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ABSTRACT

Surface chemistry greatly influences the conceotmatf reactants and products in
indoor environments, thus affecting human expostine.large amount of surface area serves
as a support for heterogeneous reactions suclose thking place between ozone and other
species associated with that surface. Ozonatiartiopa can generate carcinogens, asthma
promoters and irritants. Therefore, investigatibthe significance of ozone reactions on
surfaces is necessary for controlling, and for tpiag a better understanding of, occupant
exposure to ozone and heterogeneous 0zone regotidacts.

In this dissertation, bench scale experiments wenelucted in a plug flow reactor to
quantify the reaction rate of ozone with two repreaative compounds;terpineol and
dihydromyrcenol, adsorbed on beads representativeloor surface materials. Both the
reaction probability and a second-order rate coefiit were measured. A new method of
measuring terpenoids in the presence of ozone e aped. Experiments were also
conducted in a room-sized chamber to compare kmatilab and full scale. Products of the
heterogeneous surface reaction have also beerifigigént he rate constants suggest that these
surface reactions take place at a rate comparalgletiigher than the air exchange rate or the
rate of gas-phase reactions. Thus, surface cooveispredicted to significantly affect
exposure (to reactants and products) and existishgor air models must be modified to

include these reactions.
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SECTION

1. INTRODUCTION

Although the ozone layer in the upper level of éhmosphere prevents potentially
damaging ultraviolet light from reaching the Eastsurface and thus is beneficial to people,
ozone in the lower atmosphere (troposphere) isrggodutant and harms people’s health
(Weschler 2006; Bell et al. 2004). Ozone, a straxigant, reacts readily with other
compounds in the atmosphere and in indoor enviroten&he products of these reactions also
exhibit deleterious health effects. Well studiednlogeneous reactions with terpenoid
compounds generate a host of gas-phase and aprodakts of concern. This research is
directed to improving our understanding of the mdoeterogeneous chemical rates of ozone

with terpenoids typical of indoor cleaning and jpexa care products.

11  OZONE AND OZONE CHEMISTRY

Ozone in the troposphere is formed by photochemézadtions that include
hydrocarbons and nitrogen oxides and the energwgriteg by sunlight. Hydrocarbons are
emitted into the atmosphere by both anthropogestivites (e.g., automotive traffic
emissions, industrial processes, application aftpaid solvents) and natural processes (e.g.,
emissions from forests and oceans). Nitrogen oxidesddition to being a precursor of ozone,

are also directly harmful to human health (Chauttaal. 1998). They are mainly produced and



emitted by fuel combustion (Faiz, Weaver, and WaB96). Reactions between hydrocarbons
and nitrogen oxides are facilitated by sunlight] #re reactions generate not only ozone, but
also particulate matter (PM) and other componeihssnmg (Atkinson 2000). High outdoor
ozone concentrations are generally associatedunliign areas which generate high emissions
of ozone precursors. In addition, ozone concepinatin rural areas are increasing (Seinfeld
and Pandis 2006; Lelieveld and Dentener 2000).

Adverse health effects of ozone range from mildsegnirritation to severe
impairment and death. According to the World He@tlganization, ozone can irritate the
respiratory system and harm lung function (WorldkteOrganization 2003). Correlations
between exposure to high ambient ozone level amé Symptoms, such as cough, lower and
upper respiratory symptoms, and shortness of hrhatre been identified in epidemiological
studies (Galizia and Kinney 1999; Kinney 1999). iew@odest increases (~ 0.010 ppm) in
ambient ozone result in measurably higher morbialitgt mortality (Nyberg and Pershagen
1996; Hubbell et al. 2005; Jerrett et al. 2009). relsponse to these findings, the 8-hr ozone
standard has been recently been reduced to betw@gd and 0.075 ppm by the United States
Environmental Protection Agency (US EPA) (NatioAatbient Air Quality Standards for
ozone, 2008).

Ozone is also a continuing problem in indoor envinents. Tropospheric ozone enters
residential and commercial buildings by infiltratiand by natural or mechanical ventilation.

Ozone can also be generated indoors by appliancesas laser printers and electrostatic air



cleaners (Kissel 1993; Boeniger 1995; Britigan,halsa, and Nizkorodov 2006). In the
absence of such indoor sources, indoor ozone ctratiens are almost always lower than
outdoor ozone concentrations. The indoor to outdatbw of 0zone concentrations ranges from
about 0.1 to 0.8 and this ratio is highly dependenthe air exchange rate (Weschler, Shields,
and Naik 1989). Lower indoor ozone concentratiorsaused by both gas phase homogenous
reactions (e.g., reaction with nitric oxide to fonitrogen dioxide) and heterogeneous
reactions on indoor surfaces. Although ozone camnagons are lower indoors, people spend ~
90% of their time indoors (Klepeis et al. 2001)cBese of this, approximately half of ozone
exposure occurs indoors (Weschler 2006).

Ozone reactions not only decrease the ozone camatientindoors but also generate
hazardous reaction products. Secondary OrganicsabEr¢SOA), usually associated with
smog, are produced indoors from ozone-terpeneiogackeither in air or on surfaces (Sarwar
et al. 2004; Waring et al. 2008). Dicarbonyls dse @roduced from both gas phase (Harrison
and Wells 2009; Ham, Proper, and Wells 2006; Ferebtam, and Wells 2006; Wells 2005;
Yu et al. 1999; Calogirou, Larsen, and Kotzias )88 surface ozone terpene reactions
(Ham and Wells 2009; Ham and Wells 2008).The yiéldicarbonyls from gas phase ozone
reaction with some terpenes can vary from ~5% @o@orester and Wells 2009). The
ozonide, an intermediate in the reaction path widfins, is thought to be responsible for
observed eye and membrane irritation in ozone-terpeaction mixtures (Wilkins et al. 2003;

Wolkoff et al. 2000). Exposure to SOA and dicardemgay cause lung disease, respiratory



symptoms and occupational asthma (Kreiss et aR;2D6Ifino 2002; Anderson et al. 2007).
Furthermore, formaldehyde, an EPA listed carcinpgeproduced by the ozone reaction with
latex paint (Reiss et al. 1995) and carpets in dsfVang and Morrison 2006; Wang and

Morrison 2010).

1.2 INDOOR SURFACESAND POLLUTANT INTERACTIONS

Unlike ambient environments, indoor environmentsally incorporate a very large
surface area in a relatively small volume. Thearefarea-to-volume ratio is roughly two
orders of magnitude larger than that for an outdwban air parcel (Nazaroff, Weschler, and
Corsi 2003).

Many kinds of surface materials are present in ingmvironments: painted surfaces
(wall and ceiling), textiles (carpets, curtainshalstery, clothing and bed sheets), wood (floors
and furniture), glass (windows and mirrors), plesiolymers (vinyl flooring and coatings),
hair and skin (occupants and pets) and so forthindbor surfaces are covered with dust, dirt
and oils that can also influence their interactiamitt pollutants.

The morphology of indoor surfaces varies considgr&ome surfaces (e.g. textiles)
are fluffy with substantial internal surface area aoughness scales measured in the
millimeter to centimeter range. Others, such axlghint, are porous at a more microscopic
scale. The geometric or ‘projected’ surface to wwduratio of typical indoor environments

range from 2 to 4 A (Hodgson, Ming, and Singer 2004). Floor, ceilimgl avalls account



for most of the projected area, while the furnigisiand textiles may account for a large
fraction of the internal surface area. For examible ,surface area of the fibers in carpet is
roughly 50-100 times the projected area of theatatpelf (Morrison and Nazaroff 2002).

Many indoor materials serve as adsorptive sinkrfdoor pollutants (such as volatile
organic compounds), which means they have the palén reduce the peak concentration of
pollutants, but also to prolong occupant exposueetd their re-emission (Won, Corsi, and
Rynes 2000). The interactions of organic compouwvittsindoor materials and their effects on
indoor air quality have been studied extensivelgnyimodels have been developed for
organic adsorption on different indoor materials¢®r et al. 2007; Jgrgensen 2007; Huang,
Haghighat, and Blondeau 2006) and their emissimm these materials (Yan, Zhang, and
Wang 2009; Xu and Little 2006; Haghighat and Hu2@@3). In general, volatile species
adsorb weakly, while low-volatility or polar spesiadsorb more strongly. For the same
equilibrium air concentration, the surface concaiin for a terpene alcohol such as
a-terpineol will be much higher than that for a mwolatile, less polar, terpene such as
limonene. Under these conditions, a reactive mdéesuch as ozone will strike the adsorbed
terpineol much more frequently than adsorbed limenghile the gas-phase collision rates
would be equal.

When ozone encounters an indoor surface it cakestnd rebound, adsorb or react
with the substrate, an adsorbed molecule or othlerisicoating the substrate. Ozone can

spontaneously decompose to oxygen, even on othenmigactive surfaces such as clean



glass. Different substrates can have very diffeability to “consume” ozone; the products and
their yields can also be quite different (Hoangik@y, and Corsi 2009; Kleng et al. 2001).
Ozone reaction rates and products have been gedraifid/or identified from such substrates
as latex paint (Reiss et al. 1995), carpet (Morriaod Nazaroff 2002), aircraft cabin materials
and clothing fabrics (Coleman et al. 2008), anchdugman skin lipids (Wisthaler and
Weschler 2009; Pandrangi and Morrison 2008). Prisdiuem the heterogeneous ozone
reaction with these surfaces include aldehydes fergnaldehyde), ketones (e.g. acetone),
other carbonyls, dicarbonyls and hydrocarbonylgh@ldgh not precisely quantified, Weschler
et al estimated that the reaction with occupandstheir clothing were responsible for >55%
ozone removal in a simulated aircraft cabin (Wescét al. 2007). Thus, ozone surface
chemistry can significantly alter the concentratibrindoor air species, and affect human

exposure to indoor pollutants.

1.3  TERPENE CHEMISTRY

Theterpenes a category of hydrocarbons built up from isogreub-units (Zubay and
Atkinson 1988). They are naturally emitted fromwkas and plants and usually can be found
in essential oils and resins (Kesselmeier and $tE@P). Strictly speaking, a terpenoid is
modified terpene, wherein methyl groups are movegmoved, or oxygen functionality
added (IUPAC 1978). However, as is common usagdeetims terpene and terpenoid are used

interchangeably throughout this dissertation. Teegeare emitted in large quantities into the



atmosphere (Isidorov, Zenkevich, and loffe 198%) participate in atmospheric chemistry,
which is why there is a much higher concentratibaavosols in the atmosphere above forest
(Tunved et al. 2006). Many terpenes contain cadaoton double bonds which react readily
with ozone. These important atmospheric reacti@ve been studied for many years. See
reviews in (Yu et al. 1999; Atkinson and Arey 2003)

Because many terpenes have a pleasant odor, theyoban extensively used as
fragrance compounds in household products, inctudirt not limited to perfume, soap,
shampoo, detergents, air fresheners, candles,camdetics. Large quantities of terpenes are
produced by chemical synthesis each year. For dAane only, the worldwide annual
production was ~70 million kg in 2009 (Kerton 200Bgcause of this, indoor concentrations
tend to be much higher than outdoors and can bedimenant components of indoor VOCs
(Singer et al. 2006; Nazaroff and Weschler 2004).

Some terpenes that dominate indoor measuremetsléniimonene and-pinene
(Nazaroff and Weschler 2004). These are used asritbes” and are the first compounds to
evaporate and develop the fragrance desired byp#meifacturer (McDaniel and McDaniel
2010). Others emit somewhat more slowly and prosittenger-lasting experience. For
example, the terpene alcoheterpineol is a major component of pine oil (Natbamd
Weschler 2004), and has been found in liquid cledisnfectant, liquid floor detergent
(Colombo et al. 1991) and air fresheners (Salthanamé Uhde 2009). Dihydromyrcenol is

one of the principal components of lavender (Natarnd Weschler 2004) and has been found



in liquid floor detergent (Colombo et 1991). The formulaand structures of some typi

terpenes are listed in Table :

Table 1.1 List of terpenes

Category Name Formula Structurt Found in
Bay, wild
-myrcen C10H16 PO
o-myreen: ~ ~ thyme
A 0
= range
limonene C10H16 f j g
\L peel
Monoterpene
a-pinent C10H16 Pine resin
A-3-caren: C10H16 \E;[:j:v< Turpentine
Sesquiterpene zingiberen C15H24 - \‘-”\-’i\n{”\‘* Ginger oil
Shark liver
Triterpene squalen C30H50 oil, human
skin
l\ Pine t
‘ ine tree
a-terpinec C10H180 [ j o
Monoterpene L
alcohol . e Kiwifruit
linalool C10H180 S -
and apple
dihydromyrcenc ~ C10H200 m,\/{\‘/\r/“\‘* lavender

Ozoneterpene reactions thegas phase have been studied for many years

products includgaseou and particulate products (Yu et al. 1999%jgaarc et al. found that



limonene oxidation products can cause trigeminadugation and possibly eye irritation when
ozone and limonene concentration were in their leigth of indoor related concentrations
(Ngjgaard, Christensen, and Wolkoff 2005). The ezimmpene reactions are generally
believed to initially form a primary (unstable) oade which reacts further to form a

semi-stable secondary ozonide. The mechanism wrshoFigure 1.1 .

Primary Ozonide s

o o A Secondary Ozonide
LA i %0 0o—o
0,4 0 o @ 7RCH +i \ i /
RCH=CH, —>> / g |
\ / 1 CH2 RHC CHZ
RHC-S— CH . |

decomposition / ‘\/

other reactions
RCH

Figure 1.1 Ozone terpene reaction mechanisms

This secondary ozonide further decomposes to fédehgdes, dialdehydes, ketones,
carboxylic acids, hydroxycarbonyls, and others; s@me much less volatile than the original
terpene and condense to form secondary organis@srlaeys et al. 2004).

Specific gaseous products include glyoxal, metlyghgal, glycolaldehyde, and
dicarbonyls such as these have been identifieditmis and sensitizers (Anderson et al.

2007). For example, workers at a microwave popptant were exposed to diacetyl (a
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dicarbonyl similar to glyoxal) and they have twegected rates of asthma (Kreiss et al. 2002).
Even irritation can exact a toll. As Mendell et(@lendell et al. 2002) pointed out, there are up
to 60 million people in the United States workingndoor office environment have one or
more weekly building-related symptoms. The annoat due to illness or performance losses
was estimated to range from 20-70 billion. Expogati@edoor volatile organic compounds was
ascribed as one major reason for building relayegpsoms (Spengler, Samet, and McCarthy
2001). At the cellular level, some VOCs can indoekular damage to lung cells and cause
inflammatory response (Doyle et al. 2007; Sextoal.e2004; Kasper et al. 2000).

Ozonation of terpenes generates secondary orgarosas in the ~0.015 to 0.7 um
size range (Rohr et al. 2003). Particles which reeredynamic diameters less than @b
(PM,.5) are correlated with daily mortality. A 1@ m* increase in two-day mean Biwas
associated with a 1.5% (95% CI 1.1% to 1.9%) insean total daily mortality (Schwartz,
Dockery, and Neas 1996).

In buildings, the rates of chemical reactions eiee whether this chemistry is
“important” relative to other phenomena such asssions or ventilation. There are three
major removal mechanisms for reactive pollutantsexchange, adsorption/absorption and
reaction. In general, the rate of chemical reastimust be a substantial fraction of the air
exchange rate to significantly influence the stesidye indoor concentrations of reactants,
assuming rates are reported on the same basidlyinsgorder, or units of #). The gas

phase reaction rate of ozone and some terpenesiteogellol, d-limoneneA-carene,
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a-pinenega-terpineol, dihydromyrcenol, isoprene, and gergriiave been quantified, in terms
of bimolecular second-order reaction rate coeffici&am, Proper, and Wells 2006; Forester,
Ham, and Wells 2006; Wells 2005; Forester, Ham,\Afetls 2007; Khamaganov and Hites
2001). At typical ozone concentrations in buildingseudo-first-order rates of many terpenes
compete with air exchange as the dominant remoeahanism for these compounds.
Surface reactions of ozone with terpenes may ase hates that compete with air
exchange, but have only recently been studied pfb@ucts of surface ozone reactions with
a-terpineol and dihydromyrcenol have been investiggHam and Wells 2008; Ham and
Wells 2009). Some of the same products were idedtffom both surface reaction and gas
phase reaction. However, the relative yields ofipots were different. It was suggested that
large molecular weight products (not observed tlygwere formed from the surface
reactions. Springs et al. (Springs and Morrison720gtudied the surface reaction probability
of ozone and two volatile terpenés3-carene and d-limonene. The surface ozone reactio
probability ofA-3-carene and d-limonene were roughly 10 to 10@digreater than the
corresponding gas-phase values. However, to achieasurable adsorption on surfaces, the
concentrations oh-3-carene and d-limonene used in this research wiH)@0 ppb, which is
very high compared with typical indoor concentrai@10-100 ppb). Extrapolation of results
suggested that ozone uptake on indoor surfacesdvmmtlbe substantially increased due to
adsorbed\-3-carene and d-limonene. However, terpene remanalproduct formation rates

may be a non-significant fraction of the whole. Tagearch reported in this dissertation was
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motivated by the fact that terpenes with similas ghase ozone reactivity but a much lower
vapor pressure (e.g-terpineol) could achieve high surface coveradevatair concentrations

and thus may substantially increase ozone-terpemeecsion rates in buildings.

14  OZONE INTERACTIONSWITH SURFACES

The reaction probability, is defined as the probability that a reactioruosevhen two
particles (molecules in this case) undergo a ¢oHigMcNaught and Wilkinson 1997). Its
value ranges from O to 1 and depends on the physidachemical properties of the reactant
molecules and the reaction, such as activatiorggntre energy of molecules before and after
collision, the cross sectional area of reactanexdes. It is independent of the macro scale
conditions, such as fluid flow or the concentratddreach reactant. When the collision of
ozone and a second molecule takes place in thehge®, the gas phase reaction probability,

Ygas IS proportional to their bimolecular reactionerabnstant, as shown in Equation (1).

k ‘P
Voas = g 1)

where thek gasis the bimolecular reaction rate constant{emolecule' s%), p,4s is the
density of gas, which is 2.5 x fanolecule crif at 25°C, and is the collision frequency,

which is 3 x 18 s (Springs and Morrison 2008).
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The calculation of surface reaction probabilitpigefly discussed her&he overall
flux of a reactive pollutant to a surface depend®oundary layer mass-transfer conditions
and the probability of reaction with the surfacseit. However, flux to an indoor surface has
traditionally been parameterized by a single comdbiparameter known as the deposition
velocity, vyq. To provide a rationale for using the depositietoeity, Cano-Ruiz et al.
(Cano-Ruiz et al. 1993) derived an equation thatlioed the resistance of boundary layer
mass transfer and the resistance of the surfgmaltdant “uptake”. The relationship between
deposition velocity, surface reaction probabilégd transport-limited deposition velocity is

shown in Equation (2) (Cano-Ruiz et al. 1993).

1 <v>/1 1
i e o @
where<v> is the Boltzmann velocity for pollutant, whichgsllutant specific and temperature
specific andv, is the transport-limited deposition velocity (ivehen y,,.=1). Under typical
indoor air velocity conditions, the ozone depositio surface is limited by transport through
the boundary layer to the surface whep, > ~3x10%, and is limited by surface kinetics alone
wheny,,, <~5x10'.

