal diffusional effects on spherical pg¢d. The concentration of acetaldehy@g (s
highest when there is no packed bed or it is noperation ¢ = 0). The value of; decreases
from 21.33pg/m® to 1.93pg/m® with increasing flow rate in the packed bed fraenazto 4.8
m*/min. Flow rate has dual effects on the photocatalgrocess (Yu et al., 2007). It can affect
the rate of decomposition in certain ways by insmegdiffusion and convective mass transfer
between VOC molecule and TiQGhereby increasing the rate of decomposition. &l@w, too

high flow rates can shorten the residence timedmutease the time for photocatalytic activity.
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Table 3-5 Calculated indoor air concentration,C;, area of the packed bed and weight of

catalyst needed forC,,; = O for various flow rates in the packed bed.

Flow rate in the Area of the bey S Weight of
packed bedg® Ci (cn?) catalysf needed
(m®/min) (Mg/m®)  Vo=13 Vo=15 V,=20 V,=25  forCox=0
cm/s cm/s cm/s cm/s 9)
0 0 21.33 0 0 0 0 0
Q 0.48 10.67 617 535 401 321 0.57
2Q 0.96 7.11 1234 1070 802 642 0.75
5Q 24 3.56 3085 2674 2005 1604 0.94
10Q 4.8 1.94 6171 5348 4011 3209 1.02

®The flow rates in the packed bed are multipleshefwentilation rate for one person in
the room, Q.

The areaS, was calculated using the volumetric flow ratend the superficial velocity,
V, in the bed.

“The weight of catalyst to maintain the concentratbacetaldehyde in the second

column of Table 3-5 was estimated using equatiebd3

For the various flow rates in consideration, alib6tto 1 gram of catalyst is needed to m@kg

= 0. The amount of the catalyst required increastsincreasing flow rate. However, we need a
finite length of the bed, say 1 cm, so we neeah¢oease the amount of catalyst. Table 3-6
shows the amount of catalyst needed if we havedalbpth £) of 1 cm. The amount of catalyst
required for a 1 cm depth of catalyst bed increaggsficantly. This amount would be sufficient
to provide the room with a packed bed similar tt ghown in Figure 3-1. Moreover, it will
facilitate the degradation of the contaminant araintain good air quality in the room due to
increased area for photocatalysis. The largest@@a cniis less than 10% of the 90,000Tm

of area fora 3 m x 3 m room.
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Table 3-6 Calculated weight of catalyst using a bed deptbf 1 cm for maintaining low levels

of acetaldehyde in the room.

Flow rate in the Weight of catalyst if bed depth is 1 cm

packed bed (9)
(m*min) Vo=13 Vo=15 V,=20 V,=25
cm/s cm/s cm/s cm/s

0 0 0 0 0 0

Q 0.48 370 321 241 193
20Q 0.96 740 642 481 385
5Q 2.4 1851 1604 1203 962
10Q 4.8 3703 3209 2407 1925

For the packed bed photocatalytic reactor in a ramgtimum characteristics of the bed
(i.e. bed depth, area) are necessary in ordente &wa appropriate flow rate and pressure drop
through the device, and at the same time maintascaeptable air quality.

Table 3-7 shows the estimated mass transfer caafts; residence time for a bed depth
of 1 cm and indoor air acetaldehyde concentratidmained by using equation (3-25) assuming

that the rate is limited by the mass transfer exteo the pellet.

Table 3-7 Calculated indoor air concentrations C;) of acetaldehyde for external mass

transfer control in a packed bed.

Vo k. tr Indoor air concentratiorg;
(cmis) (cm/s) (s) (ng/m)

1000 cnf 5000 cm 10000cm
5 2.496 0.080 13.28 5.29 3.02
10 3.031 0.040 10.13 3.27 1.77
15 3.443 0.027 8.49 2.49 1.32
20 3.789 0.020 7.47 2.08 1.09
25 4.095 0.016 6.76 1.81 0.95

45



The weight of the catalyst for the 1000, 5000 a@@0D cnf of area and bed depth) of
1 cm is 600, 3000 and 6000 g, respectively forl& Bensity of 0.6 g/crh Results are for one
person in the room. The implication of the abowilts in relation to Table 3-5 and 3-6 is that to
obtain even lower indoor pollutant concentrationdgarticular flow rate, more area for external
mass transfer should be provided. This suggest$avar overall indoor air pollutant
concentration can be achieved with greater areméss transfer even though the outgoing air
from the packed bed still contains some acetaldehte largest area, 10000%i® 1/9 of the

available area fora 3 m x 3 m room.
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3.4 Thin films on walls and ceilings

