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Atmospheric chemistry of indoor air involves in principal the same reaction mecha-
nisms and rates as that of natural atmosphere, however premises for the indoor chem-
ical reactions are different due to the absence of UV light and due to the significantly
different concentrations of indoor air pollutants. Concentrations of hydroxyl radicals
are orders of magnitudes lower (Weschler and Shields, 1997), indoor/outdoor concen-
tration ratios of ozone, transported indoors with the ventilation system, vary between
0.1 – 1.0 (Finlayson-Pitts and Pitts, 2000), and concentrations of volatile organic com-
pounds are higher in the indoor environments due to degassing from building materials
and furniture, not speaking about the influence of humans and their activities. Nitrogen
dioxide is often found in the similar concentrations indoors as outdoors.

Wooden furniture and cleaning agents are known sources of terpenes; limonene is
one example that often is present in higher concentrations. Since concentrations of
hydroxyl radicals are low, ozone becomes more important for initialization of VOC
oxidation in the indoor environments. The reactions of terpenes and ozone have been
thoroughly studied over the past decades, and the reaction rate coefficients together
with reaction mechanisms and products formed have been elucidated. One interesting
moment of the terpene/ozone reactions is the potential of particle formation due to



gas-to-particle conversion of reaction products with sufficiently low vapor pressure to
begin nucleation.

In this work, the reaction of ozone with limonene, as a source of ultrafine particles
(< 0.1µm), has been investigated at concentrations relevant to indoor environments.
A stainless steel chamber with a volume of 17 m3 supplied with limonene and ozone
at different concentration scenarios has been used for the experiments. The cham-
ber/reaction temperature was 23± 2 oC, and the ventilation was shut down in order to
simulate static conditions. Limonene was introduced in the chamber by injecting mi-
croliter amounts of the pure liquid substance onto sheets of Cleenex paper in a washing
bottle in a stream of cleaned and dried air. Ozone was generated using an ozone gen-
erator (UltraViolet Products, SOG-3; HydroAir Bath and Spa Ozonator 20-5133). The
concentration of ozone was monitored using an O3 42M (Environnement, France)
instrument; the limonene concentration was determined by GC/MS/FID analysis of
samples collected on Tenax TA adsorbent tubes. The concentrations of limonene (17
– 190 ppbv) were in excess over the ozone concentrations during the experiments in
order to limit secondary reactions of ozone with the limonene oxidation products. The
range of ozone concentrations in the set of experiments was 6-19 ppbv. Particle num-
ber concentration and size distribution between 0.003µm and 10µm, was monitored
as a function of time using the following set of instruments: A scanning mobility par-
ticle sizer together with a condensation particle counter TSI 3936 SMPS-instrument, a
“stand alone” condensation particle counter (TSI, model 8525, P-Trak) and an optical
particle counter (MetOne, model 3313).

The experiments clearly showed formation and growth of ultrafine particles from the
chemical reactions taking place in the test-chamber (by gas-to-particle conversion of
the low vapor pressure reaction products). The initial concentrations of the reactants
are well within the ranges normally present in real indoor environments. The aerosol
mass in the reaction chamber increased by 1-49µg/m3 in the set of experiments (ini-
tial aerosol mass in the chambre was typically1-2µg/m3). This corresponded to the
aerosol yield of 10 – 75% on reacted limonene mass bases. For example, at an ini-
tial ozone concentration of about 13 ppbv and a limonene concentration of 30 ppbv
the number concentration of particles in the size range 4-106nm started to increase
immediately after injection of the reactants. After about 50 minutes the concentra-
tion peaked at a concentration 25-times higher than the initial. Particles smaller than
20nm constituted up to 95% of the total number concentration, and peaked after 25
minutes. The number concentration of particles larger than 20nm began to increase
after 22 minutes, which indicates particle growth, e.g. by condensation. A mathemat-
ical model was used to analyze the ongoing gas phase chemistry and to describe the
formation of condensable oxidation products.
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