Several studies have quantified the ozone uptakpdoific surfaces (Hoang, Kinney,
and Corsi 2009; Kleng et al. 2001) and some ofetlsasdies were done situ,in occupied

homes (Wang and Morrison 2006; Wang and Morrisdt020n these studies, ozone was
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assumed to be reacting with “the surface”, regasltd its composition. Further, the surfaces
were isolated (using a flow-through reactor witkari gases) from the rest of the building,
meaning that the conditions were not entirely “telkal indoor surfaces adsorb and interact
with numerous gas-phase species in the buildings;Tozone consumption and reactions with
adsorbed species were necessarily neglected. iroakels that attempt to assess occupant
exposure to reactants and products (Carslaw 2@D@ptinclude this very important

component of the reaction system.

15 OZONE REACTION PROBABILITY WITH SURFACE ATTACHED
SPECIES

The reaction probability of ozone and surface-botmmpounds has been investigated,
mainly to advance our understanding of ambient appheric chemistry. In these studies, the
compounds were attached to an inert substrateqiéapn and gold) so that the orientation of
molecules on the surface was well defined. Themezwas introduced to react with the
compound loaded surface and other surface chentestimiques were used to investigate
surface reactions.

Dubowski et al. studied the ozone oxidation of ¢hcarbon and eight-carbon vinyl
terminated self-assembled monolayers (SAMs, C3=CG8w) on a silicon Attenuated Total
Reflectance (ATR) crystal (Dubowski et al. 2004heTozone concentrations ranged over 5
orders of magnitude for different experiments drelihitial ozone reaction probabilities were

quantified. As the ozone concentration increadeginteasured initial reaction probability
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decreased. The rate of change in the C=C and Cxa@shmere measured. The kinetics
suggested that ozone was rapidly adsorbed ontsutti@ce and then reacted more slowly with
the alkene moiety. This overall reaction mechansknown as the Langmuir-Hinshelwood
mechanism. Molecular dynamics calculations als@estipd this mechanism. In a similar
SAMs experiment focused on the products, Mclntiral efound large organic aggregates (~
0.1 — 1um) were formed on the substrate, while the surrmgnslubstrate was depleted of
carbon (Mclntire et al. 2005). This was consistgith other studies which suggested stable
secondary ozonides were formed on surfaces (Melrf@yder, and Finlayson-Pitts 2009).

Geiger and colleagues also developed a linkeregtyab bind tropospherically
relevant alkenes onto a glass surface, and used=8egnency Generation (SFG) to
characterize the terpene loaded surfaces andttragknteraction with ozone (Voges et al.
2007). The surface reaction probability of sevezgbenes were quantified and also a
Langmuir-Hinshelwood type mechanism was suggeSuakés et al. 2008; Stokes et al. 2009).
Their studies suggested that the surface reactmmapility was affected by stereochemistry
and orientation. When the C=C double bonds weented toward the gas phase, the reaction
probability was higher than when C=C double bondsavworiented towards the substrate
(Stokes et al. 2009).

A key observation has been that reaction probadslidf substrate-attached alkenes are
larger than observed for gas-phase reactions. Stikal. (Stokes et al. 2009) measured the

surface reaction probability of several compounuts @mpared the results with that of other
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studies. The compilation comparisons along withddi reported by Springs and Morrison

(Springs, Wells, and Morrison, submitted to Indéar) are shown in Figure 1.2.
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Figure 1.2 Comparison of the surface reaction piliba with the gas phase
reaction probability. Solid dots are from Stokesakt(Stokes et al. 2009), and
hollow dots are from Springs and Morrison (Sprinygells, and Morrison,
submitted to Indoor Air).

Note that 1) the surface reaction probabilitiesxdbappear to be correlated with
gas-phase reaction probabilities, 2) all reactimbabilities are greater than their gas-phase
counterparts and 3) surface reaction probabilaresup tdive orders of magnitude greater

than in the gas phase.
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When these observations are extrapolated to conaisonhich adsorb to indoor
surfaces, we may predict that low volatility andhbzone reactivity compounds can
substantially alter our expectations of indoor asion rates of these compounds. Low
volatility compounds can potentially cover a subttd portion of indoor surface, even at low
indoor air concentrations. Further, the surfacetrea probability is likely to be greater than
the gas phase reaction probability, which may dlydze high enough to cause gas-phase
chemistry to substantially alter indoor concentnagi of reactants and products.

The reaction probability for the reaction of ozaevith an adsorbed species can be
determined by comparing ozone flux to a surfacé aitd without the adsorbed compound.
For clean bare surfaces, the “background” reagirobability, ynq , Can be determined by
quantifying the flux and deposition velocity to tisairface and applying equation (2). For a
surface supporting an adsorbed species, the nenwaasraged reaction probability can be
found by quantifying the ozone flux and deposit@tocity and again applying equation (2).
The resulting (or total) reaction probability, iS, theoretically, a linear combination of the
individual reaction probabilities of all availaldarface sites. Thus, the total reaction
probability, yitai, IS the linear combination of background reacpoobability, y,«y , and ozone

reaction probability with surface-bond compoundsn as shown in Equation (3).

Ytotal = ycomfcom + ybkg (1 - fcom) (3)
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wheref.omis the fractional coverage of the compound orstiréace. There are two key
assumptions in defining the compound reaction friibain this way:

1. The heterogeneous ozone surface reaction follogvEley-Rideal mechanism. In
this mechanism, the reactant (terpene in this reBgé& adsorbed to the surface and ozone
directly reacts with it from gas phase, withoutially adsorbing. This assumption is in conflict
with the aforementioned observation that heterogen®zone surface reactions are more
likely to follow a Langmuir-Hinshelwood mechanism,which ozone initially adsorbs before
it reacts. However, this continues to be an aanea of research and the “jury is still out” on
the full mechanism. Further, it is very difficutt quantify how fast adsorbed ozone migrates on
surface, collides and reacts with other speciemlly this “effective” surface reaction
probability (even if fictitious) can be used dilgdh conjunction with reactor or building
models to calculate conversion rates, and ultimastimate personal exposure to reactants
and products.

2. The adsorbed molecules form no more than a ragapbn surfaces. This
assumption is more likely to be true when the dasdamount is small and the surface
coverage is low (e.g. <1%). As more molecules dgjsbey are more likely to interact with
each other, and even form multi-layer ‘islands’'somfaces. Thus the calculated fractional
coveragef.om based on adsorption isotherms, is equal to getahan the true surface
coverage. The compound reaction probability, resulting from application of equation (3)

will be less than or equal to the true value. Tfaree the compound-specific surface reaction
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probability quantified in this dissertation is eallthe ‘minimum effective’ reaction

probability.

1.6 INDOOR AIR QUALITY MODEL SAND SURFACE REACTIONS

Existing mass balance models used to calculateimctncentrations of reactants
generally include air exchange, deposition to srfdue to background reactivity, and gas
phase reaction as removal mechanisms for ozonecative VOCs. The mass balance at

steady state is expressed as in Equation (4).

QCO3,in = QCO3,out + vd,bkgACO3,out + k2,gasCO3,outhom,outV (4)

where thev, ., is the area-averaged background ozone deposkiogity (cm &), Qis the
flow rate through the room (chs'), A andV are surface area and volume of the room
respectively (crhand cm), Cosout @Nd Cp3 i, are the inlet and outlet of ozone concentration
(molecule cri¥), and k, 4as IS the bimolecular second-order reaction rate teongent
moleculé' s%). The surface reaction element of Equation (4)faather be sub-divided by
taking into account differences in the reactivitgdlow characteristics of specific surfaces (
bkg, M+ Vdpkg, A2 + ...).

Where sufficient information about surface coveréiges available, the change in the

surface deposition velocity due to an adsorbedaeacan be related to the reaction
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probability of the background and the adsorbed @amg as in Equations (2) and (3).
However, the fractional coverage may not be avhalads it can be difficult to determine in
field settings. In lieu of using the reaction prbitigy directly, an overall rate coefficient that i
related to the gas-phase concentration of the bifgpreactant may instead be applied.
Assuming that the surface reactivity is the dominmasistance to ozone uptake, the reactant
molecule (e.g. a terpenoid) has a much higherigraptobability than the background surface,
but also that the fractional coverage of the radétasmall, the total ozone deposition velocity

can be expressed as in Equation (5).

17(1,1?01.“61[ = vd,bkg + k2,sur : Ccom = vd,bkg + vd,com (5)

where v, ¢,¢q; IS the total ozone deposition velocity of compoloatied surface (cm™y

k, «ur 1s an effective second-order surface reactionaagdficient (cii moleculé* sY), C.om
is the gas-phase concentration of the reactanieguts crit), Vaprg 1S the ozone deposition
velocity associated with background surface reégtiem s?), and Vg com 1S the ozone
deposition velocity associated with surface-bonghgound. Incorporating the adsorbed

compound, Equation (4) becomes,

QCO3,in = QCO3,out + (Ud,bkg + vd,com)ACO3,out + kz,gasCO3,outhomV (6)
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Thus, Equations (5) and (6), can be used to estimdbor concentrations of reactants
and the conversion rates due to heterogeneousrdraifiogeneous mechanisms. Further, the
surface reaction rate coefficieRt, s, can be determined at bench scale or in field
experiments and compared directly. If comparal#ech-scale measurements then become a
powerful tool for estimating exposure in buildirfigs multiple compounds under many

different conditions.
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2. GOALSAND OBJECTIVES

Although indoor ozone chemistry has been studiegteat detall, little of the existing
research allows us to estimate the impact of agsordactants on the resulting indoor
concentrations of ozone, reactants and productdeBee points to this surface chemistry as
being particularly important for low-volatility tpenes. Specific questions that remain
unanswered include: how fast does this surfaceiozetake place? Is this surface reaction fast
enough to significantly alter the indoor concemtrabf reactants and products? Can
bench-scale measurements of these reaction rategrapolated to full-scale environments?

Therefore, in this research, an experimental metbapiantify the ozone reaction rate
with surface-bounded terpene species was develésnl. mathematical models for my
experiment system that allow us to calculate the parameters from the resulting
experimental data were developed. A second-ordéacireaction rate was newly defined
and demonstrated to be a more useful term tharedwion probability for characterizing the
flux (or surface conversion rates) at least fortthe compounds studied in this research. The
objectives of this research were:

(1) to develop a reliable analytical method to difgimzone reactive terpenes, for

single compound and also terpene mixtures, indhgpges where ozone is present.
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(2) to quantify the adsorption, surface reactidasaand surface reaction probability of
ozone with terpenesi{terpineol and dihydromyrcenol) adsorbed on reléuafoor materials,
for a relevant range of relative humidity condigon

(3) to compare the surface bound reaction prokghilith reported values of the
gas-phase reaction probability;

(4) to determine by extrapolation and experimemnhat extent the ozone surface
reaction alters the concentration of specific tegseand ozone, and

(5) to identify some of the heterogeneous reagtiaaucts that result from ozone

reacting with spontaneously adsorbed terpenes.
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3. MATERIALSAND METHOD

To fulfill the aforementioned objectives, the fallmg experimental plan has been
implemented:
1)Develop a reliable sample preparation and analytieghod to measure the
concentration of reactive organic compounds inpttesence of ozone.
Please refer to paper I.
2)Quantify the ozoneftterpineol surface reaction kinetics on polyvinglaride, glass,
and latex paint surfaces using a bench-scale reastbmathematical modeling.
Please refer to paper II.
3)Quantify the ozone/dihydromyrcenol surface reackioretics on polyvinyl chloride,
glass, and latex paint surfaces using a bench-seattor, and evaluate and compare these
kinetics in a room-sized chamber equipped withxlg@inted wallboard.
Please refer to paper lll.
4)ldentify some of products of heterogeneous sunfaaetion between ozone and two
terpene alcoholsxfterpineol and dihydromyrcenol)

Please refer to paper IV.
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PAPER

I. Dynamic solid phase microextraction samplingriaictive terpenes in the presence of

ozone

(Talanta, 2010, 82, 1884-1891)
SHI SHU AND GLENN MORRISON*
Department of Civil, Architecture and EnvironmerEagineering, Missouri University of
Science and Technology
*Corresponding author phone: (573)341-7192; e-ngain@mst.edu;

Fax: (573)341-4729

ABSTRACT

Dynamic gas sampling using solid phase micro-elitaSPME) was evaluated for
recovery of reactive terpenes and terpenoids iptésence of ozone. For limonene,
a-terpineol and dihydromyrcenol in the 20-60 ppbyearthis method achieves > 80% recovery
for ozone mixing ratios up to 100 ppb. Both thearkpental results and a model analysis
indicate that higher ozone concentrations and loagmpling times result in lower percent
recovery. Typically greater than 90% recovery apl level method detection limits were
achieved with a 5 minute sampling. Increasing kbwriate from 100 sccm to 400 sccm flow (5
to 20 cm 8) through the active sampler did not significarffect sensitivity or recovery in

most cases, probably due to negligible mass-traimsfgrovements. The recovery for each
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compound improves when sampling from a mixtureitdéient species than that from a single
compound sample. This may be due to competitiomZone amongst adsorbed species.
Dynamic SPME sampling can improve detection anchtijigation of terpenes in reactive
environments, especially for low vapor pressurérggnHg at 25°C) compounds that can be

lost to ozone scrubbers used in other methods.
KEYWORDS

SPME, terpene, ozone, recovemterpineol, dihydromyrcenol
1. Introduction

Quantification of the concentration and emissidesaf biogenic terpenes and
terpenoids is important for both atmospheric anlar air quality research. Biogenic terpenes
such as isoprene and pinene contribute to the tawmaf photochemical oxidants and
aerosols in the atmosphere [1,2]. In recent sinarat Curci et al. [3] estimated that biogenic
VOCs contribute to, on average, 5% of ozone maxivea Europe, but 15% or greater in some
urban areas. In buildings, ozone reactions witaturated terpenes can generate
formaldehyde, aerosols and irritants [2,4-6]. Mé&mpenes are present at much higher
concentrations indoors relative to outdoors, bez#lusy are widely used as fragrances and
solvents in cleaning products, air fresheners,p@rdonal care products [4,7-9]. Thus
quantification of terpenes in either environmertdrigcial for understanding and predicting the

concentrations of the products of this chemistry.
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In both indoor and outdoor environments, ozoneathdr oxidants coexist with
reactive terpenes, making measurement problenfdtiiough smog levels have improved,
outdoor urban ozone concentrations can still nssr @00 ppb [10]. Indoor ozone
concentrations tend to follow outdoor concentratjand are between 10 and 70% of outdoor
levels [11]. Even the lower indoor concentratioh®zone can interfere with the
measurement of terpenes [12]. Analytical methodsdbllect and concentrate compounds on
surfaces may be especially prone to recovery pnobi€ozone is not removed prior to
collection. Unsaturated compounds attached or sdibsurfaces tend to react rapidly with
ozone. For example, Stokes et al. [13] showedalsatface bound unsaturated organic such as
1-pentene can react with ozone at rates nearlyofigters of magnitude faster than it would in
the gas phase. Surface conversion rates may berelated to the orientation and availability
of double-bonds rather than to the gas-phase f¢s As surface coverage of the terpene
increases, the rate of terpene-ozone reactionsaserand recovery suffers. Relative to higher
volatility terpenes, reduced recovery would als@bgcipated for lower volatility or polar
terpenes with higher equilibrium surface coverage.

Evidence for this effect has been observed duhiegbllection of terpenes on sorbent
surfaces [15-17]. Tenax, Carbosorb, and other stska@e widely used to collect and
concentrate gas-phase compounds for thermal desgrpeparation and quantification by
GC-MS or other methods [18]. At the inlet of a srbcartridge, analytes rapidly approach

equilibrium surface coverage (maximum for thosedithons) and are exposed to ambient
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concentrations of ozone during the entire duradiosampling. Surface conversion rates are
thereby maximized in the inlet region. Several atgh15,19,20] have shown that when ozone
is present, reactive terpenes degrade during sagngti Tenax, reducing recovery. Calogirou
et al. [15] showed that recovery was reduced faelovolatility compounds, polar oxygenates
and compounds with multiple unsaturations. Seveethods, such as adding an ozone trap
before the sorption tube [21-28] or adding trartsdBene to the sample gas as ozone scavenger
[29], have been developed to overcome this problémvever, lower-volatility and polar
terpenes tend to adsorb to traps, again reductoyeey [15]. The addition of scavenger gases
increases the complexity and cost of sampling. @ada et al. also improved recovery by
reducing the total sample time, thereby reduciregotone-terpene contact time on the sorbent
surface. However, even for very short sampling §ng@me terpenes still exhibited low
recovery (<50%) due to their very high reactiore natth ozone on the surface of the sorbent.
Solid phase micro extraction (SPME) is widely usednalysis of organic compounds
in both air and water [30-33]. By concentratingbstes into a thin layer of sorbent material,
SPME combines sampling, extraction, and concentratind does not require a solvent for
sample introduction and analysis [34]. While itnmon to use SPME as an equilibrium
sampler, a potential advantage of this methodasititan be applied such that the sorbent
material surface does not reach equilibrium withdhs. The surface coverage of the analyte is
minimized, reducing the average rate of ozone-texmellisions. Researchers have studied

SPME sampling of low-reactivity aromatic compouirdthe presence of ozone [35] and also
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verified that the SPME fiber will not be affecteddamaged when the ozone mixing ratio is as
high as 1000 ppb. Several ozone-terpene kindiickes have used SPME in the presence of
ozone to detect terpenes [36, 37]. Harrison ¢B&].measured ozone-citronellal kinetics using
a polydimethylsiloxane divinylbenzene (PDMS/DVBted SPME fiber in the presence of
0.3-0.5 ppm citronellal and 0.05-0.15 ppm ozone eijglicit determination of how ozone
would affect recovery was reported, but kinetiafesswith reference terpene compounds
suggested that ozone did not significantly impacbwery.

In an effort to improve terpene measurements iotreaenvironments and eliminate
the need to trap ozone or introduce other spegteghe collecting media, we have evaluated
the impact of ozone on terpene and terpenoid regone dynamic SPME sampling system.
Our objective was to identify conditions, suchtas $ampling time, that result in good

recovery and sensitivity.

2. Experimental

2.1 Reagentsand supplies

(R)-(+)-Limonene, dihydromyrcenol (DHM), tetrahydngrcenol (THM),
a-terpineol, citronellal, (1R)-(+}-pinene, (1S)-(+)-3-carene, linalyl acetate, lwdl and
B-citronellol were obtained from Sigma Aldrich (&auis, MO) at the highest purity available.
They were chosen to represent volatile and senaitd®kerpenes and terpenoids with high and
low reactivity. The vapor pressure and gas phaseereaction rates are listed in Table 1.