3.4.1 Background

PCO systems that incorporate thin films of photalyit materials have gained attention
in recent years as an approach to treat gaseolusgod$ (Yu et al., 2007; Xu et al., 2006b). Thin
film PCO designs have good commercialization paaé(fompkins et al., 2005a). Materials
coated with photocatalysts in the form of thin litan generate self-cleaning surfaces (Noguchi
and Fujishima, 1998). Walls and ceilings can beearatalytically-active to treat and maintain
low levels of air contaminant indoors. This configiion offers some advantages over other PCO
configurations. Immobilizing the catalytic partislan building construction materials will enable
them to be contained well, thus preventing the teémtonal release of the particles in the air.
Most important, this configuration offers largefage area for photocatalytic reaction. Sopyan et
al. (1996) compared the photocatalytic activitypeigussa P-25 powder with Ti@Im in the
degradation of acetaldehyde. The study reveald¢dhbaliG; film is superior to the Degussa P-
25 powder owing to former’s higher number of adsiorpsites per unit mass. Using a
Langmuir-Hinshelwood model in studying the kinetidsacetaldehyde degradation, Sopyan et
al. (1996) found that the first order rate constaas larger with the film than with the powder.
Moreover, one of the common problems of photocatalyn powder form is they tend to
agglomerate.

Surface area is one of the most important factibesting photocatalytic activity (Jung,
2008). The use of nanopatrticles in thin films tor@ase surface area for reaction is often
favorable. Maness et al. (1999) indicated that @tetlytic activity can be enhanced by
decreasing nanoparticle diameter and increasintacbarea between the photocatalyst and
target material. Xu et al. (2006b) demonstratetlttause of smaller nanoparticle sizes in thin
films exhibited higher photocatalytic activity atitht the photocatalytic chemical reaction
mainly occurred on the film surface.

Chemical vapor deposition (Jung et al., 2005; JaAg8) and sol gel solution with dip
coating (Xu et al., 2006b; Jung, 2008; Sopyan, 2800&da and Yamada, 2007; Kim et al.,
2002) are the most common methods of fabricatimgfttms. Noguchi et al. (1998) developed

TiO, thin films using spin coating method. Film thickseas usually in the micron range (Yu et
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al., 2007; Sopyan et al., 1996). Maeda and Yani2@i@7) developed metal-doped Tithin

films that are active in the visible region via gel process. The activity depended on the type of
metal dopants used. The 2% C-and V-doped TiO2 mg¥&t al. (2007) may be potentially
incorporated into thin films, also.

3.4.1.1 Masstransfer to awall in aroom for oxidation of organic contaminants

Mass transfer is important in processes which wealiffusion. Mass transfer and
diffusion along with adsorption and photochemistgre determined as mechanisms that may
control the photocatalytic degradation of VOCs gsiano-TiQ catalyst (Yu et al., 2007). In
thin films on walls, the overall rate of reactiomyrbe limited by the rate of mass transfer of
reactants (air contaminants) between the bulk gdstee catalytic surface. For instance,
Noguchi et al. (1998) studied the decompositiofoohaldehyde and acetaldehyde using thin
films and found that the rate was mass transfeitdufor acetaldehyde. Molecular diffusion in
the catalyst is not fully understood in this tygesgstem (Yu et al., 2007):

The diffusion of air containing VOCs in T¥dilm can be described by the film model

theory and the diffusion equation from Fick’s lasvshhown below (Bird et al., 2002)
N = yA(NAx + NBx)_ CDay_A 3-28)

wherec is the total concentratiol, is the binary diffusion coefficientN ,, is the molar flux of
A (in this case the contaminant) in the x directidly, is the molar flux of any other substance

B in the x direction, and/, is the mole fraction of the pollutant. In equat{@a28), the first

term in the right accounts for the transport dueveative or bulk flow of species A and B and
the second term accounts for the mass transfetoduelecular diffusion.

