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Indoor chemistry

• O3 + surfaces → less O3
– Sabersky, Sinema & Shair, ES&T, 1973

• O3 + carpet → aldehydes, less O3
– Weschler, Hodgson & Wooley, ES&T, 1992
– Morrison & Nazaroff, ES&T, 2000, 2002

• O3 + terpenes → OH·, particles, formaldehyde
– Weschler & Shields, ES&T, 1996, 1997 
– Weschler & Shields, Atmos. Environ., 1997, 1999

O3, radicals (OH· ) indoor O3
hν

Weschler et al. 
Indoor Air, 2000



Outline

• O3 + terpenes in cleaners and air fresheners (15 min)

• O3 oxidation of sorbed nicotine (5 min)

• UV photocatalytic air cleaners (1 min)



Cleaners & air fresheners

• Terpenes and terpene alcohols used 
as solvents and fragrances

• Indoor use → high concentrations
• Epidemiological studies link cleaning 

to occupational asthma 
• Human experiments show sensitivity 

to products of O3-terpene reactions
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Product selection

Shelf survey at five retail stores → 291 products

MSDS and label review → 50 products

Emission screening (Tedlar bags) → 21 products

Realistic use in 50-m3 chamber:
emissions → 6 products 
chemistry → 3 products

Bench-scale chamber:
reaction rates & product 

yields → 3 products
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Realistic use experiments

• Ventilate at 0.53 h-1

• Scale product use to simulate 
realistic home concentrations

• Degreaser: spray & wipe
– 0.11-m2 polished aluminum 

• Pine oil cleaner: mop floor
– 4.2 m2 vinyl tile floor
– 4-L solution mixed in room

• Air freshener: one plug-in unit

ventilationair, O3 supply

VOC sorbent samplers

Measure: VOCs, O3, T, RH, aldehydes, OH (indirect), particles



Orange oil degreaser in room
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Pine oil cleaner in room

Singer et al., Atmos. Environ., 2006
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Ozone in room
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Formaldehyde in room

Formaldehyde
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Particle mass in room
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Teflon reaction 
chamber

200 L O3H2O
Zero
air

Gas sampling:
steady-state concentrations of 

VOCs, carbonyls, carboxylic acids

Particle sampling:
size-resolved 
number conc.

T, RH, O3
(continuous)

Product 
source

(Tedlar bag
or flow cell)

Bench-scale experiments

Destaillats et al., Environ. Sci. Technol., 2006

Indirect OH 
determination



High yields of stable oxidation 
products
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Secondary organic aerosol (SOA) 
formation

nucleation … or condensation?

O3 + terpene

1 10 100 1000 nm

Scanning Mobility Particle Counter

Optical Particle Counter



Ultrafine particles formed in all 
experiments

O3 = 63 ppb 
(w/o reaction); 
ACH = 3 h-1

Destaillats et al., Environ. Sci. Technol., 2006



O3-terpene reactions on surfaces

• VOCs sorb to materials → possible O3 reactions on surfaces
• Room experiments: 

“Fresh” emissions from air freshener account for only half of 
observed O3-terpene reactions

• Bench scale experiments : 
Particles and formaldehyde formed when ozone exposed to glass 
plate with POC residual



Sorption & surface chemistry
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Oxidation of sorbed nicotine

measurements: T, RH, [nicotine]
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Oxidation of sorbed nicotine

Bench chamber study – Phase II: oxidation of sorbed nicotine

measurements: T, RH, [nicotine], ozone, nicotine oxidation prods.
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Nicotine oxidation products
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Nicotine - O3: Summary findings

• Ozone reacts with sorbed species to create secondary pollutants

• Long residence times and high concentrations of sorbed mass →
many more reaction combinations are possible (not just alkenes!)

• Nicotine oxidation rates competitive with desorption



Oxidation of sorbed nicotine 
(tobacco smoke ageing)

VOCs, PM

“direct” exposure
secondhand smoke

INDOOR SURFACES

formaldehyde & 
other pollutants+ O3

indirect exposure
third-hand smokeorganic gases



Air cleaning with chemistry

Can we use chemical reactions to eliminate airborne pollutants?
Are air cleaning technologies energy-efficient and safe?

UV photocatalytic oxidation (UVPCO)

Outdoor or recirculated
indoor air with VOCs

“Clean” air with 
lower VOCsUVPCO

In-duct systems Standalone home air cleaners



Evaluation of in-duct UVPCO

Inlet

Upstream 
sampling

Downstream 
sampling

Catalyst-coated 
honeycomb monoliths 

UV lamps flow 
straightener

fabric 
filter

Outlet

flow 
straightener

VOCs sorb to 
monolith coated 

with TiO2
nanoparticles

UV light induces 
catalytic 

photooxidation
of sorbed VOCs

Reaction 
products 

desorb, exit



UVPCO summary

• Potential for VOC removal and ventilation energy savings

• Partially oxidized byproduct emissions should be controlled

• Long-term catalyst performance needs to be assessed 



EXTRAS

• The following two slides present supporting material for 
comments made during the verbal presentation. 



OH radical concentrations
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Destaillats et al., Environ. Sci. Technol., 2006



Terpene surface chemistry

POC

applied on a 
glass plate &
allowed to 
evaporate
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