THM is fully saturated and not expected to rea¢hwione. It is used as a control and an



30

internal standard for sampling in the presencezohe. Supelco StableFlex™ SPME fibers
(65um PDMS-DVB coating; manual holder) were obtdifrem Sigma-Aldrich (St. Louis,

MO).
2.2 Experimental apparatus

A sketch of the apparatus used to produce the gaamnis shown in Fig 1. A Parker
Balston (Haverhill, MA) zero air generator was usedeliver clean air to the system, and
MKS (Crewe, UK) flow controllers were used to cahthe flow at desired rates. In this study,
the relative humidity of the gas mixture was 50%udibexperiments. Ozone was generated and
monitored by a Dasibi (Glendale, CA) ozone generamal monitor. The ozone concentration
in the gas standard was controlled by adjustingtiage to the UV lamp in the ozone
generator. To minimize the extent of analyte-oz@aetions in the gas phase, ozone was
introduced through a port 10 cm upstream of thepliagnport, for a residence time of 0.1 s
prior to reaching the SPME fiber. Terpenes wereegaed using a temperature controlled
flow-through system consisting of diffusion tubesaiglass reservoir. A range of diffusion
tube sizes (diameter and length) were used to aiffj@soncentration of terpenes. The
temperature was maintained at 25.0 + 0.5°C fagderiments. The concentrations of terpenes
were measured in the absence of ozone using thelesatption tubes (Markes International
Ltd., Llantrisant, UK). To verify that the conceaion of the gas standard was stable during
experiments, a standalone SRI (Torrance, CA) flimization detector (model 110) was used

to draw a sample from the exhaust at 80 sccm argighal was recorded.
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2.3 Dynamic sampler

A 3/8 inch (95 mm) stainless steel compressioliSaeagelok, Solon, OH) was used as
the main body of the SPME sampling device (Fig 2anodified Teflon Mininert valve body
(Supelco, Bellefonte, PA) with a septum seal wasiited into the tee to center and stabilize
the SPME needle. The two other ports of the teewsed as the gas inlet and outlet. The flow
rate through the dynamic sampler was controlleédd8tsccm or 400 sccm, by a flow controller
attached to vacuum. To sample, the SPME fiber wseried through the valve and exposed
(parallel) to the flowing gas mixture (Fig 2b). Ebging the fiber to a flowing stream reduces
the sampling time by decreasing the boundary Ieggstance to mass transfer [42]. The
dynamic sampling device was placed in a temperatmé&olled cabinet maintained at

25.0+0.5°C.
2.4 SPME/GC/FID

Each SPME sample was analyzed immediately afteplsacollection. An Agilent
6890 gas chromatograph with a flame ionizationaet GC/FID) was used in this study. For
SPME fibers, a liner with a 0.75 mm inner diametes used in the injection port. The
injection port was maintained at 250°C for fastapson in splitless mode. The SPME fiber
was retained in the injection port for 5 minutessiAgle fiber was used repeatedly for all
experiments. A HP-5 capillary column (30.0mx3200mi25um film thickness) was used
under 8 psi constant pressure. The oven tempenamne was 50°C to 250°C at a rate of

20°C/min. FID detector temperature was set to 250He total run time was 10 minutes.
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2.5 Calibration of thermal desorption tubes

The concentrations of terpenes were measured iabbence of ozone using thermal
desorption tubes filled with Tenax-TA (Markes, Liasant, UK), thermal desorber (Markes,
Llantrisant, UK), and Agilent 6890 GC/FID systeb8]. The standard solution was prepared
by dissolving a small amount of each terpene intthianol. The solution concentration of the
9 terpenes ranged from 20.6 — 23.3uhg/To develop a gravimetric calibration curve fdd T
tubes, different volumes of the standard solutid) @0, 40, 8QL) were injected into 5
different TD tubes, purged with high purity nitrog® drive off methanol, and injected and
analyzed on the GC/FID system. To verify the tegpeoncentration in the dynamic sampler,
gas (without ozone) was drawn through a TD tuld®@tsccm for 10 minutes. Triplicates were
used to ensure the accuracy of the sampling. RegWtD peak areas were compared against

the gravimetric calibration.

3. Procedures

3.1 Internal standard

THM was chosen as an internal standard sincesdtigrated and not expected to react
readily with ozone. To ensure that THM itself does react with ozone, the peak areas were
compared for THM at 80 ppb, with and without ozen&80 ppb (an arbitrarily large value).
Five replicates were collected at each conditioangusvo sampling times (5 and 30 minutes).

During all other experiments, THM was maintained&ippb as an internal standard.
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3.2 Competitive adsor ption with internal standard and reaction products

It has been reported that analytes compete with edner for adsorption sites on
SPME fibers that contain divinylbenzene [42]. Oztemgpenoid reaction products may also
compete with the reagents. The effect of potentiaipetitive adsorption between the analytes,
internal standard, and ozone reaction productst@sied using gas mixtures containing
limonene only, limonene with 18 ppb THM, and limaeewith 18 ppb THM and 100 ppb
ozone. Sampling time ranged from 2 minutes to 98tutas. Two limonene concentrations
were used for each condition (17ppb and 29ppb)e lded throughout, terpene concentrations

were chosen to reflect the low-ppb range (< 100 tipdt may be observed in buildings [43].

3.3 Effect of ozone concentration, sampling time and flowr ate on recovery of individual
analytes

For this recovery assessment, the gas mixture io@ata single compound
(d-limoneneg-terpineol or DHM), the internal standard and/oormz The sample was
collected for sampling times ranging from 2-30 ntewuat O, 30, and 100 ppb ozone, at a high
and low terpenoid mixing ratio, and at a 100 an@ gk&cm sample flowrate (equivalent to mean
velocity in the sampler equal to 5 and 20 chresspectively). The high and low mixing ratios
(ppb) for each terpenoid were as follows: d-limamét7, 29)p-terpineol (15, 48), DHM (18,
45). The SPME fiber was also exposed to cleanraircagone to test for any coating specific

reaction products.
3.4 Effect of ozone concentration and sampling time on recovery of multiple analytes

The following gas mixture was generated and the EiP&dovery evaluated with 0, 30,

and 100 ppb ozone: 51 ppb pinene, 60 ppb carengpld6monene, 39 ppb DHM, 39 ppb
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THM, 35 ppb citronellal, 17 ppb terpineol, and Jgbginalyl acetate. The flow rate was 100

sccm and samples were collected for times rangmg R to 30 minutes.
3.5 Qualitative sor ption-reaction model

A model was developed to evaluate the qualitativeachics of sampling in a reactive
environment. During the early period of samplirigg toncentration near the surface of the
SPME film is very small relative to the mean gasasmtration [42]. The concentration at the
surface is at equilibrium with this near-surfaca@ntration, but the inner pores of the DVB
may not be at equilibrium. At the concentrationsespenes used in this study, the surface
density of terpenes is low and the ozone-terpeagtion rate at the surface is negligible. We
also apply the reasonable assumption that ozorerduaeact readily with PDMS or DVB.
Therefore, the ozone concentration adsorbed teutace is constant and proportional to the
measured gas-phase concentration. Finally, théioeaaf ozone with the surface bound
terpene is first-order in each of the reactantsapglying a mass balance, the rate of mass
adsorbed per unit area of fiber surfaog)(equals to the adsorption rate minus the desarptio

rate and the loss rate due to reaction. The medetpressed in Equation 1.

dmA
dat

= v (4 — (%+K2KEK53C03) my (1)
A

where v,is the transport limited deposition velocity (exgsed in terms of boundary layer

thickness and diffusion coefficient by Koziel et[@?]), C, and C,; are the concentration of

analyte and ozone in the gas sample, respectiiiglyand K5, are adsorption equilibrium

constants for the analyte and ozone, respectivela is the rate constant for the
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ozone-analyte reaction on the fiber surface. Tls®iadion equilibrium constant is defined as
the gas phase concentration divided by the equifibralue ofma. The following expressions
are constant:
A=v,C, (2)
B =:—§+K2K£Kg3cog (3)
For an initial adsorbed mass equal to zero, Egudfipcan be solved and simplified:
my =7 (1—e™) (4)
This qualitative model predicts that as samplinggtincreases, analyte percent
recovery is expected to diminish. Also, Bsincreases the mass on the fiber reaches
equilibrium more rapidly, but the equilibrium masdarger and recovery will be higher.
Therefore, a flowing sampler operated for short@arg time periods (time-weighted
sampling) may be more advantageous for samplimgdative media than a static sampler

operated for long time periods. Equilibrium samglmesults in the lowest possible recovery.

4. Resultsand discussion

4.1 Internal standard

THM recovery averaged 100% + 7% in the presen@zohe under all conditions and
was therefore considered to be a suitably non-keatternal standard for this study. No

products of a reaction with THM were observed.
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4.2 Calibration of Tenax sorption tubesand SPME

The Tenax sorption tubes calibration curves exéibgood linearity (Rvaried from
0.9942 to 1 for different compounds) in the ranf@ ©~2500 ng. The instrumental detection
limits varied from 15 - 25 ng. The detection limits dynamic SPME sampling and GC/FID
analysis depended on the SPME sampling time. Bamaute sampling time, the detection
limits varied from 1.6 — 5.8 ppb for different comymnds. Reproducibility for all compounds

evaluated was 5% or better.
4.3 Competitive adsor ption with internal standard and reaction products

In Fig. 3 are shown the results of competitive apison experiments with limonene,
THM and (potentially) ozone reaction products. #ery long sampling times, THM
significantly reduces the mass of limonene collécte the SPME fiber. Competitive
adsorption was not significant for sampling timessl than 10 minutes. For lower-volatility
compounds (terpineol and DHM), we observed no &t competition up to 30 minutes.
Therefore, up to 10 minutes, any observed reduatiohe recovery of limonene and species
with similar or lower vapor pressures, is likelyedo reactions and/or competition with
reaction products. A reduced recovery of limoneas wbserved in the presence of 100ppb
ozone and the reduction increased with increasangpte time (Fig. 4). This corresponds
qualitatively with anticipated mass reduction do@ tombination of 0zone reactions reducing
limonene concentration on the surface and reagptioducts competing with limonene

adsorption. Since the contact time of limonene@ahe in gas phase is less than 0.1 second,
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reaction products generated by gas-phase reaetiensot likely to influence recovery. No
reaction products were observed for the reactiarzohe in clean air with the coating on the

fiber.
4.4 Recovery of single compound

Shown in Fig. 5 are normalized FID responses fohegt of conditions (low
concentration low flow, high concentration low flosnd high concentration high flow) for
d-limonenego-terpineol, and DHM. The curves qualitatively matohdel predictions: 1)
under the same conditions (terpene concentrafiow,riite, and ozone concentration), longer
sampling times results in lower recovery, and ghkr ozone concentrations result in lower
analyte mass accumulated on the fiber if other itimm$ (terpene concentration, flow rate, and
sampling time) are the same.

Recoveries are shown in Fig. 6. Overall, the repox@nges from 65% to 115%. For
10 minute sampling at 100 ppb ozone, recoveriese w80% or better. For 5 minute sampling
at 30 ppb, recovery was generally not significafdlyer than 100%. Thus, this method is
sufficient for quantification of reactive semi-vola compounds, even in the presence of
ambient ozone levels. Interestingly, although lieoa has a gas phase reactivity that is 300
times greater than that of dihydromyrcenol, thevecy of limonene is very similar to the
recovery of DHM for the same sampling conditionisug, the method appears to be fairly
robust for a both low and high reactivity terpersoiecovery is reduced as the ozone

concentration increases and (usually) as samphmgincreases.
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We observed higher velocity does not significairityrease mass accumulated on the
fiber, except in the case of terpineol (Fig. 5)efidfore, the mass transfer coefficient did not
significantly increase over this range. This waserted by Koziel et al. [42], but for a
somewhat higher velocity system and for perpendicilibw. The apparent difference in
terpineol uptake with increased velocity was repuiole but a satisfactory explanation is not
apparent. The difference in mass-transfer chaiatitedue to slight differences in diffusivity
is not likely to have a significant impact @n

Increasing the flow rate from 100 to 400 sccm duassignificantly increase the
recovery except, perhaps, in the case of DHM. IIMDkad a significantly larger adsorption
equilibrium constant<sF, v would more strongly influence recovery (EquationHowever,
this does not appear to be the case as equilibriass uptake on the fiber is similar for
terpineol and for DHM. As the present conditionsutein adequate recovery, we did not
operate the system at a lower flowrate. Howeveramte&ipate that recovery would be

somewhat reduced for a much lower flowrate, asipred by Equation 4.
4.5 Multiple compoundsin the presence of ozone

Shown in Fig. 7 are normalized FID responses fdividual compounds in the
multiple compound mixture. For the higher volajildiompounds (pinene, carene, and
limonene), the adsorption profile is not linear $ampling times greater than 20 minutes. This
is likely due to the competition for the adsorptsites with the other, lower volatility,

compounds.
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Recoveries for individual compounds in the multiptenpound mixture are shown in
Fig. 8. In the presence of ozone, the recoveridisnahene, dihydromyrcenol, and terpineol in
the mixture are higher than their recoveries indingle compound samples. At a high
adsorbed surface density, reactive compounds capete with each other for ozone and,
potentially, improve recovery for individual compuals by spreading out reactive losses
across all adsorbed species. All else being equatie of the lower-volatility species (smaller
adsorption constant) will be present on the filvet aut-compete the higher-volatility species
for ozone. Amongst the lower-volatility speciessgunase reactivity appears to correlate
roughly with recovery. At 100 ppb ozone, DHM, extslsignificantly higher recoveries than
terpineol, citronellal or linalyl acetate which leagas-phase reactivity approximately 100
times greater than DHM. This competition and imgebvecovery is not anticipated to occur
for very low gas-phase terpene concentrationswepfab). Low adsorbed surface density on
the SPME fiber would reduce ozone uptake, resultifggher near-surface ozone
concentrations and higher relative rates of termeamdation on the SPME fiber. The recovery
of pinene and carene (Fig. 8) was not affectechbydisplacement phenomenon shown in Fig.

7.
4.6 Sensitivity and detection limit in the presence of ozone

Because of the improved mass transfer conditionsamic sampling is more sensitive
than static sampling for the same time-weightedaniag period [44]. The method detection

limit was estimated based on twice the standardchtlen of the peak areas of the lowest mass
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injection by SPME. For the eight compounds studhetthe presence of ozone, the MDL
ranged from 1.6 — 5.8 ppb for a 5 minute samplimg t and the presence of 30 or 100 ppb

ozone does not affect the MDL significantly.
4.7 Effect of relative humidity

The effect of humidity was not evaluated in thise@ch. Equilibrium mass collected
by SPME can be influenced by relative humidity [45PME sampling of BTEX was not
affected by the relative humidity when the humiditgs lower than 45% [46]. For
time-weighted sampling, and short sample timesgkepbn the fiber is transport limited and
relative humidity is not anticipated to significhnalter the results. However, polar terpenoids
such as terpineol and DHM are alcohols and strotegactions with water may influence
equilibrium partitioning k¥ in Equation 1). The quantity of water on the fibeay also
influence the rate of the reaction with ozone aistridution of products generated.

The application of SPME for rapidly quantifying g@isase concentrations of reactive
terpenoids in the presence of ozone was demorcstie observed good recovery for
environmentally relevant concentrations, even engresence of 100 ppb ozone. Properly
applied, this method improves upon recovery usiog-through sorbent samplers and
eliminates the need for ozone traps or scavengssgaHowever, if sampling conditions are
favorable for surface reactions, ozone and othetamits can consume reactive terpenes
adsorbed onto the SPME fiber resulting in poor vecp Interference may also result from

accumulation of reaction products on adsorpticgssih the SPME coating.
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Table 1. CAS #, purity, vapor pressure, and gasgbaone reaction rates of terpenes

Vapor Pressure  Gas phase ozone reaction

Chemical Name CAS# Purity at 25°C*(mmHg) rate (cnimoleculé's?)
Limonene 5989-27-5 97% 1.45 6.40E216
Dihydromyrcenol 18479-58-899% 0.124 <2.00E-18
Tetrahydromyrcenol 18479-57-7 95% 0.114 (anticipated ~ 0)
Terpineol 98-55-5 96%  0.0196 * 3.00E416
Citronellal 106-23-0 93% 0.254 2.40E°16

Pinene 7785-70-8 98%  4.54 8.20E%17

Carene 13466-78-999% 2.09 1.20E-1%

Linalyl acetate 115-95-7 97% 0.131 4.30E'16

a. Vapor pressures are reported as the mean ofagst values by Antoine and Grain
methods, except for terpineol, whose vapor pressugstimated by modified Grain methods.
All of the values are calculated by EPI Suite [38].

b. Measured value. [39]

c. Measured value. [40]

d. Measured value. [41]

e. Measured value. [36]

f. Estimated value by using AOPWIN module in EPit&{38].
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Abstract

Low volatility terpenoids emitted from consumer gwots can react with ozone on
surfaces and may significantly alter concentratimingzone, terpenoids and reaction products
in indoor air. We measured the reaction probabiityd a second-order surface-specific
reaction rate for the ozonationwiterpineol, a representative indoor terpenoid, dusib onto
polyvinylchloride (PVC), glass, and latex paint mhsphered he reaction probability ranged
from (0.38 to 6.75)x10 and was sensitive to humidity, substrate and ragssrbed. On
average, ozone andterpineol are about 10 times more likely to remith each other on these
surfaces than they are in the gas phase. The secdadsurface-specific rate constant ranged
from (6.20 to 33.1)x1® cm s* molecule' and was much less sensitive to conditions or
substrate. Combined with surface areas and airaggehrates typical of indoor environments,
the rate of heterogeneous ozonatioru-@érpineol is predicted to be comparable to that fo

homogeneous ozonation.
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Introduction

Ozone reactions with organic compounds on indodases result in lower ozone and
higher product concentrations in buildings. Unsatienl oils used as lubricants in the
production of carpet yarn make carpet one of thetrmpone-reactive surfaces in buildings (1).
Cooking oils and cleaners leave organic residusscdn make counters and floors as, or more,
reactive than carpet (2,3). Skin oils on cabinatet and clothing were shown to be
responsible for at least half of the ozone consudugthg simulated aircraft experiments (4).
These reactions generate a host of oxidized orggecies including aldehydes, ketones, and
carboxylic acids (1,2,4,5).

Volatile compounds may also increase surface naggctat least temporarily. Many
studies have shown that homogeneous ozone reautittnterpenes and related compounds
increase indoor concentrations of formaldehydgairts and aerosols (6). However, there are
some indications that heterogeneous ozone-terganéions may also be important. Based
on the results of ozone reactions with dried cleaesidues, Destaillats et al. (7) and Singer et
al. (8) attributed ozone consumption and produchétion, in part, to chemistry with
unsaturated species remaining on surfaces. Oaidafivolatile terpenes on heat-exchanger
surfaces was inferred from larger-than-anticipaiaaversion rates (9). Even Teflon surfaces

may support ozone-terpene reactions (10,11).
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The results of these studies are primarily qualéaior provide relative reactivity
information. While detailed models of indoor chetmidiave been developed (12), they do not
include individual heterogeneous reactions duel&elaof kinetic and yield data. Yet the
impact of adsorbed organics could be substantied.rate of ozone reactions with
surface-bound, unsaturated, organics can be stiaditahigher than the heterogeneous
reaction. For example, the reaction probabilitydgclohexene, functionalized to ensure its
attachment to a glass surface, was shown to b&r@66 greater than for the gas phase reaction
(13). However, it is not clear how these valueslmamised to predict conversion rates on real
indoor surfaces.

Enhanced reaction rates and high surface loadioigs$ o substantial surface
reactivity. Based on a combination of adsorptiathierms and conversion rates, Springs and
Morrison (14,15) observed that th#ectivereaction probability for ozone reacting with
terpenesA-carene and d-limonene) adsorbed to glass andipglgiloride (PVC) beads was
10-100 times greater than that for the homogenezation. When combined with the
observation that more than half of the mass of\talatile terpenes (d-limonene aapinene)
partitioned to surfaces in a furnished room, cosigerrates at surfaces may be even greater
than in the gas-phase.