For cases wherein boundary parameters (i.e. gaghickness) are difficult to determine,
the rate of mass transfer can be best correlatestnms of mass transfer coefficients. This is
valid for systems wherein the external resistaadeniting and the bulk or convective flow is
neglected (Hines and Maddox, 1985; Fogler, 1998).
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3.4.1.2 Masstransfer limitations

There are two types of diffusion resistance invdlireheterogeneous reactions: external
resistance and internal resistance. As describdebgler (1998), the first is the diffusion of the
reactants or products between the bulk fluid aedetiternal surface of the catalyst while the
latter is the diffusion occurring in the interidrtbe catalyst. The first will be the main focus of
this study. In a system shown in Figure 3-4, thikupeant has to diffuse to reach the catalyst
surface. Mass transfer limitations in gas-soliclyais occur when the rate of reaction is rapid
and the rate is controlled by the diffusion of te@mtaminant in the hypothetical gas film near the
catalytic surface with thicknesd, Mass transfer resistance can affect the overatitron rate for
the photocatalytic process. This occurs when tteeofdisappearance of the contaminant in the
indoor environment is controlled by the rate of mtansfer of the pollutant to the catalytic

surface.

Cw=0

Gas [ Catalytic

film surface

Ci of the

wall

<— 5 —>
x=0 X=0

Figure 3-4 Diffusion process occurring on a catalytic sugce.
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3.4.2 Modeling and simulation methods
The modeling studies conducted here on systemsvingocatalytic surfaces such as thin

films involve two parts. The first is the estimatiof the mass transfer coefficients, () to obtain

the rate of mass transfer. The second is the n@asde for IAQ modeling to determine the
effect of mass transfer limitations on the ovecalitaminant removal process in a typical indoor

environment.

3.4.2.1 Estimation of mass transfer coefficient

When the pollutant reaches the photocatalyticasexfit disappears and is converted
instantaneously and irreversibly to another sultgtdine. CQ, H,O and other byproducts).
Although there is not much information about how Hydroxyl radicals and superoxides attack
the pollutant (in this case acetaldehyde) theybmassumed to be dispersed in the film very
near the catalytic solid. It is assumed that theyen diffuse much beyond the surface of the wall
because they are very reactive. One dimensionahdation process is assumed. The reaction
products diffuse out through the gas film. Howewem’ typical indoor air environment, the
concentration of the contaminant is low (within g to sub-ppm) range. It follows that a very
small amount of products are formed during the ptatalytic process, thus resulting in very

dilute concentrations of products. This allowsagséglect the bulk or convective flow term in
equation (3-28) and to use the mass transfer caomffi(k ) in estimating the rate of mass

transfer in this particular case. The substan@sarrounding stream is lost on the catalytic solid
surface according to the relation

N, =k (C

m

-C,) (8-29)

whereN ,, is the molar flux of AC; is the concentration of the contaminant in theastre
flowing over the surfaceC,,is the concentration of the contaminant at the wadatalytic

surface (where x 3) andk_ is the mass transfer coefficient. In this mode,assume that the

gas film is isothermal and the effect of productdlee model can be neglected.

50



Fogler (1998) modified equation (3-28) in termsohcentrations for a case with

negligible bulk or convective flux as
-C.) (3-30)

where & is the thickness of hypothetical stagnant filmadiged in Figure (3-4) or the length of
the diffusion path (Hines and Maddox, 1985). Conmgaequations (3-28) and (3-29) suggests

that in a case where the flux is due to diffusiatypk :%. However,d is difficult to

determine as compared kg, which can be derived from correlations such asSimerwood
number (Ng, ). Thus, the use of equation (3-28) is a convemegdns of describing the mass

transfer process. Equation (3-28) is limited to lnass transfer rates in which the bulk flow is
negligible and the concentration profile is notalited (Hines and Maddox, 1985).

Mass transfer coefficients can be obtained thraarghirical expressions relating the
Sherwood numbeiNs ) to the Reynolds and Schmidt numbers. For intgtaRerry and Green
(1997) noted the following expression for a flatpt

k L
NSh,L = B :0'64dNRe,L)1/2(NSc)1/3 (3'31)

Reynolds numberN,, ) and Schmidt numbemNg,) in equation (3-31) are defined by

PV L
Npo, = —— @-32)
RelL ,U

U
N, =—— -33
Sc ,OgD G )
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wherepgandu are the density and viscosity of the contamingesiV, is the superficial

velocity parallel to the catalytic surface dnds the characteristic length of the wall.