Since less volatile terpenoids, such as terperdals, will partition to indoor surfaces
to a greater degree than those studied by SprmtyMarrison, we seek to quantify the impact

that a terpene alcohol can have on ozone readtes with surfaces relevant to indoor
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environments. Specifically, we quantify an areaesifiesecond-order reaction rate coefficient,
ko, associated with the ozonekrpineol reaction on three surfaces relevanmdoor
environments (glass, polyvinylchloride, and latexnp). This coefficient can be used to
estimate the relative impact of heterogeneous crnpene reactions on indoor air
concentrations of both ozone amderpineol. Further, this quantitative analysis saprove
existing indoor chemical models by directly relgtindoor terpenoid concentrations with the
resulting enhancement in surface conversion reifesalso quantify a minimum effective
reaction probability associated with these reastion

We have chosen as a representative reactant 1-rdeibgpropyl-1- cyclohexen-8-ol
(a-terpineol), naturally occurring monoterpene aldgstructure shown in Figure 1). Itis
extensively used in fragrances for bath preparafisoaps, detergents, polishes, and other
household products (16) and was observed to beighest emitting terpene alcohol from a
general purpose cleaner (17y-Terpineol has a low vapor pressure (~2.6 Pa & 25°
estimated using EPI suite, 2010) (18) and is tloeedikely to exhibit substantial sorptive
partitioning at equilibrium (19,20). The bimolecutate constant for the gas phase reaction
between ozone andterpineol (21) is among the highest reported éamted compounds of

indoor interest.

M ethods

Materials a-Terpineol £96%, FCC, Kosher, FG) was purchased fisigma Aldrich

(St. Louis, MO, USA). Polyvinyl Chloride (PVC) beadiere purchased from Engineering
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Laboratories Inc. (Oakland, NJ, USA). The diametard other parameters are found in Table
1. The soda lime glass beads were purchased at ®&ecialty Products, L.L.C. (Rolla,
MO, USA). Latex paint (American TraditiBncolor coding 4007-9A, sky blue, flat) was
applied to ceramic (zirconium silicate; Ceroglass) beads and cured for more than 4 years,
to provide Latex paint surface. 5 L Pyrex bottlethwolypropylene plug-seal caps were
purchased from Fisher Scientific (Pittsburgh, PSA). A mini-nert valve with 1/8" male NPT,
purchased from VICI Precision Sampling (Baton Rouge USA), was customer-modified

and attached to each cap.
Analytical Stainless steel sorption tubes packed with TenaXMarkes,

Llantrisant, UK) and Solid Phase Micro Extract{@PME; 65um PDMS-DVB Coating
StableFlexTM; Supelco) were both used as sampleapation methods for conventional gas
chromatography with flame ionization detector (GID)Fdetection ofu-terpineol. Tenax-TA
tubes were used to quantify the concentrationrpfrieol at the exhaust of each reactor. 4 liters
of exhaust gas were collected over 20 minutesater thermal desorption and analysis by
GC-FID. Tenax tubes were also used to verify thegwd vapor-phaseterpineol injected by
syringe into adsorption bottles. Tenax tubes walibdm@ted by applying a known mass of
a-terpineol, diluted in methanol, to sorbent, evapiog the solvent, and thermally desorbing
and injecting the terpineol into the GC-FID.

In bottles used to conduetterpineol adsorption experiments, SPME was used to

guantify the gas phaseterpineol concentration. Because the fiber willyadsorb a small
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amount of the analyte (usually tens or hundredsaabgrams), SPME is especially useful
when there is only a small amount of analyte, oemvthe concentration is low. The SPME
fiber was exposed to the gas for 5 min, and thémpaia GC injection port 240°C for 5 min to
desorb all thei-terpineol. The SPME fiber removes less than 1%hetotal mass of
a-terpineol in the sorption bottle. SPME was calibdaby comparison with Tenax-TA results
of the same gas mixture.

An HP6890 GC-FID with an HP 5MS column was usedrtalyze samples collected
on both Tenax-TA tubes and SPME fibers. The cagéerflow rate was 20 dmin™. The
initial oven temperature of 100°C was increase25@°C at a rate of 35°C minThe method

detection limit was 5 ppb for Tenax-TA tube anadysnd 1 ppb for SPME analysis.
Adsorption Apparatus and Procedure o-Terpineol adsorption experiments

were carried out using a series of the 5 L Pyrdaddsowith customer modified caps. The
bottles and caps with valves were washed by methansed by ultra high purity water and
then dried at 80°C for at least 24 hours beforé experiment. Adsorption experiments were
carried out in a temperature controlled chamb@58€C, and at three relative humidity
conditions (20%, 50%, and 80%). To generate theatbhumidity, each bottle was flushed
with high purity nitrogen gas for 30 min at 1.0 linh, The humidity was controlled by
sparging a fraction of the flow through high pusitgter.. For each relative humidity condition,
beads (PVC, glass, or painted) were added to depayaex bottles, and two replicates were

carried out at the same time. Two empty bottlesewssed as controls. The geometric surface
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area of PVC, glass, and painted surface were 381714000 crf, and 1565 crespectively.
The inner surface area of each Pyrex bottle wasiattd to be 1738 ¢mTo inject a small
amount ofo-terpineol, headspace gas was drawn from a 1L Bostand bottle containing
undilutedao-terpineol (96%). This bottle was maintained at@%ahd the resulting headspace
concentration of (2.0 + 0.2)xF@ L™ was verified by Tenax-TA tube analysis. A 5 mLtigigt
syringe was used to draw theerpineol gas from the 1L bottle and to injeghtb the 5L
Pyrex bottles. After the gas was injected, botttese rotated on a tumbler at 7 rpm for 10
hours to allow the-terpineol to uniformly adsorb to bead and bottidaces. In separate
experiments, no change in concentration was obdexfter 8 hours; therefore, 10 hours was
considered sufficient time for equilibrium. SPMEsataen used to measure the concentration
of a-terpineol in each bottle . This procedure was agguk(injection, tumble, sample) until the
final concentration in the bottle was at least b.feach combination of humidity,

concentration and surface was repeated at least onc
Ozone Reaction Apparatusand Procedure The apparatus used to measure

ozoned-terpineol reaction rates on surfaces is showrignre 2. A zero air generator
(Parker-Balston) supplied clean air to the systma, flow controllers (MKS) maintained the
flows at desired rates. A saturateterpineol water solution was continuously injecite the
gas flow with a syringe pump and the resulting emtiation was verified using Tenax-TA tube
analysis. Ozone was generated and monitored udiasg#i UV photometric ozone analyzer.

The humidity of the reactor stream was controllg@djusting the ratio of dry and humidified
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air flow rates. The humidifier and the reactor wera@ntained at 25°C in a temperature
controlled chamber (shown by dashed line in Figyre

Two plug flow reactors were used in different plsaskthe experiment. A 25 cm long
glass reactor with an inner diameter of 1.1cm imli@meter was used to measure second-order
reaction rate coefficients and reaction probabgitiThe total volume and (geometric surface
area) were 20 chylass beads (800 én 20 cni PVC beads (473 ¢ty and 20 cripainted
beads (313 cA). A larger 50cm long Teflon reactor with an indémeter of 1.8 cm was used
to measure the background reactivity of the belaatswas then used to determine the
minimum ozonel-terpineol reaction probability on the surface. fmse experiments, the
total volume and surface area of were 100 ghass beads (4000 120 cni PVC beads
(2838 cmi), and 120 crhpainted beads (1878 én

Before each experiment, the beads were ultra-stauidar 30 min in high purity water
to clean the surface and dried in the oven at 56f@t least 24 hours. The reactor was operated
with both ozone and-terpineol for 12 hours to allow a steady-statecemtration profile to
develop before concentrations were measured ailéteand outlet. At the concentrations used
in this research, a pseudo-first-order approacklébermining reaction rates was not possible.
Both the ozone an@terpineol concentrations diminish together andas necessary to
maintain inlet concentrations that were of simiteagnitude. Otherwise, one of the reactants

tended to become depleted. Therefore, the mixiigsraf ozone and-terpineol were within a
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factor of four of one another for each experim@&gpical inlet concentration pairs of ozone :

a-terpineol (ppb) were 4:1, 8:3, and 4:2.

Data Analysis

Adsorption Analysis The equilibrium surface concentration on beads was

determined by balancing the known mass injectethagthe gas-phase mass (SPME), mass
collected on the bottle surface (from control expents) and the remaining mass on the beads,
as shown in Equation (1).
Miotar = Abottie * Cspottie T Vgas * Cgas + Abeaas * Cspeads (1)
where M, iS the total mass of terpineol injected to eadti®¢g), A,y it aNd Apegas are
the surface area of bottle and beads3IprespectiveIy,CS,bome and Cpeqqs IS the
concentration ofi-terpineol on the surface of the bottle and bepdsch??), respectivelyV, s
is the volume of gas in each bottle nand Cyas 1s the gas phase concentration of
o-terpineol (ug cri).

The relationship betweanterpineol concentrations on the bead and bottiiases
and the gas phaseterpineol concentration, was expressed by a Fielmidotherm (best
general model for results obtained), as shown walqgn (2).
Cs,peads or bottle = K peads or bottie * C;as (2)
where C is the mass of adsorbeeerpineol normalized by the surface area of b¢aglsm?),
and C,4s s thea-terpineol mixing ratio in gas phase (ppb). In eeabe, K, and n are

derived from the nonlinear least-squares fit ofifagherms.
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Area-Specific, Second-Order Reaction Rate Constant To provide a usefybarameter

for evaluating the impact of indoor surface chemjste define the area-specific second-order
reaction rate constark; (cm molec' s) associated with overlying gas-phase concentrstio
Cosz andCyp, by Equation (3).
rate (molecules s™) = k,Cp3Crerp (A/V) (3)
where A/V is the surface-area to volume ratio (i@ teactor or other system where
mass-transfer does not limit transport and uptdilatioer reactant). This second-order rate
constant can then be used directly in indoor aaligumodels to estimate reactant product
fluxes at indoor surfaces.

To determinek,, we modeled the reactor as a plug flow reactoR(PFhe
concentration of both 0zone amderpineol change with distancg,along the bead-filled
region of the reactor and can be characterizeavbycbupled equations (steady-state). For the
glass beads experiment, the surface area of tee gdactor was included in the total surface
area, based on the assumption that the reactéh&éasme adsorption and reactivity

characteristics as the glass bead, as shown bytiqd) and (5).

dC03 Aglass
=—k C C e 4
dz 2,glass™~03 (2) terp (2) (Vreactor ) u) “
dCterp Aglass
—2T = —ky g1assCos (2) Ceerp (2) (L2 — ()
dz 2.glass™=03 terp (Vreactor ’ u)

wherek;, 4,4, is the second-order surface reaction rate on glasace (crfmolecule's™),

Agiass 1S the surface area provided by glass beads anedctor (€M, Viegetor is the volume
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of the bead-filled regions of the reactor fyu is the actual gas velocity in the packed bed (cm
s%), and C,5(2) and C,3(z) are the ozone andterpineol concentration respectively
(molecule cri?), since they are functions of positianSince measurement of low-volatility
terpenes by SPME or Tenax-TA is unreliable in thespnce of ozone (2,22,23), the loss of
a-terpineol is assumed to be equal to the ozone(logsstoichiometry) after accounting for
background ozone removal by reactor surfaces. pBase conversion of reactants is
negligible (<<1%) during the 0.6 s residence tirh¢he reactor.

For the glass reactor filled with PVC or paintedd® two different surfaces are
present. We use results from the glass bead expetsnand include them in equations 6 and 7

to solve fork, specific to PVC and paint.

dac, C V. u
d;3 — —(kZ,XAX kz_glassAreactor)C03 (Z) terp (Z)( eactor ) (6)
dac, C 1% 1 u
dterp (kz,xAX + kz_glassATeactOT) 03 (Z) Cterp (Z) (—) (7)
. I reactor °

where the k,, isthe second-order surface reaction rate on el or painted surfacd,

is the surface area provided by PVC or painted ©ie&d. ..o, iS the surface area of the glass
reactor. Equations 4 through 7 were solved numigriaad the resulting values &f were
adjusted to provide a best fit to experimentallgivel values of inlet and outlet

concentrations.
Minimum Ozone/e-Ter pineol Reaction Probability Equation (8) wasised to

calculate the reaction probability of ozone with thare surfaces.
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COS,in ) 4 Vreactor Q
<v >AbeadsLA.0

ysurface = (_ In (8)

C03,out
whereyg, rqce 1S the reaction probability of ozone associatéth whe bare substrate ( PVC,
glass, paint)Cy3 ;, and Cy3;, are the inlet and outlet ozone concentratiQris the total flow
rate, < v > is the Boltzmann velocity for ozone, which is 386m &' in this case (24)L is

the length of the bead-filled region of the reactdr is the cross sectional area of the plug flow
reactor, and is the porosity of the bead bed. A higher mixiatio of ozone (~850 ppb) was
used to allow for a measurable difference betw€gy,, and Cps oy -

For the glass beads/glass reactor data, the cochfiital) reaction probabilityy;o¢q:
can be expressed as a linear combination of réyotif/two surface sites (bare glass, and an
a-terpineol molecule adsorbed to glass) and asaitumof the position in reactar, as shown
in Equation (9).

Ytotal = Yeerpgiassfterp.giass(Z) + Vgiass[1 — feerpgiass (2)] 9)
where thef,..p g1ass(2) is the fraction of the surface area covered witarpineol molecules,
Yterpglass 1S the reaction probability efterpineol adsorbed on glass surface, gpds, is the
reaction probability of bare glass surface. Thetioaal coveragef;.,, giass » IS determined
by applying measured isotherms, assuming singleontdr adsorption (no stacking) and
smooth bead surfaces. Because beads are not srandthot all of the adsorbeeterpineol

will be available for reaction (in a pore or cowki®y other molecules), the reaction probability

determined is theninimumreportable value.
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For the PVC or painted beads experiments in thesgkeactor, the total reaction
probability, y;,:; Can also be expressed as a function of the positiceactor,z, as shown in
Equation (10).

Veotar = F [nem,xfterp,x (2) + ¥« (1 ~ Jterpx (Z))] +

(10)
(1 - F) [yterp,glassﬁ?erp,reactor (Z) + yglass(l - fterp,reactor (Z))]

whereF is the fraction of PVC or painted surface areatineddo the total area (PVC or painted
surface area plus the surface area of readt@r)x(z) andfierpreactor(z) are the-terpineol
coverage on the PVC or painted surface and reezspectivelyy erpx  andYierp glass are
the reaction probability ai-terpineol adsorbed on PVC or painted surface dsbkgurface
respectivelyy, andyg,ss are the reaction probability of bare PVC or pairgarface and
glass surface respectively.

The total surface reaction probability is evaludted similar manner as in Equation
(11) and (12), but must account for changes in batme and terpineol through the reactor.

dCOB _ _ytotal(z) <v >Asurface
dz 4u Vreactor

Co3(2) (11)

dCterp _ _Vtotal(z) <v >Asurface
dz 4u Vreactor

Co3(2) (12)
where the Ag,,rqce IS the total area of beads and the reactor, dret parameters are defined

previously.
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Results and Discussion

a-Terpineol Adsorption Theao-terpineol adsorption isotherms are shawn

Figures 3 a, b and c. Freundlich parameters (Equai are also shown in the figures. The
three different materials exhibit very differenterpineol sorption characteristics. Glass and
paint sorb approximately ten times mar&erpineol than PVC under the same conditions. The
relative humidity more strongly influencegerpineol adsorption on glass than on PVC or
paint. As the relative humidity increases, substdiptiessa-terpineol will adsorb to glass.

This may be because both water artdrpineol are polar and they compete with eackrdtr
adsorption sites on glass. Changes in relative tlityrdo not strongly influence adsorption on
PVC, perhaps because the surface is much lessthataglass. Interestingly, water appears to
increase the capacity of the painted surfacedft@arpineol. This is consistent with the
observations of other studies which found that spolar VOCs adsorption on some building
materials will increase along with the relative hdiby (25,26). In this case, surface water may
increase the polarity of the surface or even aflave-terpineol, as a somewhat soluble
alcohol, to dissolve into water that has condemsgures, as suggested by other works
(25,27). Overall, water appears to impact adsangtiosery different ways on each of these

surfaces.
Area-Specific, Second-Order Reaction Rate Constant  Figure 4 shows theesults

for the area-specific, second-order reaction ratest@ntk,. The value ok, ranges from 0.68

to 3.17x10" cm's*moleculé'. This relatively small range is surprising givee very different
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adsorption capacity of the three materials, andHervery different impact on capacity due to
differences in humidity. For example, at 40 ppterpineol and 50% RHk; ranges from
0.8-2.2 x10* cm*s*moleculé!, but the adsorbed mass is nearly 30 times higleenit area)
on the painted surface than on the PVC. Qualitigtike follows adsorbed mass concentration
(paint > glass> PVC), but the differences are sanadl do not reflect the quantitative
differences in adsorbed mass concentration. ExamgthRH can change adsorptive capacity
by an order of magnitude on glass and paint, tisdittle impact ork,. It appears that is only
weakly influenced by the adsorbed mass, but inggeatre strongly linked to the gas-phase
concentration ofi-terpineol. This suggests that the ozone reactisitiependent on the
interfacial activity ofa-terpineol, rather than the amount adsorbed.

The assumption that reactant flux is first ordeu-terpineol appears to be reasonable, for
the narrow range of gas-phase concentrations stuliecomparing the resulting flux agl
with concentration at each humidity, the reactioheo ofa-terpineol is ~1 for most conditions
and surfaces. To develop a more accurate reaatit®r,dhe concentration of both species

should be expanded to include several orders ohinate.

Minimum Reaction Probability Figure 5 shows the results for th@nimum

ozoned-terpineol reaction probabilityos rp AlSO sShown for comparison is the gas-phase
reaction probability (2.5 x 19 based on the reported (21) gas-phase reactiercoastant in
dry air. All measured values are higher than theeg#se value. The highest (PVC, 50% RH)

is about 25 times greater than that for the gasg@heaction. The large range of values is
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consistent with the observation that adsorptionasttaristics vary widely, but the surface
reactivity (characterized bg) does not.

Again, these values represent thimimummeasurable value, not an absolute reaction
probability. The model used to calculate the ozoterpineol reaction probability on surfaces
was based on the assumption thatdtterpineol molecules form no more than a monolayer.
This assumption may be valid when the fractionakcage is very small. However, at the
indoor-relevant concentrations used here, the addorterpineol molecules would cover ~
3% to ~ 30% of the geometric surface area. Thudtjsayer “islands” ofa-terpineol are
likely, and not alli-terpineol molecules are equally available for tisacwith ozone. Physical
barriers to reaction, such as adsorption deepnvgbres, further reduce the reported reaction
probability. The highest reaction probability ocstwr the lowest coverage (PVC), but even
this result is likely to be lower than the actualue.

The fact that ozone-terpineol reaction probabilities on surfaces argdr than that in
gas phase is consistent with observations fronr atinelies (14,15,28-30). Research on the
ozone reaction with vinyl-terminated self-assemistexholayers (SAMs) suggested that the
reaction follows the Langmuir-Hinshelwood mechan{2®,29,31,32). Instead of a
gas-phase ozone molecule colliding and reactiniy avgurface species, ozone is thought to
first adsorb to the surface and then react. THeréifice between the gas and surface reaction
probabilities may simply be that the actual reactiwechanism differs from the assumed

mechanism used to calculate the reaction proballiso, when a polar molecule like
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a-terpineol is adsorbed, the carbon-carbon doubhei®onay become more available for
reaction, due to less random molecular orientatidine molecules at the interface. (33,34).
Surface orientation and double-bond location cgniicantly influence rates of ozone

reactions with surface bound olefins (13).
Implicationsfor Indoor Air Quality The second-order surface rate constast,

defined in this research, can be used in combinatith building parameters to estimate the
relative importance of surface conversion ratesgasphase conversion rates. Wken
(cms'moleculé’) is multiplied by the surface to volume ratio (&nof the indoor
environment the result is directly comparable ®dghs phase bimolecular second-order
reaction rate coefficient (chs* moleculé'). For residences, Singer et al. (2007) found the
surface to volume ratio (S/V) to range from 0.0@®1046 crit. In combination with the
measured range for all materials in this stig§/Vis (2-15) x 13° cn®s*moleculé'. Thus, in
comparison with the bimolecular rate constant (¥% cn?s* molecule') (21), surface
conversion occurs at rates roughly equal, or mughen than the gas phase reaction. It is
striking that the range is relatively narrow despite observation that the surface mass
concentration ofi-terpineol varies substantially for these differsutfaces under the same
conditions.

It is not advisable to rely too heavily on thisrextolation to indoor environments with
“real surfaces”. Surfaces can be coated with watdts, particles and other organics that may

influence the apparent surface reactivitywgerpineol. The influence of “soiled” surfaces has
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not yet been established. Further, the second-catkecoefficientk,, was developed based on
the assumption that the background reactivity @digible compared with the resulting ozone
consumption by the ozone-terpineol reaction astiréace. However, brick and masonry
surfaces have high ozone-reaction probabilities3@5 even in the absence of adsorbed
reactants. Surfaces such as carpet or kitchen @suaite coated with oils (cooking, skin, etc.)
that increase the background reactivity of thostenads (1,2,5). In addition to being
inconsistent with the underlying assumptionggohighly reactive surfaces consume ozone at
rates that can be limited by external mass tramspsulting in an ozone-depleted boundary
layer. This in turn, would reduce the surface ozmpineol conversion rates relative to the
gas-phase rates. Low reactivity paint, vinyl atag surfaces are likely to 1) be most
consistent with the definition ¢¢ and 2) be the most important locations for thetieas of
sorbed reactants due to the lack of competitiorzane.

Allowing that surfaces significantly promote theoae-terpene reaction rate, any
differences in reaction products (gas-phase véaseireactions) may significantly impact
product concentrations in air and on surfaces.X@psing a surface manually coated with
a-terpineol, Ham and Wells (37) showed that unigumlpcts were formed on the surface and
that the distribution of products differed from sieadentified in the gas-phase reaction (21).
Further, surface reactions can also promote thadton of secondary organic aerosols (38),
and the yields may differ substantially from thaseasured for the gas-phase reaction alone

(39).



70

Acknowledgements

This material is based on work supported by theddat Science Foundation under
Grant No. 0238721. The author would like to thamkHbnglan Shi, research chemist in
Environmental Research Center of Missouri UnivgrsftScience and Technology, and Hong

Wang, former PhD student in our research grouptheir many valuable contributions.

Literature Cited

(1) Morrison, G.; Nazaroff, W. Ozone InteractiongshACarpet: Secondary Emissions of
AldehydesEnviron. Sci. TechnoR002, 36, 2185-2192.

(2) Wang; Morrison Ozone-Initiated Secondary EnsisdRates of Aldehydes from Indoor
Surfaces in Four HomeEBnviron. Sci. TechnoR006, 40, 5263-5268.

(3) Wang, H.; Morrison Ozone-surface reactionsvua homes: surface reaction probabilities,
aldehyde yields, and trendadoor Air 2010, 9999

(4) Weschler, C.; Wisthaler, A.; Cowlin, S.; Tam@&s, Stram-Tejsen, P.; Hodgson, A.;
Destaillats, H.; Herrington, J.; Zhang, J.; Nazhf Ozone-initiated chemistry in an
occupied simulated aircraft cabiEnvironmental Science and Technol@§97, 41,

6177-6184.

(5) Coleman, B. K.; Destaillats, H.; Hodgson, A.Nazaroff, W. W. Ozone consumption and
volatile byproduct formation from surface reactiavith aircraft cabin materials and clothing
fabrics.Atmospheric Environme2008, 42, 642-654.

(6) Weschler, C. Chemical reactions among indotiutamts: What we've learned in the new
millennium.Indoor Air, Supplemer2004, 14, 184-194.

(7) Destaillats; Singer, B. C.; Lee, S. K.; GundelA. Effect of Ozone on Nicotine
Desorption from Model Surfaces: Evidence for Hegereeous Chemistriznvironmental
Science and Technolo@06, 40, 1799-1805.

(8) Singer; Coleman, B.; Destaillats, H.; HodgsdnlLunden, M.; Weschler, C.; Nazaroff, W.
Indoor secondary pollutants from cleaning produnct air freshener use in the presence of
ozone Atmospheric Environme2006, 40, 6696-6710.

(9) Fick, J.; Pommer, L.; Astrand, A.; Ostin, Rilgdon, C.; Andersson, B. Ozonolysis of
monoterpenes in mechanical ventilation systeftsiospheric Environme2005, 39,
6315-6325.

(10) Fick, J.; Pommer, L.; Nilsson, C.; AnderssBnEffect of OH radicals, relative humidity,
and time on the composition of the products foringtie ozonolysis ai-pinene Atmospheric
Environmen®003, 37, 4087-4096.



71

(11) Pommer Oxidation of terpenes in indoor envinents, Department of Chemistry, Umea
University, 2003.

(12) Carslaw, N. A new detailed chemical modelifatoor air pollution Atmospheric
Environmen®007, 41, 1164-1179.

(13) Stokes, G. Y.; Buchbinder, A. M.; Gibbs-DavisM.; Scheidt, K. A.; Geiger, F. M.
Heterogeneous Ozone Oxidation Reactions of 1-Pen@yclopentene, Cyclohexene, and a
Menthenol Derivative Studied by Sum Frequency Gatier. Journal of Physical Chemistry
A 2008, 112 11688-11698.

(14) Springs, M.; Morrison Pittsburgh, PA, 2007.

(15) Springs, M.; Morrison Copenhagen, Denmark 800

(16) Nazaroff; Weschler Cleaning products andraslieners: exposure to primary and
secondary air pollutantdtmospheric Environme2004, 38, 2841-2865.

(17) Singer; Destaillats, H.; Hodgson, A. T.; NadB€Cleaning products and air fresheners:
emissions and resulting concentrations of glydokéet and terpenoidsidoor Air 2006, 16,
179-191.

(18) US EPAESstimation Programs Interface Suite™ for Microsoif@ndows, v 4.00United
States Environmental Protection Agency: Washingid, 2010.

(19) Singer, B. C.; Revzan, K. L.; Hotchi, T.; Hestdg, A. T.; Brown, N. J. Sorption of organic
gases in a furnished rooltmospheric Environme2004, 38, 2483-2494.

(20) Singer, B. C.; Hodgson, A. T.; Hotchi, T.; MirK. Y.; Sextro, R. G.; Wood, E. E.; Brown,
N. J. Sorption of organic gases in residential regsmospheric Environme2007, 41,
3251-3265.

(21) Wells, J. R. Gas-Phase Chemistrg-dferpineol with Ozone and OH Radical: Rate
Constants and ProducEnvironmental Science & Technolog05, 39, 6937-6943.

(22) Calogirou, A.; Larsen, B. R.; Brussol, C.; DaaM.; Kotzias, D. Decomposition of
Terpenes by Ozone during Sampling on Teraralytical Chemistryl996, 68, 1499-1506.
(23) Clausen, P.; Wolkoff, P. Degradation produét§enax TA formed during sampling and
thermal desorption analysis: Indicators of reactipecies indoorgtmospheric Environment
1997, 31, 715-725.

(24) Cano-Ruiz, J.; Kong, D.; Balas, R.; Nazareff, Removal of reactive gases at indoor
surfaces: Combining mass transport and surfacedikmAatmospheric Environment - Part A
General Topicd993, 27 A 2039-2050.

(25) Won, D.; Corsi, R.; Rynes, M. New indoor cdrag an adsorptive reservoir for volatile
organic compoundgnvironmental Science and Technol@990, 34, 4193-4198.

(26) Won, D.; Corsi, R. L.; Rynes, M. Sorptive Ir#tetions between VOCs and Indoor
Materials.Indoor Air 2001, 11, 246.

(27) Huang, H.; Haghighat, F.; Blondeau, P. Votatitganic compound (VOC) adsorption on
material: influence of gas phase concentratio@atired humidity and VOC typdndoor Air
2006, 16, 236-247.



72

(28) Moise, T.; Rudich, Y. Reactive uptake of ozbgegoroxies for organic aerosols: Surface
versus bulk processe®urnal of Geophysical Research D: Atmosph268g, 105,
14667-14676.

(29) Moise, T.; Rudich, Y. Reactive uptake of ozbeaerosol-associated unsaturated fatty
acids: Kinetics, mechanism, and produdtairnal of Physical Chemistry 2002, 106,
6469-6476.

(30) Voges, A. B.; Stokes, G. Y.; Gibbs-Davis, J; Mettan, R. B.; Bertin, P. A.; Pike, R. C;
Nguyen, S. T.; Scheidt, K. A.; Geiger, F. M. Ingginto Heterogeneous Atmospheric
Oxidation Chemistry: Development of a Tailor-Madg®etic Model for Studying
Tropospheric Surface Chemistmhe Journal of Physical Chemistry2007, 111, 1567-1578.
(31) Mcintire, T. M.; Scott Lea, A.; Gaspar, D. Jajtly, N.; Dubowski, Y.; Li, Q.;
Finlayson-Pitts, B. J. Unusual aggregates fronothdation of alkene self-assembled
monolayers: a previously unrecognized mechanisn®#v ozonolysisPhys. Chem. Chem.
Phys.2005, 7, 3605.

(32) Stokes, G.; Chen, E.; Walter, S.; Geigerwo Teactivity modes in the heterogeneous
cyclohexene ozonolysis under tropospherically mhé¢wzone-rich and ozone-limited
conditions.Journal of Physical Chemistry 2009, 113 8985-8993.

(33) Heinz, T.; Tom, H.; Shen, Y. Determinationnedlecular orientation of monolayer
adsorbates by optical second-harmonic generd@bysical Review A983, 28, 1883-1885.
(34) Buchbinder, A.; Weitz, E.; Geiger, F. Pentdmxane, cyclopentane, cyclohexane,
1-hexene, 1-pentene, cis-2-pentene, cyclohexene;yalopentene at vaparalumina and
liquid/a-alumina interfaces studied by broadband sum frecpgenerationJournal of
Physical Chemistry @010, 114, 554-566.

(35) Usher, C.; Michel, A.; Stec, D.; GrassianlLg&boratory studies of ozone uptake on
processed mineral dugttmospheric Environme2003, 37, 5337-5347.

(36) Grantoft, T.; Raychaudhuri, M. Compilationtables of surface deposition velocities for
03, NO2 and SO2 to a range of indoor surfaBés.ospheric Environme2004, 38, 533-544.
(37) Ham, J. E.; Wells Surface chemistry reactioingterpineol [(R)-2-(4-methyl-3-
cyclohexenyl)isopropanol] with ozone and air odasg and a vinyl tildndoor Air 2008, 18,
394-407.

(38) Waring Indoor Secondary Organic Aerosol Foromatinfluence of Particle Controls,
Mixtures, and Surfaces, University of Texas at Augtustin, TX, 2009.

(39) Waring; Siegel; Morrison; Corsi Orlando, F2008.



Table 1. Parameters of PVC, glass, and paintedsbead

Beads Diameter (mm) Porosity when Geometric surface area
packed** normalized by density (chg™)

PVC 1.6 (0.008)* 0.37 25.90 (1.3)

Glass 0.9 (0.1) 0.40 27.18 (3.0)

Painted 2.3 (0.4) 0.40 7.58 (1.3)

* Numbers in parenthesis are uncertainty.
** Porosity are determined gravimetrically.
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Figure 1.a-Terpineo (1-Methyl-4-isopropyl-1-cyclohexen-8).
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Figure 2. Packed bed, plug-flow reactor apparatgeduto measure the
second-order reaction rate coefficidit,and the reaction probability.
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Figure 3. Adsorption isotherms feiterpineol on glass (a), PVC (b) and paint (c).
Results were fit to a Freundlich isotherm.
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Figure 4. Area-specific, second-order surface reactate constant, ;k for
a-terpineol on glass, PVC and paint. The data pairéslightly offset horizontally
for clarity and to avoid overlapping symbols.
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surfaces under different relative humidity condisoThe data points are slightly
offset horizontally for clarity and to avoid oveslaing symbols
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Abstract

Low volatility terpenoids emitted from consumer giots can react with ozone on
surfaces and may significantly alter concentratimingzone, terpenoids and reaction products
in indoor air. We measured the reaction probabiit)d a second-order surface-specific
reaction rate for the ozonation of dihydromyrceaakpresentative indoor terpenoid, adsorbed
onto polyvinylchloride (PVC), glass, and latex pgainpated spheres. The reaction probability
ranged from (0.06 to 8.97) x®0and was very sensitive to humidity, substrate arass
adsorbed. On average 1.28%16zone and dihydromyrcenol are at about 10 timeedikely

to react with each other on these surfaces thanahein the gas phase. The second-order
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surface-specific rate constant ranged from (0.3Z.6%5) x10 cnt s* moleculé'and was
much less sensitive to conditions or substrateal& measured the ozone deposition velocity
due to adsorbed DHM on painted drywall in a roomegi chamber. The resulting rate
coefficient, (0.42 - 1.6) xI¥ cm moleculél s'), was consistent with that derived from

bench-scale experiments for paint under similada@ns.
Keywords

indoor air, ozone, dihydromyrcenol, surface reargjkinetics
1. Introduction

Reactions among pollutants in buildings alter irrdmio compositions and thus
influence exposure of occupants to reactants awiliots. Ozone, a component of urban smog,
reacts with organic compounds both in the gas p{ilasaogeneous) and on indoor surfaces
(heterogeneous). These reactions can result irrlogane and higher product concentrations
in buildings. Homogeneous reactions of ozone wittogen oxides and terpenes have been
thoroughly studied in both ambient and indoor ctetrpiliterature (Hoffmann et al. 1997;
Calogirou, Larsen, and Kotzias 1999; Hakola e1884; Atkinson and Arey 2003; Yu et al.
1999). However, heterogeneous ozone chemistry repaiorly understood, especially for the
surfaces and compounds unique to indoor envirorsnent

These heterogeneous reactions may be of equakargreater importance, compared
with gas-phase reactions in buildings. During autated aircraft experiment, more than half

of ozone was consumed on cabin surfaces and aptfMveschler et al. 2007). Based on the
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results of ozone reactions with dried cleaner resig Destaillats et al. (Destaillats et al. 2006)
and Singer et al. (Singer et al. 2006) attributeohe consumption and product formation, in
part, to chemistry with unsaturated species remgion surfaces. Oxidation of volatile
terpenes on heat-exchanger surfaces was infeoed rger-than-anticipated conversion rates
(Fick et al. 2005). Even Teflon surfaces may suppoone-terpene reactions (Fick et al. 2003;
Pommer 2003). Unsaturated oils (Morrison and N&dkza@92; Wang and Morrison 2006;
Wang and Morrison 2010; Weschler et al. 2007; Vdilgthand Weschler 2009), terpenes
(Springs and Morrison 2007; Springs and Morrisod8@nd other compounds coat, or adsorb
onto, building surfaces and increase the appamanieoreactivity of these surface (Wang and
G.C. Morrison 2006). Like the gas phase reactiaonne reactions with terpenes on surfaces
can also produce irritants and aerosols (Wescliled2Varing 2009). These reactions
generate a host of oxidized organic species inatudidehydes, ketones, and carboxylic acids
(Morrison and Nazaroff 2002; Wang and Morrison 208@schler et al. 2007; Ham and Wells
2008; Coleman et al. 2008). However, these stutieprimarily qualitative, or provide
relative reactivity information.

It is important to quantify rates of reactions ndaor surfaces. Existing studies
directed to chemistry on atmospheric aerosols Bawe/n that the reaction probability of
ozone with surface-bound organic compounds tere tmuch higher than the reaction
probability of the equivalent gas phase reactionb@vski et al. 2004; Voges et al. 2007a;

Stokes et al. 2008). In combination with the lasgegace area-to-volume ratio found in



82

buildings, enhanced surface reactivity can caudaseichemistry to dominate homogeneous
conversion indoors. In spite of its importancesérg indoor air quality models do not yet
include individual heterogeneous reactions duel&elaof kinetic and product yield data.

The kinetics of some surface reactions relevaimdoor environments have been
measured. Springs and Morrison (Springs and Gleanisbn 2007) found that the
surface-specific reaction probabilities/otarene and d-limonene were 10-100 times greater
than those in the gas phase. Because of its liksbyuity on indoor surfaces, the kinetics of the
ozone squalene surface reaction has been measut&d groups. A reaction probability of
(45 + 14) x 10 (Wells, Morrison, and Coleman 2008) and a pseirdb-6rder rate constant of
1.22 x 1@ s* (Petrick and Dubowski 2009) were determined. ShiliMarrison defined and
guantified a second-order surface reaction rat#icmat for ozone and-terpineol, which can
be directly incorporated into indoor air quality dets (Shu and Glenn Morrison 2009). Their
results suggested that more than half of the oremets withu-terpineol on surfaces rather
than in building air.

In this research, we measure heterogeneous ozoetckiate constants for
2,6-dimethyl-7-octen-2-ol (dihydromyrcenol), a rraily occurring monoterpene alcohol
(structure shown in Figure 1). Similardeterpineol, it is extensively used in fragrances fo
bath preparations, soaps, detergents, polishesthrdhousehold products (Nazaroff and
Weschler 2004; Colombo et al. 1991) and was obden/ée one of the primary terpene

alcohols emitted from a general purpose clean@g€iet al. 2006). Dihydromyrcenol also
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has a low vapor pressure (~16.5 Pa at 25°C) (USZBRA) and is therefore likely to exhibit
substantial sorptive partitioning at equilibriumr(@er et al. 2004; Singer et al. 2007). Because
of its small bimolecular (gas-phase) rate cons@mt.0*8 cn?® moleculé® s* (Forester, Ham,
and Wells 2006), its gas-phase conversion tentle teegligible compared with much more
reactive terpenes and terpenoids such as limomahe-trpineol. However, Ham et al.
observed, qualitatively, that the reaction rate mash higher on a dihydromyrcenol coated
vinyl tile, than in the gas phase, based on theeagBproduct emissions (Ham and Wells 2009).
Thus, we seek to quantify this surface rate andhast how indoor surfaces influence
overall conversion of dihydromyrcenol. Specificallye quantify an area-specific
second-order reaction rate coefficidat,associated with the ozone/ dihydromyrcenol reacti
on three surfaces relevant to indoor environmagitss$, polyvinylchloride, and latex paint).
This coefficient can be used to estimate the radatnpact of heterogeneous ozone-terpene
reactions on indoor air concentrations of both ezand dihydromyrcenol. Further, this
guantitative analysis can improve existing inddeeraical models by directly relating indoor
terpenoid concentrations with the resulting enhares# in surface conversion rates. We also

quantify a minimum effective reaction probabilitysaciated with these reactions.