With the catalytic films immobilized on the walladceiling of an office room with
dimensions of 3 m x 3m x 3 m, the characteristigth, L is set to be 300 cm. The mass transfer
coefficients for the range of superficial velogtieom 5 to 25 cm/s were obtained using

equation (3-31). Results are shown on Table (3-8).

3.4.2.2 Indoor air quality modeling (Mass transfer limited case)

As previously mentioned, in a mass transfer lichit@odel, the chemical reaction is fast
relative to diffusion. Thus, mass transfer conttbks overall rate of removal of the contaminant.
The focus of the study is diffusion of the pollutana hypothetical film located between the
bulk fluid and the surface of the catalytic solidif At the surface of the catalyst or wall<£ d),

a finite pollutant concentration is required. lassumed that when the pollutant touches the
catalytic surface, it disappears and is convexgatoducts instantaneously, thDg = 0.

The system in consideration (Figure 3-5) in thiglgtis similar with the one used in the
IAQ modeling studies of a room equipped with a gacked system in section 3.3.2. The only
difference is that the in-room device is composkechtalytically-active walls and ceiling
(instead of a packed bed) and that the rate obifasit removal in the film is assumed to be mass
transfer-controlled. Thin films of 2% C- and V-dab€&O, described in Yang et al. (2007) and
Yang (2008) were assumed to be incorporated irgdatr walls and ceiling of the room. Any
molecules of the contaminant gas (acetaldehydéptiegoresent in the room are expected to be
oxidized when they come into contact with the reacsurfaces. The study was conducted at
normal ambient conditiong & 20°C, P = 1 atm). A well mixed office room described irg&ie
3-5 was considered in this study. The fan locat@tleacenter of the ceiling circulates the air

inside the room.

52



v

Figure 3-5 Well-mixed room with catalytically-active wallsand ceiling.

(not drawn to scale)
A mass balance inside the room for this systemmade (equation 3-34). The rate of

removal Ry) is due to the rate of mass transfer of the patiutefined by equations (3-29) and

(3-34) in whichC,,is assumed equal to zero.

VG _

5 =G +8,p-QC ~k,A,(C -C,) (3-34)

R,=knAy(C, - C,) 3-35)
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At steady state conditior\s% =0 and withC,, = 0, equation (3-34) becomes

= —%C: :;znp (3-36)
Given certain conditions, equation (3-36) can kedus estimate the indoor air
concentrationC; (in ug/m3). The area of mass transfay, includes the four walls and ceiling of
the room, thus, with a value of 4.5 xX°X0f. The emission raté&,, inside the room is steady at
35ug/h-person (ASHRAE, 2007a). The influence of théofeing factors on the indoor air
concentration@;) for the range of superficial velocities of 5 t8 @n/s was studied: the mass
transfer-limited rate of pollutant remov&), ventilation rate @), magnitude of emission
source ), and outdoor air concentratio@g). The variation of the levels of acetaldehydedasi
the zone was studied for cases when there wasmm device and with the device (thin film)
installed inside the room. The contrasting eftatC; of having a clean ventilation air versus
outdoor air with a typical acetaldehyde concerarafC,) of 20.12ug/m* (ASHRAE, 2005;
ASHRAE, 2007a) was also explored. Levels of acetayde indoors were determined for
conditions where there is no ventilation and wite ASHRAE standard ventilation ratézj of
0.48 ni/min per person (ASHRAE, 2007b). The ventilatioterguidelines provided by
ASHRAE (2007b) and the emission rafg) (are both dependent on the number of peqggle (

inside the room.

3.4.3 Results and discussion

3.4.3.1 Mass transfer coefficient

The corresponding values of the mass transferictaft (k) for air velocities of 5, 10,
15, 20 and 25 cm/s were calculated using equaf®i4), (3-32) and (3-33). Reynolds number
(NreL) Was estimated based on a length of 3 m of lensithg equation (3-32). Thie, values (in

cm/s) and Reynolds number for each flow velocig/@bulated in Table (3-8). As expected,

both the Reynolds number and mass transfer coafiancreased as the air velocity to the wall
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increased. This is due to the favorable effe¢hefsuperficial velocity\(;) on the inertial and

convective forces.

Table 3-8 Calculated mass transfer coefficients as a fution of superficial velocity.