2. Methods

2.1 Materials

Dihydromyrcenol (99%) was purchased from Sigma ild(St. Louis, MO, USA).

The Polyvinyl Chloride (PVC) beads were purchasethfEngineering Laboratories Inc.
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(Oakland, NJ, USA). The soda lime glass beads merehased from MO-SCI Specialty
Products, L.L.C. (Rolla, MO, USA). Latex paint (&nican Traditiofi, color coding

4007-9A, sky blue, flat) was applied to ceramicdanium silicate) beads and cured for more
than 4 years, to generate a dry latex paint suridead diameters and other parameters are
found in Table 1. 5 L Pyrex bottles with autoclaegholypropylene plug-seal caps were
purchased from Fisher Scientific (Pittsburgh, PSA). A mini-nert valve with a 1/8 inch male
NPT connection, purchased from VICI Precision Samgp{Baton Rouge, LA, USA), was
customer-modified and attached to each cap. F@.that chamber experiments, drywall was
painted with white satin latex paint (Sherwin Wths), installed in the ventilated chamber and

allowed to cure for ~ 3 years.
22  Analytical

Stainless steel sorption tubes packed with TenaxMdtkes, Llantrisant, UK) and
Solid Phase Micro Extraction (SPME; fh PDMS-DVB Coating StableFlexTM; Supelco)
were both used as sample preparation methods feeational gas chromatography with
flame ionization detector (GC/FID) detection of ytinomyrcenol. Tenax-TA tubes were used
to quantify the concentration of dihydromyrcenothat exhaust of each reactor. 4 liters of
exhaust gas were collected over 20 min for latermtial desorption and analysis by GC-FID.
Tenax tubes were also used to verify the massmdrvghase dihydromyrcenol injected by

syringe into adsorption bottles. Tenax tubes watdbm@ted by applying a known mass of
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dihydromyrcenol, diluted in methanol, to sorbenggorating the solvent, and thermally
desorbing and injecting the dihydromyrcenol inte @C-FID.

In bottles used to conduct dihnydromyrcenol adsorpéixperiments, SPME was used
to quantify the gas phase dihydromyrcenol concéatraBecause the fiber will only adsorb a
small amount of the analyte (usually tens or hudslicd nanograms), SPME is especially
useful when there is only a small amount of analgtevhen the concentration is low. The
SPME fiber was exposed to the gas for 5 min, aed thserted into a GC injection port 240°C
for 5 min to desorb all the dihydromyrcenol. TheMEPfiber removes less than 1% of the total
mass of dihydromyrcenol in the sorption bottle. 3PMas calibrated by comparison with
Tenax-TA results of the same gas mixture.

An HP6890 GC-FID with an HP 5MS column was usedrtalyze samples collected
on both Tenax-TA tubes and SPME fibers. The cagaerflow rate was 20 ¢min™. The
initial oven temperature of 100°C was increase25@°C at a rate of 35°C minThe method

detection limit was 5 ppb for Tenax-TA tube anadysnd 1 ppb for SPME analysis.
2.3 Adsor ption appar atus and procedure

Dihydromyrcenol adsorption experiments were caraetusing a series of the 5 L
Pyrex bottles with customer modified caps as dbeedrabove. The bottles and caps with
valves were washed with methanol, rinsed with ditgh purity water and then dried at 80°C
for at least 24 hours before each experiment. Adgnr experiments were carried out in a

temperature controlled chamber at 25°C, and a¢ ttalative humidity conditions (20%, 50%,
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and 80%). To generate the desired humidity, eatthebmas flushed with high purity nitrogen
gas for 30 min at 1.0 L mih The humidity was controlled by sparging a fractid the dry
nitrogen flow through high purity water. For eaelative humidity condition, beads (PVC,
glass, or painted) were added to separate Pyrébefaind two replicates were carried out at
the same time. Two empty bottles were used asaenithe geometric surface area of PVC,
glass, and painted surface were 3076, @000 cri, and 3120 cirespectively. The inner
surface area of each Pyrex bottle was estimatbd 740 crh To inject a small amount of
dihydromyrcenol, headspace gas was drawn from 8aston round bottle containing ~5 g
pure dihydromyrcenol liquid. This bottle was main& at 25°C and the resulting headspace
concentration of 1.18 mg1(181 ppm) was verified by Tenax-TA tube analyAis. mL

gastight syringe was used to draw the dihydromyokgas from the 1 L bottle and to inject it
into the 5 L Pyrex bottles. After the gas was itgd¢bottles were rotated on a tumbler at 7 rpm
for 10 hours to allow the dihydromyrcenol to unifdy adsorb to bead and bottle surfaces.
Time required to achieve equilibrium was verifiedseparate experiments. SPME was use to
measure the concentration of dihydromyrcenol irndxrattle after 10 hours. Each combination

of humidity, concentration and surface was repeatéeast once.
24 Plug flow reactor apparatusand procedure

The plug flow reactor (PFR) system used to measzoee/ dihydromyrcenol reaction
rates on surfaces is shown in Figure 2. A zergeerator (Parker-Balston) supplied clean air

to the system, and flow controllers (MKS) maintairibe flows at desired rates. Diffusion



87

tubes (VICI Metronics, Poulsbo, Washington) filleih pure dihydromyrcenol liquid were
used to continuously add dihydromyrcenol into the fjow and the resulting concentration
was verified using Tenax-TA tube analysis. Ozone generated and monitored using a Dasibi
(Glendale, CA) UV photometric ozone analyzer. Thenidity of the reactor stream was
controlled by adjusting the ratio of dry and hurfiedi air flow rates. The water bubbler and the
reactor were maintained at 25°C in a temperatuné&ralled chamber (shown by dashed line in
Figure 2).

A 50-cm long Teflon reactor with an inner diamedéf..8 cm was used. The total
volume and (surface area) were: 10G ghass beads (4000 ém120 cni PVC beads (2840
cnt); and 120 crpainted beads (1880 émThe surface area of the Teflon reactor was 283
cnt.

Before each experiment, the beads were ultra-stauidar 30 min in high purity water
to clean the surface and dried in the oven at 56f@t least 24 hours. Both ozone and
dihydromyrcenol were delivered to the reactor fdmhburs to allow a steady-state
concentration profile to develop in the reactorbefconcentrations were measured at the inlet
and outlet. Because dihydromyrcenol reacts withezboth the ozone and dihydromyrcenol
concentrations are reduced at the reactor exhdoder our experimental conditions, it is
possible to completely deplete a reactant if tiheots introduced at a significantly higher
molar concentration. Typical inlet concentratiofrpaf ozone: dinydromyrcenol (ppb) were

10:4, 10:3, and 10:2.
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25 Chamber experiment apparatus and procedure

A diagram of the 8.2 frchamber used to measure ozone dihydromyrcenalirf
conversion rates is shown in Fig 3. The chamb&3(fh x 2.06 m x 1.96 m) was equipped
with painted drywall on all surfaces including fleor. The chamber was ventilated with
laboratory room air that was filtered through a&ted carbon. The air exchange rate was
maintained at 0.6 + 0.05'rand was measured by monitoring the decay of mettrane gas
with a stand-alone flame ionization detector (FU®small fan was placed in the chamber to
ensure that the air in the chamber was well migahne generation and dihydromyrcenol
injection methods were the similar to those useithénPFR system, except larger diameter
diffusion tubes for dihydromyrcenol were used. ldgsam automated set of Teflon valves, the
ozone analyzer collected samples from either tisdrgat duct or center of the chamber. The
ozone and dihydromyrcenol were injected ~1.5 mrepst from the supply register for the
chamber, resulting in a mixing residence time df)~seconds. The ozone concentration was
(3.2 £ 0.1) x1& molecule crif (~ 120 + 4 ppb), and dihydromyrcenol concentratamge
were ~ 0.06 - 5.4xI&molecule crit (~ 2 - 200 ppb), respectively. Considering thatgas
phase reaction of ozone and dihydromyrcenol is sty (2 X108 cn?® moleculé* s,
homogeneous conversion in the duct was negligimepared with that in the chamber. The
temperature and relative humidity (RH) inside tharaber were monitored with a thermistor
and RH transducer (VAISALA ™, Boulder, CO). The frmature and RH conditions were

those of the laboratory and not independently ofiett. Thus, the temperature was (22.5 +
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1.0)°C. Because these experiments were performethier, the relative humidity was
generally low and ranged from 8% - 40%; 85 % oftthme, the RH ranged between 20% -
40%.

Following an air exchange rate measurement, theeozoncentration was raised to ~ 2
ppm and maintained there for 12 hours to quenchazeactive sites and decrease the
background reactivity. The ozone injection rate Wes reduced and ozone allowed achieving
a new steady state inlet value equal to ~120 pbb.okone concentration was allowed to
decay to ~ O ppb prior to starting a dihydromyrdeeactivity experiment. This experiment
proceeded as follows: First, dihydromyrcenol wasohuced to chamber. After ~ 5 hours,
SPME was used to quantify the dihydromyrcenol cotre¢gion in the chamber. Then ozone
was introduced, SPME was again used to quantifgitmedromyrcenol concentration in

chamber again after the ozone concentration hbdlizéal.

3. Dataanalysis

31 Adsorption

To determine the dihydromyrcenol-specific ozonetiea probability on the surface,
we require a measure of the surface coverage gtidbimyrcenol under a range of
concentrations in the PFR experiments. The eqiulibisurface concentration on the beads
was determined by balancing the known mass injeaf)athst the gas-phase mass (SPME),
mass collected on the bottle surface (from comxpleriments) and the remaining mass on the

beads, as shown in Equation (1).
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Miotar = ApottieCspottie T VgasCgas + AbeadsCs peads (1)
where M,,;,; is the total mass of dihydromyrcenol injecteddctebottle (9).Aposre @Nd
Apeaas are the surface area of bottle and bead§)(crespectively,Csrbome and C; peqqs 1S
the concentration of dihydromyrcenol on the surfaicéae bottle and beads (g &n
respectively.lV,, is the volume of gas in each bottle G rand Cyas 1s the gas phase
concentration of dihydromyrcenol (g &

The relationship between dihydromyrcenol conceiuinaton the bead and bottle
surfaces and the gas phase dihydromyrcenol coatemirwas expressed by a Freundlich
isotherm (best general model for results obtairneslshown in Equation (2).

Cs peads or bottte = Kf peads or bottle * C;as (2)
where (s and Cy,s are in units of (ng cif) and (ppb) respectively. In each cakg,andn

are derived from the nonlinear least-squares fihefisotherms.
3.2 Area-specific, second-or der reaction rate constant

To provide a useful parameter for evaluating thpdot of indoor surface chemistry,
we define an area-specific second-order reacti@naenstants, (cm* molec* s*) associated
with overlying gas-phase concentratiodg; and Cpyy, by Equation (3).
rate (molecules s™1) = k,Cp3Cpum (A/V) (3)
where (4/V) is the surface-area to volume ratio (in the reaat@ther system where
mass-transfer does not limit transport and uptdlatioer reactant). This is the rate of the

ozone-dihydromyrcenol reaction, not necessarilytoia rate of ozone or dihydromyrcenol
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loss and does not account for background removatarfie. In our system, background ozone
removal was negligible compared with that duegsaetction with dihydromyrcenol, when
dihydromyrcenol was present. This second-orderaamstant can be used directly in indoor
air quality models to estimate reactant and protluges at indoor surfaces.

To determinek,, we modeled the reactor as a plug flow reactoR()PFhe
concentration of both ozone and dihydromyrcenohgeawith distancez, along the
bead-filled region of the reactor and can be chareed by two coupled equations
(steady-state). Adsorption and reaction on theaserbf the Teflon reactor (283 &nis
negligible compared with that taking place on teads. A mass balance on the PFR at
steady-state results in the following equationglierconcentration of ozone and

dihydromyrcenol, both of which are functions oftdisce (z) down the reactor:

dCOS Abeads
= —k,Cp3Cpppy (- 4
dz 2%“03%“DHM (Vreactor . u) ( )
dCDHM Abeads
= —k,Cy3C, —_— 5
dz 2%“03%“DHM (Vreactor R u) ( )

whereV,...tor iS the volume of the bead-filled regions of thaater , u is the average gas
velocity in the reactor. The loss of dihydromyrckeisassumed to be equal to the ozone loss
(1:1 stoichiometry) after accounting for backgrowzdne removal by reactor surfaces.
Gas-phase conversion of ozone or dihydromyrcenwéggigible during the <4 s residence

time of the reactor.
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Equations 4 and 5 were solved nhumerically anddkelting values df, were adjusted

to provide a best fit to experimentally derivedues of inlet and outlet concentrations.
33 Minimum ozone/dihydromyr cenol reaction probability

Equation (6) was used to calculate the reactiobabibity of ozone with bare surfaces

(background reactivity) (Morrison and Nazaroff 2D00

(—ln COS,in ) 4 Vreactor Q
C03,out <v> Abeads LA P

Vsurface = (6)
where ys,rrqce 1S the reaction probability of ozone associatéti #he bare substrate ( PVC,
glass, and paint)ys ;, and Cp3 o,,; are the inlet and outlet ozone concentrati@nis the
total flow rate,< v > is the Boltzmann velocity for ozone, which is 368G in this case
(Cano-Ruiz et al. 1993), is the length of the bead-filled region of theateg A is the cross
sectional area of the plug flow reactor, gnds the porosity of the bead bed. At typical
operating concentrations (~ 120 ppb), there was@asurable difference in the inlet and outlet
0zone concentrations, indicating negligible backgiubreactivity. A relatively high mixing
ratio of ozone (~ 850 ppb) was required to gereaaneasurable difference the inlet and
outlet.

The combined (total) reaction probability,,.;, iS assumed to be a linear combination
of the reactivity of adsorbed dihydromyrcenol ardased surface sites. Because
dihydromyrcenol is consumed by its reaction witbrog, the ozone and dihydromyrcenol

concentrations vary along the length of the readtious, the surface coverage is not uniform

throughout the reactor and is a function of thatfsin reactor, as shown in Equation (7).
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Ytotal = yO3,DHMfDHM,beads,z + ybeads[l - fDHM,beads ,z] (7)

where thefp iy peaas,. 1S the fraction of the surface area covered witlydromyrcenol
molecules at position 2,3 py IS the reaction probability of adsorbed dihydroogyrol. The
fractional coveragefpyy peaas,z » IS determined by applying measured isothermsinaiss)
single-molecular adsorption (no stacking) and simbetad surfaces. Because beads are not
smooth, and not all of the adsorbed dihydromyrcerilbbe equally available for reaction (e.g.
in a pore or covered by other molecules), the r@agrobability determined is thminimum
reportable value.

The total surface reaction probability is evaluated similar manner as in Equation (8) and (9),
but must account for changes in both ozone andidimyyrcenol through the reactor.

dCOS — _Vtotal(z) <v> Abeads
dz 4u Vreactor

Co3(2) 8)

dCDHM — _ytotal(z) <v> Abeads
dz 4u Vreactor

Co3(2) 9

34 Ozone deposition velocity on drywall in 8.2 m® chamber

In the presence of ozone alone, the backgroundsitepovelocity of the painted
drywall was quantified by applying a mass balamt®zone as shown in Equation (10).
QCo3,in = VapkgACosout T+ QCo3,0ut (10)
where thev, ., is the background ozone deposition velocity (i and theA is the surface

area of the painted drywall in the chamber (24.40 @ is the volumetric flow rate through
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the chamber (™). Coz,in @nd Cp3 oy¢ are ozone inlet and outlet concentration, measatred
the supply and the center of the chamber respégtive

In the presence of both ozone and dihydromyrcehelmass balance equation on
ozone results in Equation (11).
QCozin = ((Vd,bkg + Vd,DHM)A +0+ kgaSCDHM,outV) Co3,out (11)
where thek,,; is the ozone-dihydromyrcenol gas phase reacti@nc@nstant, which is 2
x10"8 cn? s moleculée' (Forester, Ham, and Wells 2008),is the volume of chamber (8.2
m), vy pum 1S the ozone deposition velocity associated witty@romyrcenol adsorbed on
drywall. In developing Equation (11), it is assuntledt the fractional coverage of
dihydromyrcenol is small, and that, ., is not significantly reduced by adsorption of
dihydromyrcenol that obscures surface sites. Tamng,observed change in ozone uptake by
surfaces is due to reactions with adsorbed dihygliroemol. We evaluate this assumption in the

Results and Discussion section.

4. Resultsand discussion

4.1 Dihydromyrcenaol adsor ption

The dihydromyrcenol adsorption isotherms are shiowiigures 4 a, b and c along
with Freundlich parameters (in Equation 2).

Glass and paint adsorb approximately ten times mitngdromyrcenol than PVC
under the same conditions. The relative humiditipences dihydromyrcenol adsorption on

glass more than on PVC or paint. As the relativaildity increases, much less
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dihydromyrcenol will adsorb to the glass surfadeede trends are consistent with the results of
a-terpineol adsorption on these surfaces (Shu andisdn, in preparation). This may be due
to competition between water and dihydromyrcenobftsorption sites on glass. On PVC,

dihydromyrcenol does not appear to compete witlewwatder these conditions.
4.2 Area-specific, second-order reaction rate constant

Figure 5 showshe results for the area-specific, second-order reactite constank;,
for all surfaces and conditions. The valugofanges from approximately (0.5 - 7.0) x'20
cnt* st moleculé’. This relatively small range is surprising givée very different surface
concentrations of dihydromyrcenol on the three mele and for the very different impact on
surface concentration due to differences in humidbnsidering the medium concentration
and 50% RH condition, the rangelefon glass surface (0.5 - 2.5 Xf@nt*s* moleculé’)
coincides closely with the rangeloefon PVC surface (0.5 - 5.0 x30cnf' s* moleculé').
However, the adsorbed mass is nearly 5 times higlgerunit area) on glass than on PVC.
Even though RH can strongly influence the adsoeptapacity significantly on glass and paint,
there is little impact ok,. It appears thd¢, is only weakly influenced by the adsorbed mass,
but instead is more strongly linked to the gas-placentration of dihydromyrcenol. This
phenomenon was also observeddderpineol (reference) and suggests that the ozone
reactivity is dependent on the interfacial activtydihydromyrcenol, rather than the mass
adsorbed.

The assumption that reactant flux is first ordediimydromyrcenol appears to be poor for
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range of gas-phase concentrations studied. By congpidne resulting flux ank, with
concentration at each humidity, the reaction oadelihydromyrcenol ranges from -1 to 0.5.
However, thek, values can be used to estimate the magnitude faiceuthe surface reaction
and compare with other loss mechanisms for indooditions similar to those in these
experimentsTo develop a more accurate reaction order, theerdration of both species

should be expanded to include several orders ohinate.
4.3 Minimum reaction probability

Figure 6 shows the results for the minimum ozoimgitiomyrcenol reaction
probability, yo3 paum- Also shown for comparison is the gas-phase reagtiobability (2.5 x
10°) based on the reported gas phase reaction raséamin dry air (Forester, Ham, and Wells
2006). All measured values are higher than thephase value. The highest (PVC, 50% RH) is
about 25 times greater than that for the gas-ptession. The large of values are consistent
with the observation that adsorption charactesstery widely, but the surface reactivity
(characterized bi) does not.

Again, these values represent themimummeasurable value, not an absolute reaction
probability. The model used to calculate the ozdihgdromyrcenol reaction probability on
surfaces was based on the assumption that therdihydcenol molecules form no more than a
monolayer. This assumption may be valid when thetional coverage is very small. However,
at the “indoor relevant” concentrations used hétre adsorbed dihydromyrcenol molecules

would cover ~3% to ~30% of the surface area. Thusdti-layer “islands” of dihydromyrcenol
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may form, and not all dihydromyrcenol moleculed Wwé equally available for reaction with
ozone. Physical barriers to reaction, such as ptieardeep within pores, further reduce the
reported reaction probability. Consistent with ttmechanism, the highest reaction probability
occurs for the lowest coverage (PVC).

The fact that ozone dihydromyrcenol reaction prdhggs on surfaces are larger than
that in gas phase is consistent with observatiom fother studies. For example, Springs and
Morrison determined the ozone reaction probabdftgurface-bound-carene ranged from
3.0 x 10°to 2.5 x 1@, which is 10 to 80 times higher as the reactiabgbility in gas phase
(Springs and Morrison 2007; Springs and Morriso880Voges et al. also found that the a
terpene-functionalized glass surface has ozondioegurobability of ~ 10, which is as 20
times high as the gas phase reaction probabiligé¥ et al. 2007b). Although the
enhancement of reaction probability is obvious rdason behind this enhancement of reaction
probability is not clear yet. One possible explarator this higher ozone reactivity with
adsorbed species is that when dihydromyrcenol ratds@dsorbed on surfaces, the
carbon-carbon double bonds became more availalietozone, due to spontaneous
polarization (Derjaguin and Shulepov 1979; GY Swo&eal. 2009) of dihydromyrcenol

molecules. Further research is needed to investipatsurface chemistry at molecule level.
44  Ozonedeposition on drywall in chamber

Figure 7 shows the ozone deposition velocity messir the room-sized chamber

experiments. The background ozone deposition vglacid reaction probability ranged from
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0.072 to 0.077 mhand (0.22 - 0.24) x 10respectively. These values are in the low range of
other reported values (Wang and Morrison 2006; WartgMorrison 2010; Kleng et al. 2001),
perhaps because the drywall surface was maintaingdlean laboratory chamber with little
possibility of being coated with oils and otheratdze compounds typical of occupied indoor
environments. As the steady-state dihydromyrcenxing ratio was increased, the ozone
deposition velocity associated with dihydromyrcead$orbed on drywally, ), increased
accordingly (by Equation 12). For a dihydromyrcemaking ratio of ~ 170 ppby, pyy IS
approximately equal twg ;..

An effective surface rate coefficient can be glekinem these data and compared with
those from the PFR experiment for painted beads.cbmbined parameteét, ;s Cpypy N
Equation 3 and as measured in the PFR experimergsalosely corresponds g, 5y, in the
8.2 n? chamber experiments. Thus the chamber béaseg  values range from (0.42 - 1.6) x
10™ cni* moleculél s*. For painted beads at low humidify g,,.s ranged from (1.5 - 2.5) x
10" cnf* moleculél s'. On average, the values from either system atwmét factor of 2 of
one another. PFR experimental results over allitiond and surfaces ranged over a factor of
10 and include the low end of the large chambareslSome differences between the PFR and
chamber results could be due to differences in madgeand conditions: 1) the drywall could
not be cleaned and oven dried, 2) the compositigraimt film on drywall and beads were not

identical since they are of a different brand, cadnd age, 3) the humidity and temperature in
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the chamber were not identical to that in the PRRpite of these differences, the results

between experimental systems are in good agreement.
4.5 Implicationsfor indoor air quality

When multiplied with the surface to volume ration(), ks surg, Can be used just as
the gas phase bimolecular second-order reactiercoafficient to define removal rates of
ozone or dihydromyrcenol in mass-balance modeisdwor air. Thus, they can be compared
directly when considering the relative conversiates taking place in the gas-phase and on
surfaces. For a typical indoor surface to voluni® ref 0.03 cn(Hodgson, Ming, and Singer
2004), the effective bimolecular rate coefficienedo surface reactions is (0.4 - 2) ®46nt
s'moleculé’. This is 20 - 100 times greater than the gas phimselecular rate coefficient (2
%108 cn? s* moleculé* (Forester, Ham, and Wells 2006). Thus the ozonatte of
dihydromyrcenol in buildings is overwhelmingly doraied by surface chemistry, not
gas-phase chemistry.

It is not yet possible to extrapolate these andratiicent findings to predict the
reactivity and behavior of all alkenes in buildin§®me generalizations may be appropriate,
however. Low volatility compounds will sorb moreastgly than more volatile compounds,
and thus are likely to have more influence overaitea-averaged reactivity of indoor surfaces.
Stokes et al. (Stokes et al. 2009) showed thateihetion probabilities for surface-linked
compounds do not correlate with the type of alleteched to the surface or its corresponding

gas-phase reaction rates. In fact 1) there wasica@rrelation with gas-phase reaction
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probabilities, 2) surface reaction probabilities aruch larger than their gas-phase
counterparts, and 3) there appears to be a “fiatjenf reactivity. For gas-phase reaction
probabilities that span 3 orders of magnitude ctireesponding surface-specific reaction
probabilities only span 2 orders of magnitude. /ge abserve this flattening with the
a-terpineol (Shu and Morrison, in preparation) aiftydromyrcenol reaction probabilities.
Surface-specific reaction probabilities for alkene=sasured to date tend to be *10he
highest “minimum” value from this research for dingmyrcenol was ~ 8 x 1) which is

likely to be closer to the “real” reaction probatiels for this sorbed compound. Intriguingly,
the area-averaged reaction probability in builditeggls to be ~ 1D(Cano-Ruiz et al. 1993)
even though measurements of individual surfacesarage from 18 (clean glass) to >10for
brick. Nazaroff et al. (William W. Nazaroff, Gadgdnd Charles J. Weschler 1993) suggested
that surface soiling/coatings may be responsibi¢hie narrow range of area-averaged ozone
deposition velocities observed in buildings. Simylareactivity flattening, and substantial
surface reaction probabilities (even for othervise-reactivity compounds in the gas phase)
suggest that adsorbed volatile and semi-volatkerss may be responsible for much of the

ozone uptake in buildings.
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Table 1. Parameters of PVC, glass, and paintedsbead

_ _ Geometric surface area normalized
Beads Diameter (mm) Porosity when packed

by density (crhig?)
PVC 1.6 (0.008) 0.37 25.90 (1.3)
Glass 0.9 (0.1) 0.40 27.18 (3.0)

Painted 2.3 (0.4) 0.40 7.58 (1.3)
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Figure 1. Dihydromyrcenol (2.6-Dimethyl-bcter-2-ol).
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Figure 4. Freundlich isotherms of dihydromyrceadsorption on (a) PVC, (b)

glass and (c) paint.
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Figure 5. Area-specific, second-order surface reactate constant, ;k of
dihydromyrcenol on glass, PVC and paint. *The seviere horizontally set off
slightly to avoid overlapping symbols.
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Figure 6. Ozone dihydromyrcenol reaction probapiih PVC, glass and painted
surfaces under different relative humidity condito *The series were

horizontally set off slightly to avoid overlappisgmbols.
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Figure 7. Ozone deposition velocity associated dilydromyrcenol adsorbed on
drywall, quantified by room-sized chamber experitsen
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Abstract

To better understand the effects of ozone/terperface reactions on indoor
environmental quality, the products of ozone reasiwith surface-boungterpineol and
dihydromyrcenol were investigated. The positivelgritified surface ozone/dihydromyrcenol
reaction products from surface extraction samplekide glyoxal while the identified product
in gas phase is formaldehyde. For surface omsteepineol reaction, positively identified
products from surface extraction sample are glyaral methylglyoxal. These have been
identified as being irritants with the potentiald@use occupational asthma. Large aggregates,
0.5 - 10um in diameter, also formed on the glass surfaces&laggregates are likely formed
by polymerization reactions initiated by hydroxylaiher radicals generated by the

ozone-terpenoid reaction. Therefore, some fraafdhe ozonated terpenoids are converted to
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very-low volatility species which remain on thefage and may change the chemical

characteristics of that surface over time.
Keywords

ozone, surface reactiomterpineol, dihydromyrcenol, carbonyl
Introduction

The terpene is a category of hydrocarbons buifraim isoprene sub-units. They are
naturally emitted from flowers and plants and ulsuehn be found in essential oils and resins
(Kesselmeier and Staudt 1999). Strictly speakiagyenoid is a modified terpene, wherein
methyl groups are moved or removed, or oxygen fanatity is added (IUPAC 1978).
However, as is common practice, the terms terpedeeapenoid are used interchangeably
throughout this paper. Terpenes are emitted irelgrgantities into the atmosphere (Isidorov,
Zenkevich, and loffe 1985) and participate in atpih@sic chemistry. For example, these
emissions from trees result in higher secondargmitgaerosol concentrations above forests
(Tunved et al. 2006). Many terpenes contain cad@bon double bonds which react readily
with ozone. These important atmospheric reactiane lbeen studied for many years (Yu et al.
1999; Atkinson and Arey 2003).

Large quantity of terpenes is produced by chensigathesis each year. For
d-limonene alone, the worldwide annual producti@sw 70 million kg in 2009 (Kerton 2009).
Because many terpenes have a pleasant odor, thieyoban extensively used as fragrance

compounds in household products, including butingted to perfume, soap, shampoo,



115

detergents, air fresheners, candles, and cosmABasresult, indoor terpene concentrations
tend to be much higher than outdoors and can bedimenant components of indoor VOCs
(Singer et al. 2006; Nazaroff and Weschler 2004nivindividual terpenes and terpene
alcohols, such as-pinene A-carene, citronellal, citronellodi-terpineol, dinydromyrcenol,
limonene, linalool, have been identified in indaar. However, the variety is likely to be much
greater given the 100’'s to 1000’s of kinds of texgeincluded in fragrances. Some terpenes
that dominate indoor measurements include limomee-pinene (Nazaroff and Weschler
2004) . These are used as “top-notes” and arerftedmpounds to evaporate and develop the
fragrance desired by the manufacturer (McDanielloBaniel 2010). Others emit somewhat
more slowly and provide a longer-lasting experier@e exampleg-terpineol is a major
component of pine oil (Nazaroff and Weschler 20@4hy has been found in liquid
cleaner/disinfectant, liquid floor detergent (Colworet al. 1991) and air fresheners
(Salthammer and Uhde 2009). Dihydromyrcenol is afrtbe principal components of
lavender (Nazaroff and Weschler 2004) and has foegrd in liquid floor detergent (Colombo
et al. 1991).

The gas phase rates and products of the reactiare®e ozone and many terpenes
have been studied. Important volatile terpenes asdimonene and-pinene have been
studied intensively (Wainman et al. 2000; Fan e2@03; Sack et al. 1992; Clausen et al. 2001).
However, only recently has the chemistry of indoglevant terpenes such as citronellal,

dihydromyrcenolgp-terpineol, geraniol, ionone, benzyl alcohol, andllyl acetate been
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studied (Fick et al. 2002; Forester, Ham, and V&36; Forester, Ham, and Wells 2007; Ham,
Proper, and Wells 2006; Harrison, Ham, and Well3720Vells 2005; Harrison and Wells
2009).

Even less is known about the reactions that ta&eepbn surfaces. Products were
identified for the reaction of ozone withterpineol and dihydromyrcenol that had been
directly applied to glass and vinyl tiles in a natbl solution ( Ham and Wells 2008; Ham and
Wells 2009). It was found that some products gerdran the surface were different from
those identified gas phase reaction products. diitiad to residue from activities such as
cleaning (direct application), volatilized composnaill also adsorb and accumulate on all
other indoor surfaces. In recent kinetic studidspgbed terpenes can significantly enhance the
ozone reactivity of surfaces, and overall terpaeversion indoors may be dominated by
surface instead of gas-phase reactions (Shu andddiy in preparation). Thus, the
redistribution of terpenes to all surfaces in dding influences the chemistry in several ways:
increasing surface area for reaction to take plkaglkancing rates via heterogeneous
mechanisms and altering the product yield compai#dthe gas-phase reaction.

In this research we identify the products resulfiogn ozone reactions with adsorbed
terpenes at indoor-relevant concentrations. Theraeveral major differences between
directly applied terpenes and those that natueadorb to indoor surfaces. In (9,10), the
spraying method resulted in surface concentratbasterpineol and dihydromyrcenol on the

order of tens of ug crf Adsorption isotherms of these same species (BtMarrison, in
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preparation ), indicate that for a relatively hggs phase concentration (100 ppb), the resulting
surface concentrations of these two species os gl&sat least 3 orders of magnitude lower
(tens of ng cM). When the surface concentration is on the orfltsrs of ug ¢, the terpene
molecules will be in close association or even farmelatively thick coating. At low
concentrations, the terpenoids are more likelyetisblated on widely separated surface sites.
Even for equivalent surface concentrations, thesi¢ipn of terpene molecules onto the
surfaces in a solution may alter the surface its@th that terpene-site interactions differ from
those resulting from gas-phase adsorption. To hetigerstand the reaction products resulting
from ozone reactions with adsorbed terpenes, we aiggug flow reactor packed with glass
beads. Ozone was allowed to react with terpenésiithadsorbed to the glass surface.

Gas-phase and surface products were identified.

Experiments

Materials

The terpenes used in this research weterpineol (96% pure) and dihydromyrcenol
(99% pure), which were obtained from Sigma Aldrish Louis, MO). Glass beads with 0.9 +
0.1 mm diameter were purchased from MO-SCI Spgdiibducts (Rolla, MO). To more
reliably assign chromatographic peaks, several staredards of possible products, as
suggested by the MS library search results andguestudies, were also purchased from

Sigma Aldrich (St. Louis, MO). These were derivatizhrough the impinge sample train and
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analyzed as described below. The standard compauncidged 2-butanone, 2-pentanone,
formaldehyde, acetone, glyoxal, glycolaldehyde, medhyl glyoxal.

For analysis of surface aggregates, pre-cleanad gicroscope slides and petri dishes
were purchased from Fisher Scientific (PittsbuAy),. Fhe detergent, liqui -Nox, was
purchased from ALCONOX (White Plains, NY). Otheganic solvents, optima grade hexane

and the reagent grade methanol, were purchasedSigma Aldrich (St. Louis, MO).
Flow reactor

A plug flow reactor (PFR) system, which has beestdbed in detail elsewhere (Shu
and G. Morrison, 2009), was used in this experim@riefly, a 25 cm long x 1.1 cm inner
diameter glass tube was packed with glass beadanGlir was directed to the reactor flowing
at 2.0 L min*. Water, ozone and the terpenoid were added tsttbéam to achieve 50% relative
humidity (RH), ~ 150 ppb ozone and ~ 55 pgterpineol (or ~ 70 ppb dihydromyrcenol) at the
inlet of the reactor.

Multiple negative control experiments were perfodnbe ensure that the products
identified were from reactions taking place onghess, not other sources. The experimental
design and the samples taken are shown in Talli the experiments took place at 50% RH

and 25°C.
Analysis of reactants

Ozone was measured at the inlet and outlet of B #&sing a photometric ozone

analyzer (Dasibi, Glendale, CA). The concentratiointerpenes were verified using a
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solid-phase microextraction technique describegkiail elsewhere (Shu and Morrison 2010).

This method was specifically designed to quantiyctive terpenes in the presence of ozone.
Analysis of gas phase products

Based on previous studies (Forester, Ham, and \2@0§; Ham and Wells 2008), we
anticipated that a large fraction of volatile gémge products would be carbonyl and
dicarbonyl compounds and specifically sought taiifg these species. A 22 mL threaded
midget impinger filled with 15 mL mixture of 25% MQ water in optima grade methanol
(Sigma Aldrich, St. Louis, MO) was used to collgas from the outlet of the PFR. The gas
flow to the impinger was 1.3 L min To prevent ozone reacting with terpenes in thange
solution, a clean Supelco LpDNPH ozone scrubberusad to remove ozone between the
PFR outlet and the impinger inlet. Separate comixpkriments were performed to verify that
product formation that may take place within therescrubber itself did not interfere with the
measurement. However, the scrubber could remawe &6 the products by adsorption. The
total sampling time was 6 hours and the volumeobfest remaining in the impinger was ~ 4
mL. After sampling, the solvent was transferredmcamber glass vial and 2h0 23mM
0-(2,3,4,5,6-pentalfluorobenzyl) hydroxylamine (B3 water solution was added and
allowed to react (derivatize) for 24 hours. Derixetl compounds were concentrated directly
from solution for 2 hours onto a Supelco StablePfesolid phase microextraction (SPME)
fiber (65um PDMS-DVB coating, manual holder). The SPME fitvas injected into the inlet

of an Agilent 6890 Gas Chromatography system calpiéh Agilent 5793 Mass Selective
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Detector. The carrier gas, helium, was set at ataom flow rate of 0.7 mL/min through an
Agilent HP 5MS capillary column (0.25 mm x 30 m .28um). The oven was set to 40°C
initially, held for 6 min, and then increased ate of 10°C to 260°C, and held for 3 min. The
total run time was 31 min.

After impinger sampling, the glass beads (25)onere transferred to a 40 mL glass
vial and 10 mL of solvent (the same water methamgture used in impinger) was added. 10
mL solvent is the minimum volume required to justierse the glass beads. The vial was
ultra-sonicated for 10 min at room temperatureliawathe solvent to extract the compounds
adsorbed on the glass beads. 4 mL of the solutamtransferred to an amber glass vial and
250puL of the 23mM PFBHA water solution was added forhdir derivatization. The same
SPME sampling method and GC/MS method used fophase carbonyl identification were

used to analyze the surface extract samples.
Surface aggr egates

To identify the formation of aggregates on glaides were exposed to the
ozone/terpene mixture and imaged in a scanningretemicroscope (SEM). The microscope
slides were first cut into about 2 cm x 3 cm piemmed further cleaned as follows: 1) sonicated
in ultra high purity water with a few drops of Lighox for 15 minutes, and rinsed with MilliQ
water thoroughly, 2) sonicated in optimal gradeamexfor 15 minutes and rinsed with hexane,

3) sonicated in reagent grade methanol for 15 ragand rinsed with hexane. After these steps,
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the slides were dried in a sealed 10L stainless stmmber, through which 0.2 L rifihigh
purity N, flowed.

Slides were exposed to a mixture of ozone and merjeterpineol or
dihydromyrcenol) in a 250 mL glass flask actingadtow through reactor. The ozone and
a-terpineol mixing ratios were 86 + 4 ppb and 50 gib respectively, measured at the outlet.
For the dihydromyrcenol experiment, the mixingoativere 108 + 5 ppb ozone and 123 + 3
ppb dihydromyrcenol. Experimental conditions wed&®BRH and 25°C. After 20 hours of
exposure, the slides were immediately transpodélde SEM in sealed petri dishes. Cut pieces
of cleaned slides were used as controls.