Vo NreL K.,
(cml/s) (cm/s)
5 9845 0.028
10 19691 0.039
15 29536 0.048
20 39381 0.056
25 49227 0.062

3.4.3.2 Indoor air pollutant concentration

The mass transfer coefficients above were usedtimate the rate of removal term in
equation (3-35). The concentration of the contamti(@) in the room for various operating
conditions was evaluated by utilizing the steadyestnass balance in equation (3-36), wherein
the rate of contaminant removal (described by egua-35) is mass transfer-controlled.
Results are summarized in Tables 3-9 to 3-14. ifitheor air concentration for a room with no
in room device, one person as a source of emisgidra standard ventilation ra¥) of 0.48
m*/min-person (ASHRAE, 2007b) is shown in Table 3When the outside air is clea@.(= 0),
the concentration of the acetaldehy@g {n the room is steady at 1.2@/m> (0.66 ppb) as air
velocity along the wall increases from 5 to 25 crit/is also constant at 21.38/m® (12 ppb)
when the air coming into the room is assumed te hlag typical outdoor acetaldehyde
concentration of 20.1;29/m3 (11 ppb) (ASHRAE, 2005; ASHRAE, 2007a). The typica
emission rate§,) of 35pug/h-person (ASHRAE, 2007a) is used throughout theys This
parameter and the suggested ventilation Mtefor an office room in ASHRAE (2007b) are
both dependent on the number of people insideatwnr WherC, is zero, the occupants are the
only contributors to the pollution load inside tlm®m in contrast to a case in which the
ventilation air is contaminated. In both casedeady state condition and when there is no in

room air cleaning device, the velocity does notehan effect oi€;. This is because the
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contaminated air in the room is only being flusbet of the room at a rate that is equal to the
ventilation rate. The effect of one person in themn on the quality of air inside the room is

minimal compared to the impact of contaminated Negrdn.

Table 3-9 Indoor air concentration without in room device air ventilation rate = 0.48

m®min-person, and 1 person.

Vo Indoor Air ConcentrationC; (ug/m?)
(cm/s) 0=0 Co= 20.12ug/m®

5 1.21 21.33

10 1.21 21.33

15 1.21 21.33

20 1.21 21.33

25 1.21 21.33

Table 3-10 describes the effect or the indoor @ncentration ;) of having catalytic
walls and ceiling as an air cleaning device in a-wentilated room with one person as the only
source of emission. The in room device alone isatiffe in cleaning the air as can be seen by
lower values ofC;in Table 3-10 compared to those in Table 3-9. Stheee is no ventilation,
the outdoor air concentratiof{) does not contribute to the levels of contamirfanthis
particular case. In Table 3-10,decreases with increasing flow of the air to thd.\ide
influence of the flow of the air is on the ratenadiss transfer as described in equations (3-31) to
(3-28).

A significant reduction irC; values is achieved when an air cleaning deviceéslin a
non-ventilated room as compared to a room thagmgikated with clean air but without a device
as described in Table 3-9. T@gvalues in Table 3-10 can also be compared to amsystthout
an in room device but ventilated with outside aint@ining 20.12:g/m® (11 ppb) of the
pollutant. The removal of the contaminated outsiderentilation coupled with the use of an air

cleaning device lowered the indoor air concentratialues significantly (Table 3-10).
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Table 3-10 Indoor air concentration with in room device,1 person and ventilation rate = 0.

Vo Indoor Air ConcentrationC;
(cm/s) (ug/m’)
5 0.78
10 0.55
15 0.45
20 0.39
25 0.35

The combined effect of outside air ventilation &ading catalytically-active walls and
ceiling in a room with one person was evaluatedgithe mass transfer-controlled mass balance
at steady state conditions (equation 3-36). Thdipted values o€; for velocities of 5 cm/s to
25 cm/s are shown in Table 3-11. The systems loheT&9 and 3-11 are similar except the
addition of the air cleaning device in the latfEne C; values of 0.4Tig/m>to 0.27ug/m® (for C,
= 0) and 8.341g/m® to 4.76ug/m’ (for C, = 20.12ug/m’) are much smaller than those for the
system described in Table 3-9. These observatereal that the addition of an air cleaning
device reduces the concentration indoors regardielssw contaminated the ventilation air is.
The use of outside ventilation air in Table 3-11his only dissimilarity with the system in Table
3-10. In the case where the outdoor air contains2@/m’, the level of contaminants in the
room as shown in Table 3-11 is much greater tharvéitues in Table 3-10. This suggests that

use of clean ventilation air is also importantawéring the levels of the pollutant indoors.
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Table 3-11 Indoor air concentration with in room device ventilation rate 0.48 n¥/min-

person, and 1 person.