Prior to SEM analysis, the slides were coated withPd for 1 minute. After coating,
images of each slide were taken using a Hitaci0®4ield emission scanning electron

microscopy (FESEM).

Results and discussion
Productsin outlet gas

Ozone/dihydromyrcenol Only formaldehyde, with an o-xime retention time

of 12.68 min, was observed as product in the ogtist The peak area of the formaldehyde
oxime from the surface reaction sample (Exp. # & about twice that from the gas phase

reaction control sample (Exp. #6).
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Ozon€la-terpineol From the outlet flow sample, only one peak (23.0d)was

determined to be associated with the surface oadegpineol reaction. Major El ions
associated with this compound include 196 (100}(88), 167 (50), and 99 (44). This peak is

not positively identified.

Products extracted from glass surface

Ozone/dihydromyrcenol PFBHA oxime derivatives positively identified with

pure standards were observed at 16.58 min, 16.621%i70 min, 24.74 min, and 24.85 min
residence times. Based on a MS library search amgbarison with retention times from
derivatized standards, the 16.58 min and 16.62axime were assigned to 2-butanone, the
17.70 min o-xime was assigned to 2-pentanone,l@@4.74 min and 24.85 min peak were
assigned to glyoxal. Two peaks for each derivadi@consistent with two stereo-isomers
produced by the derivatization reaction; a secarakfor the 2-pentanone oxime overlapped
with major peak at 17.57 min. Small peaks were olegkat these retention times in the blank
samples, but the peak areas from samples werastt3e¢imes larger. The glyoxal is an
expected product because it has been observedhrghs phase and surface ozone
dihydromyrcenol reactions (Forester, Ham, and VW&9I36; Ham and Wells 2009). The two
ketones are not anticipated products of this chieyni®r have they been observed by other
researchers.

PFBHA oxime derivatives that were not positivelgndified by pure standards include

peaks at 15.40 min, 17.23 min, 17.57 min and 2init? The peak at 15. 4 min was not
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identified. The 17.23 min o-xime peak is suggestethe MS library to be
trimethylacetaldehyde (86% match) or 3-methyl-2abone (67% match). Based on the El
pattern reported by Ham and Wells (Ham and Wel@92@nd the observed retention time, the

peak at 17.57 min may be 2-methyl butanal. The p&2Kk.12 min has not yet been identified.
Ozone€/a-terpineol PFBHA oxime derivatives positively identified wiffure

standards were observed at 24.74 min (glyoxalR4n@0 min (methylglyoxal) residence times.
The glyoxal peak from ozoneterpineol surface reaction (Exp. #7) was ~ 7 titaeger than
those observed in blank samples. These differeéndésate that the presence of glass surface
enhanced the formation of glyoxal and methylglyasighificantly. Interestingly, only
methylglyoxal was reported as a product of gas e@basnear-terpineol reaction (Wells 2005),
but not observed in a surface ozentgrpineol reaction (Ham and Wells 2008). Thisatiéince
might be due to the much smaller surface conceotraf the terpenoid used in the present
study.

PFBHA oxime derivatives that were not positivelgndified by pure standards include
peaks at 23.56 min, 24.69 min, 24.98 and 25.02 Tiin.peaks at 23.56 min and 24.69 min
have not yet been identified. The peaks at 24.972&m02 have major El ions as follows: 181
(100), 195 (67-91), 167 (40), 117 (32), and 99 (34@ EIl pattern and the maximum m/z
observed = 364, suggests 3-(1-hydroxy-1-methyletkgdmethylcyclohex- 2-en-1-one), or an

isomer very similar to that proposed by Ham and$\&lal. (Ham and Wells 2009), is formed.



124

Agoregates on glass surface

On the slides exposed to ozone and terpenes, aggssgf 0.5 to 10 um in at least one
dimension were observed, for bettierpineol and dihydromyrcenol experiments. SEM
images of select aggregates are shown in Figuv®4t of the aggregates have a diameter of 1
- 2 um, for bothu-terpineol and dihydromyrcenol exposed slides. @6 criarea of a slide,
approximately 10 aggregates > 1 um were observdabtb compounds. The unexposed glass
slide (control) is free of particles larger thafh m in any dimension.

The shape, size, and morphology appear to be Vreriasto the aggregates been
observed by Mcintire et al. (Mcintire et al. 20083%ulting from ozone reactions with
vinyl-terminated 3- and 8-carbon self-assembled otayers. Besides those particle-like
aggregates, some aggregates of film-like shapbagrsin Figure 1 (a) were also observed.

The formation of these aggregates is likely dupdlymerization of heterogeneous
surface reaction products. Ozone-alkene reactioydupe a primary ozonide, which can then
decompose to an aldehyde / ketone and a Criegaenadiate (Cl) (Criegee 1975). The Cl can
react with an aldehyde to produce a semi-stablenstzcy ozonide or decompose to generate
hydroxyl or other radicals, which can initiate polgrization (Odian 2004). As Mclintire et al.
pointed out in the vinyl-terminated SAMs study (Mitte et al. 2005), many studies support
the hypothesis that CI will react with adjacentaauted C=C double bonds (Katrib et al. 2004;
Hearn and Smith 2004; Hearn and Smith 2005; Tadtias 2000; Docherty et al. 2005;

Ziemann 2003). In present experiment, the oriemtatiocal density, and arrangement of the
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molecules are not known, but it is possible thataturations are adjacent. According to the
adsorption isotherm aif-terpineol and dihydromyrcenol on glass (Shu andridon, in
preparation), the surface coveragewaérpineol and dihydromyrcenol under the present
experimental conditions were 143% and 16%, respagtiTherefore, islands or multiple
layers of terpenoids may develop and radical reastwith adjacent unsaturated molecules are
possible. Differences in the number, shape, sidenainrostructure, might be explained by
differences in terpenoid structure and/or the flagta-terpineol was present at a much higher
surface concentration. For example, larger aggesggbpeared to form during the terpineol
reactions. However a larger number of smaller aggges were observed for dihydromyrcenol
which may suggest that a larger number of “islaridgthed at the lower surface density. In the
future, surface composition analysis methods, sischuger Electron Spectroscopy (AES) and
time-of-flight secondary ion mass spectrometry (¥&IMS), could be applied to better

understand the composition of aggregates.
Implications for indoor air quality

The surface ozone/terpene reactions produced piodimgilar to that of gas phase
reactions, including irritants and sensitizers saglylyoxal and methylglyoxal (Anderson et al.
2007). Formaldehyde, which is a carcinogen, wasfalsnd in the gas phase as a product of
the surface reaction. While the yield of these potsl was not determined, surface ozonation

rates of terpenes are predicted to dominate gaseptunversion rates in buildings (Shu and
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Morrison, 2009). Thus, the surface reactions manrdmute substantially to indoor
concentrations of observed dicarbonyls.

Due to the prevalence of ozone and terpenoidsildibgs, this research suggests that
indoor surfaces are likely to be covered with payim aggregates. These can affect pollutant

and water uptake at surfaces and influence theifyodnd surface tension of indoor surfaces.
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Beads Samples
Experiment Gas in Purpose
P P gas beads
reactor
air and
air blank air only Yes beads Yes Yes
background
_ ozone
ozone blank air, ozone Yes Yes Yes
background
check
a-terpineol blank airg-Terpineol Yes impurity of  Yes Yes
a-terpineol
. . check
Dihydromyrcenol air, ) o
i Yes impurity in -~ Yes Yes
blank dihydromyrcenol
DHM,
. _ . gas phase
ozoned-terpineol air, a-terpineol, _
No reaction Yes No
control ozone
control
_ air, gas phase
ozone/dihydromyrcenol _ _
dihydromyrcenol, No reaction Yes No
control
ozone control
ozoned-terpineol air, a-terpineol, surface
] Yes ] Yes Yes
surface reaction ozone reaction
) air,
Ozone/dihydromyrcenol surface
_ dihydromyrcenol, Yes _ Yes Yes
surface reaction reaction

ozone
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(d) (e) (f)

Figure 1. Aggregates found under SEM on glassskaposed ta-terpineol (a, b,
¢) and dihydromyrcenol (d, e, f).
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SECTION

4. CONCLUSIONS

The primary results of this work are presentedieeé manuscripts for publication in
peer-reviewed journals. Conclusions from this wiaalkke been reported in each paper,
respectively, and are reported here as they rildtee objectives.

Objective 1: to develop a reliable analytical methe quantify ozone reactive
terpenes, for single compound and also terpeneunastin the samples where ozone is
present.

This objective is met and the results are showpajer I. The results can be concluded
as following:

1. Solid Phase Microextraction (SPME) sampling aglyaamic sampler is
demonstrated to be an accurate analytical methachvaan minimize the interference from
ozone reacting with the analytes, both for singtpénes sample and for terpene mixture
sample.

2. This method works even better when there ardipfeikeactive compounds in the
sample, because reactive compounds can competeadthother for ozone and, potentially,
improve recovery for individual compounds by spiagaut reactive losses across all

adsorbed species.
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3. For the eight compounds studied in the presehceone, the MDL ranged from 1.6
— 5.8 ppb for a 5 minute sampling time, and thegnee of 30 or 100 ppb o0zone does not affect
the MDL significantly.

Objective 2: to quantify the adsorption, surfacacten rates, and surface reaction
probability of ozone with terpenes-{erpineol and dihydromyrcenol) adsorbed on diffiere
indoor materials, under different relative humiditynditions.

This objective is met and the results are showgager Il and paper Ill. The conclusion
can be summarized as following:

1. Much morex-terpineol and dihydromyrcenol adsorbs to glasa thaPVC or latex
paint. The relative humidity affects adsorptiongbass more than on PVC or paint. Adsorbed
mass decreases as the relative humidity increpstentially because of the competition for
adsorption sites between water and terpene mokecule

2. All of the surfaces, when loaded witterpineol or dihydromyrcenol, consume
ozone at a higher rate than without terpenes.

3. The quantified second-order surface reactianaagfficients are not affected by the
relative humidity.

Objective 3: to compare the surface bound reagrobability with reported values of
the gas-phase reaction probability;

This objective is met and the results are showrajer 1l and paper lll. The conclusion

can be summarized as following:
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1. For bothu-terpineol and dihydromyrcenol, all values of meadusurface ozone
reaction probability are greater than their gassplaone reaction probability, which are
calculated based on reported gas phase bimolaataconstant.

Objective 4: to investigate to what extent the @suarface reaction alters the
concentration of indoor VOCs, ozone, and theirtieagroducts,

This objective is met and the results are showrajer 1l and paper lll. The conclusion
can be summarized as following:

1. By extrapolating the measured second-order cir@action rate to indoor
environments at typical conditions, feiterpineol, the surface conversion occurs at riuais
are ~ 1 — 5 times the gas phase reaction rate.

2. By extrapolating the measured second-order cairi@action rate to indoor
environments of typical conditions, for dihydromgmol, the surface conversion occurs at
rates that are ~ 20 — 100 times the gas phaseareact

Objective 5: to identify some of the heterogena®astion products.

This objective is met and the results are showpajper V. The conclusion can be
summarized as following:

1. In outlet gas samples, formaldehyde was the iolelytified product of surface
ozone/dihydromyrcenol reaction, while no producswdentified for surface

ozoned-terpineol reaction.
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2. In surface extraction samples, 2-butanone, 2apeme, and glyoxal were identified
as products of surface ozone/dihydromyrcenol reactishile glyoxal and methylglyoxal were
identified as products of surface ozan&grpineol reaction

3. Aggregates of 0.5 to 10 um in at least one dgienwere formed on glass as the

result of surface ozone reactions with both dihgayacenol andi-terpineol.
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5. SIGNIFICANCE AND IMPACTS

In the atmospheric chemistry field, most ozoneaxefchemistry studies have focused
on the ozone reaction with self-assembled monaotagkevinyl-terminated carbon compounds
on silicon or carbon substrates. These surfacesmatmospheric aerosols. Ozone reactions
can affect the hydrophobicity of these particled grus modify the potential of these particles
to act as cloud and ice nuclei. These studies trenstly been performed under strictly
controlled laboratory conditions. Ozone-surfacentiséry is also of interest for indoor air
quality studies, but the specific surfaces and aamgs of interest are quite different. Few
studies have investigated the role of surface cieynon controlling the composition of indoor
air. This research is the first to quantify theface reaction kinetics of ozone and terpenes. The
results allow us to qualitatively and quantitativel/aluate the relative importance of surface
and gas-phase reactions. Methods developed ineemrch can be extended to quantify
surface reaction kinetics of reactants other thard studied in this research (other terpenoids,
other oxidants such as nitrogen oxides, etc.) Heurthe results directly improve our
understanding of aerosol chemistry, even in “antbiain The central result of this research,
that heterogeneous terpenoid chemistry is as, og,nmportant than homogeneous chemistry,
demonstrates that existing models of indoor aimaissing this important mechanism. This
appears to be especially important when the congminvolved are not very reactive in gas

phase.
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6. FUTURE RESEARCH

In this work, two terpene alcohols and three indaoface materials have been studied.
To draw more comprehensive conclusions, a greataber of compounds, including alcohols,
carboxylic acids and other organic compounds, ghiéi and lower volatility, should be
evaluated, individually and in mixtures, on a wigtlariety of surface materials. Temperature
effects on the ozone/terpene surface reactionikmalso need to be investigated.

To begin to understand this chemistry and extrapatathe vast number of compounds
present in buildings, the mechanism of the ozorpetee surface reaction should be studied at
the molecular level. Certain surface chemistry ysialmethods, such as Fourier Transform
Infrared Spectrometry (FTIR), Sum-frequency GenenaiSFG), ellipsometry, and so on, can
be used to investigate the molecular orientatiorwépecies are adsorbed on surfaces and to
track the reaction.

The products of heterogeneous ozone-terpene raaciged to be studied more
completely as well. The reactions produce reagtir@gucts that are unstable and therefore

difficult to identify and quantify.
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The mass transfer of ozone to the beads surfacéimitesd by the surface uptake rate
(or reaction rate), not the mass transfer frompiese to the beads surface. This can be
verified by determining the Sherwood number inBifdR. The Sherwood numbetj is
correlated with Reynolds numbdd) and Schmidt numbe6¢), as expressed in Equation

(A.1)(Wakao and Kagei 1982).

1
Sh =2 + 1.15¢3Re®6 (A1)

Reynolds numbeRg and Schmidt numbeB can be calculated by Equation (A.2)

and (A.3).
D
Re =" Ze P (A2)
-+
Sc = oD (A.3)

wherep is density of air (1.18x10kg cni®), u is dynamic viscosity of air (1.983x1&g cm*
s%), vis superficial velocity (41.7 cm® which equals to the flow rate divided by the
cross-sectional area of the reactas porosity of packed bed (unitlesB), is the diameter of
spherical particles (cm), adlis the diffusivity of ozone in air, which is 0.247 s™.

The transport limited deposition velocity, can be calculated from Sherwood number,

by using Equation (A.4).

Shx D
Ve =
DP

(A.4)
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The deposition of ozone is a two-steps proceshaddhe deposition velocityy, could

be either transport limited or reaction limited sa®wn in Equation (A.5).

-1

1 4
vy = (ot ———) (A5)
VUt Ytotal <V >
If X >> *__ | the ozone deposition on surface is transpoitdiinand if~ <<
Ve Yiotal<V> Vt

4
ytoml<v>

,then it is reaction limited process.

The values of these parameters and the calculatezhdionless numbers are shown in
Table A.1. The Sherwood numbers showed that umeeoperation conditions, the mass
transfer by convection is at least 15 times higthasnass transfer diffusion. The Sherwood
number is sufficiently large, and the dominantsesice is the surface uptake by reaction. The
values of vit are in the range of (4.1 - 6.6) 18 cm'. The experiment data showed that the
total reaction probability of terpene loaded siefgg, ,,, is no more than 19 which means

that the minimum of}/‘lﬁ is no less than 11 s émBased on aforementioned criteria,
total

conclusion can be drawn that the ozone mass trainsR+-R at operation conditions is a

reaction limited process.

Table A.1 Parameters and dimensionless numberBRfaP operation conditions

Dp € Re Sc Sh Vi

cm - - - - cm/s
PVC 0.16 0.40 100 1.20 20.45 17.89
Glass 0.09 0.37 61 1.20 15.69 24.41

Painted  0.23 0.40 143 1.20 24.94 15.18




APPENDIX B.

DISCUSSION ON BET SURFACE AREA



142

For bare surface, the background ozone reactidmapitity is calculated from the inlet

and outlet ozone concentration, by using Equatif)(

4Q Vreactor (—ln CO'UI) (Bl)

cross pAbeads <v> Cin

Vbackground LA

whereQ is flow rate through PFR (ci81"), Vieactor is the volume of PFR (ciy L is length of
PFR (cm) Acossis the cross-sectional area of PFR{cmis the porosity of packed bed
(unitless) <v> is the Boltzmann velocity, which is 3.60%¥1n s* for ozone at 293k.

The surface ozone terpene reaction probabilitplisutated by Equation (B.2) to (B.4).

¥ _ Ytotal — ybackground(l - ﬁ?erp) _ <ytotal - ybackground
terp — -

> + Vbackground (B-2)

f terp f terp

dC03 _ _ytotal(z) <v >Asurface
dz 4u Vreactor

Co3(2) (B.3)

dCDHM _ ytotal(z) <v> Asurface
dz 4u Vreactor

Coz(2) (B.4)

For a specific kind of bead, the BET surface asrale expressed is proportional to
their geometrical surface, which as shown in EquatB.5).

Agfgface = CAsurface (B.5)

where c is a constant, estimated to be in the rimoge 1.5 to 10 for PVC, glass, and painted
beads.
So, when BET surface area was used in the caleolafireaction probability, the new

results can be expressed as:
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1

BET —
ybackground - Zybackground (86)

1

yg)igl = Eytotal (87)

1
ftgfg = Efterp (88)

So we can get:

1
BET BET BET - R — - =
Ytotal — Vbackground 1- fterp) ¢ Ytotal — ¢ Vbackground 1 c fterp )
BET _—_ =
yterp BET 1
terp

Efterp (Bg)

(ytotal - ybackground) 1

- ybackground
f terp c

If we compare Equation (B.9) to Equation (B.2), wi# see that they /7, will be very
close t0y ey, because thep,crgrouna (IN the order of 10) is very small compared to the
Ytotar» Which is in the order of 10 This is why the ozone terpene reaction probghitisults
would be almost the same not matter if BET surbaea or geometric surface area was used in

the calculation.
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1. INTRODUCTION
Included with this dissertation is a CD-ROM, whiotntains the MATLAB CODES
(.m files) to numerically solve the plug flow reactmodels, in order to calculate the
second-order surface reaction rate coefficients #rel surface ozone-terpene reaction

probabilities. All the MATLAB CODES have been deweéd using MATLAB R2008a.

2. CONTENTS

DHMProbabilityCalGlass.m
DHMProbabilityCalPVC.m
DHMrateCalGlass.m
DHMrateCalPVC.m
TerpProbabilityCalGlass.m
TerpProbabilityCalPVC.m
TerprateCalGlass.m

TerprateCalPVC.m
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