Vo Indoor Air ConcentrationC; (ug/m?)
(cm/s) Co=0 Co= 20.12ug/m®

5 0.47 8.34

10 0.38 6.66

15 0.33 5.76

20 0.29 5.18

25 0.27 4.76

Different organizations and agencies dealing witbupational health and environment
have different standards and guidelines for acelslde (Spengler et al., 2001). For instance,
OSHA prescribes the lowest permissible exposurg (iREL) of 100 ppm for TWA and 150
ppm for STEL/C. ACGIH’s recommended exposure li(REL) is 25 ppm (probably the lowest
value). NIOSH’s recommended exposure limit is thedst possible level. In Table 3-11, the
maximum indoor concentration obtained using an @at¢oncentration of 20.3&/m’ is 8.34
ng/m® which is equivalent to 4.56 ppb, a value much Wwelee ACGIH’s limit. Even with no in-
room device, the indoor pollutant concentratioalso very small and much less than any
numerical health-based standards, the use of areaining device together with ventilation air
will undoubtedly help in maintaining the air quglit indoor environments especially those that
involves odorous compounds.

In Table 3-12, 3 people are assumed to be conitndptd the acetaldehyde load inside the
room. With no in room device, the ventilation &ithe only means of diluting or expelling the
pollutant out of the room. However, the ventilatancan be the source of the pollutant indoors

as in the case where it contains 2Qugjm° of acetaldehyde as shown on Table 3-12.
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Table 3-12 Indoor air concentration without an in room device, 3 people and ventilation

rate = 0.48 ni/min-person.

Vo Indoor Air ConcentrationC; (ug/m?)
(cm/s) Co=0 Co= 20.12ug/m®

5 1.21 21.33

10 1.21 21.33

15 1.21 21.33

20 1.21 21.33

25 1.21 21.33

The results above are exactly the same with theeggbresented in Table 3-9. The
explanation for this exact similarity is that thmission rate§,) and the outside air rate from
ASHRAE are both dependent on the magnitude ofdliece, which in this case the number of
people (p) inside the room. Without the rate of ogal due to mass transfer term, equation (3-

S
36) reduces t@, =C, +V—p, an expression that is independent of the numiygeaple in the
R
room.

With an increased number of emission sources imadbm from one person to 3 people,

it is expected that the results in Table 3-13 bdla factor of the results in Table 3-10. This is

S
because equation (3-36) reduce€ te o oP . TheC;values range from 1.04g/m*to 2.33

m

ng/m® and vary inversely with velocity. The velocity iménces the mass transfer rate.
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Table 3-13 Indoor air concentration with in room device,3 people and ventilation rate = 0.

Vo Indoor Air ConcentrationC;
(cm/s) (ug/m’)
5 2.33
10 1.65
15 1.35
20 1.17
25 1.04

Table 3-14 shows the indoor air concentratidd \Which are derived through the use of
equation (3-36) for a room with 3 occupants, egedpwith catalytically active walls and ceiling
and is being ventilated at a rate of 0.48min-person. The values of indoor air concentration
increase from 0.56 to 0.8@/m" for C, = 0 and 9.87ug/m" to 14.04ug/m>for C, = 20.12ug/m’
(11 ppb). These numbers vary in inverse relatiah wie air velocity. Higher velocities tend to
reduce the levels of the pollutant in the roonids a direct relation with the mass transfer
coefficient values portrayed by equations (3-31 &+82). Increased velocity in the room
improves the removal rate due to improved masstearf the pollutant to the catalytically

active surfaces and makes the indoor air cleanioig reffective.

Table 3-14 Indoor air concentration with an in room devi®@, 3 people and ventilation rate =

0.48 n¥/min-person, 3 people.

Vo Indoor Air ConcentrationC;
(cml/s) (ng/m3)
Co=0 Co= 20.12ug/m®
5 0.80 14.04
10 0.70 12.30
15 0.64 11.22
20 0.59 10.46
25 0.56 9.87
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To evaluate the effect of the addition of the inmodevice, the indoor air concentration
results from Table 3-12 and Table 3-14 were contpafi@ble 3-14 showed significant
reduction on the concentrations in Table 3-12 BotiC, = 0 andC, = 20.12ug/m® because of
the active walls. To assess the effect of ventifain the system, results in Table 3-13 and 3-14
were compared. F&, = 0,C; values in Table 3-14 are smaller than those in&d3hkl3 because
of ventilation. However, witlC, = 20.12ug/m?’, the values in Table 3-14 are larger than those in
Table 3-13. The values &f in Table 3-10 and 3-11 where there is only oneqgeese lower.
For 3 people in the room the ventilation rate @&ased in accordance with ASHRAE (2007b)
to compensate for the number of emission sourc@ddrthe room. A comparison of Tables 3-11
and 3-14 shows that the increased ventilation dmutes to the increased valuesGin Table 3-
14 whenC, = 20.12ug/m®. Comparable studies done between Table 3-10 drid 8ad between
Tables 3-13 and 3-14 for the condition with= 20.12ug/m®, show that high pollutant
concentration of outdoor ventilation air greatlfeats the concentration of the indoor air, and so
it is always favorable to use a relatively cleantilation air. The maximum value & in Table
3-14 is 14.04.g/m*(7.68 ppb) which was obtained when the acetaldebydgoor level is 20.12
ng/m® is much smaller than the ACGIH occupational liofi25 ppm for acetaldehyde. The
presence of an indoor air cleaning device is dttra¢o maintain IAQ especially when the
quality of outdoor air ventilation is always compnsed and uncertain.

The mass of catalyst associated with the thin éigpends on the thickness of the layer of
catalyst in the film. For a 1m film thickness, the volume of the film for a 3x8m x 3m
room would be 450 cinFor a bulk density of the catalypbi of 0.6 g/cmi, the mass of
catalyst is 270 g. The mass of the catalyst islamm magnitude to that used in the packed bed
design with 1 cm bed depth.
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3.5 Summary of parameters used in the modeling anglmulations studies
Table 3-15 lists the values of the parameterswieae selected for the simulations

for a packed bed system and catalytically activibswa chapter 3.

Table 3-15 Values of parameters used in the modeling argiimulation studies.

Parameter Value and Units

Assumptions and general considerations

Room DimensionsL(x W x H) 3mx3mx3m
TemperatureT 20 °C
PressureP 1 atm

Feed gas to the packed bed or catalytic walls ailthg
Air contaminant Acetaldehyde (very dilute
concentration)

Equivalent radius of the acetaldehyde mokagy,: 0.28 nm

Densitypq 1.206 x 1C glcnt (air)

Diffusion coefficient of acetaldehyde in dir, 0.1202 crfis

Viscosity u 1.81 x 10* g/cm-s (air) (Bird et al.,
2002)

Range of superficial velocity, 5to 25 cm/s (13 to 25 cm/s in
ASHRAE, 2007a; ASHRAE, 2004)

Emission rate, in the room 35ug/h-person

Ventilation rateYg 0.48 m3/min-person (ASHRAE,

2007b) and equivalent ©Q/p

Packed bed
Porositys 0.4
Depthz lcm
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Table 3.15. Cont...

Parameter

Value and Units

Pellets of 2% C-and V-doped FiO
Ratey,

Shapes of pellet

a) Spherical
Diametéx,
Shape factby,
b) Cylindrical
DiametdD,,
Length,,
Shape factdy

Range of pore radiusde)
Pellet porosity parametey,
Bulk density of the catalyghui
Tortuosity factor;

1.4 x 10° gmoles/crts =
2.283 x 10 gmoles/gcat-s

0.2cm
1.0

0.2cm
0.4 cm
0.832
2—-10 nm
0.5

0.6 glcnd
2.0

IAQ modeling (Reaction with internal masstransfer limited case)

Outdoor acetaldehyde concentrat@n,

Number of people in the room,

IAQ modeling (External masstransfer limited rate)
Pollutant concentration in the gas streaming

out of the packed bed,

Area of mass transféy;,

20.12ug/m?
One (1)

Cou =Cie™¥mi (see equation 3-20)

18 cnf/lcm® (see equation 3-21)

Catalytically active walls and ceiling

IAQ modeling (External masstransfer limited rate)

Number of people in the room,
Area of mass transfé,

One (1) or three (3)
4.5 x 16 cn? (four walls and ceiling)




CHAPTER 4 - Conclusions and Recommendations

4.1 Summary and conclusions

Indoor air quality models help in understandingéffect of different air cleaning
processes on the air quality of a simulated inédmmironment. They are useful tools in
understanding how the factors that influence aaligyirelate to one another and in predicting
concentrations for places and conditions that atergial design options.

Two processes for cleaning indoor air utilizing 24and V-doped TiQ a newly
developed photocatalyst described in Yang et 8072, have been evaluated with the use of
modeling and simulation techniques. They are tlokg bed design and thin films on the walls
and ceiling of a room. Both are studied in a tgp&ize room under typical indoor air
environmental conditions, with acetaldehyde agé¢isepollutant and where the emission rates,
S are small.

The packed bed reactor is assumed to be madepgilefs of the photocatalytic
material. The assumed parameters and the giver &rspperficial velocities in accordance
with ASHRAE Standards of 25 fpm (13 cm/s) to 45 f(#6 cm/s) gave low values of pressure
drop in the bed (Tables 3-1 and 3-2). Values adativeness factor and observable modulus
showed significant internal diffusion limitationa the photocatalyst. External mass transfer to
the surface of the pellet limits the rate of oxidatin the packed bed reactor.

Low values ofC; were obtained from indoor air quality modeling sésdat steady state
conditions in a packed bed where the rate of adeliglde removal is mass transfer limited. The
weight of the catalyst to clean the air that pasisesigh the packed bed ranges from 600 to 6000
g for air flow rates that are in accord with theH¥SAE standard air movement rates for a finite
length of the bed of 1 cm.

For thin films on the walls and ceiling, an exténmass transfer controlled model was
used in a small room at steady state in order atuate the influence of combined effects of the
magnitude of the source, ventilation rate, and eotdontaminant concentration. The model
resulted in indoor air concentrations of acetaldiehthat are significantly smaller than those
without the film. It can be deduced from this stuldst if sufficient amount of nanoparticles are
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put on the wall to make the process mass transfaralled, there is no incentive to further
increase the amount of the catalyst.

The results that are presented are for transpoitiel processes. It is assumed that the
reaction rate is sufficiently fast to have transgpianited conditions. This assumption is based on
the kinetic data of Yang et al. (2007) and Yangd@and a zero order kinetic model.

Both systems (packed bed and catalytically actigsdsnand ceiling) reduce indoor
contaminant concentrations significantly and hdneegdotential to be commercialized for use in
appropriate applications based on the parametersinghe modeling studies.

4.2 Suggestions for further studies

The use of 2% C-and V-doped Ti@s a photocatalyst in PCO systems is relatively. new
It has potential for indoor air applications duatsocomparable activity under both visible light
and dark conditions. However, the first experimestiadies (Yang, 2008; Yang et al., 2007)
were done on a laboratory scale which lacks theepresentation of a typical indoor
environment. The modeling and simulation studethis research are an attempt to study the
potential of the photocatalytic material to be irpmrated on systems that have the potential for
commercialization such as packed bed and thindiésigns. Considering that the above ideas
are still under development, there is still a Ibtam for research. The following are
recommended for future studies.

» Measure actual performance of the proposed ainitigadevices or systems. Predicted
values of contaminant concentrations should beuaet@il and compared with actual
measured data.

* Extend both modeling and experimental studieshero?OCs or pollutants of concern
(i.e. biological airborne particulate matter), esns rate and indoor environments such
as buildings; nursing homes.

* Conduct PCO studies on systems that involve conibmand mixtures of contaminants
that are more representative of typical indooeawironments.

* Study experimentally the formation of intermediatesindesired by-products during
PCO process. The common indoor air pollutant coimaBans are within the ppb to sub-

ppm range. The concentrations of any undesiredyatednay be below the detection
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limits of most analytical methods. These issuesathdr aspects that limit modeling
studies from addressing them should be resolvesiigble experimental designs.
Establish optimum operating parameters to achietteibdesigns and performance.
These include mean residence time needed for thgditalytic process to oxidize the
intermediates or by-products into final products.

Conduct economic studies to determine the codtedd devices. Like any other PCO air
cleaning devices, the two systems explored ingtudy have the potential to lower
energy costs significantly through effective anficefnt decomposition of air pollutants,
thereby lowering the need for more ventilation air.

Develop the best combination of in room devices\ailation for various applications.

Determine operational life of the catalyst befargeneration.
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