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The double bond-to-ozone reaction stoichiometry was
quantified for ozonation of several environmentally relevant
unsaturated fatty acids and monoterpenes in saturated
hydrocarbon solvents. Olefins with initial concentrations from
30 µM to 3 mM were injected in a solvent (n-hexadecane, nonane,
or cyclohexane) while an ozone-oxygen mixture was slowly
bubbled through the solution. The number of ozone molecules
consumed by the injection was quantified in the outgoing
flow, and the expected 1:1 double bond-to-ozone reaction
stoichiometry was observed only under subambient temperature
conditions (T < 250 K). At room temperature, the effective
number of double bonds oxidized by each ozone molecule
increased to 2-5, with a higher degree of oxidation occurring
at lower initial olefin concentrations. The observed enhancement
in the stoichiometry is consistent with a competition between
direct ozonation and free radical initiated oxidation of double
bonds, with free radicals being produced by slow reactions
between dissolved ozone and solvent molecules.

Introduction
Ozone is a criteria pollutant and is an important oxidant of
unsaturated organics in indoor and outdoor air (1, 2). Typical
mixing ratios of ozone in the lower atmosphere range from
about 20-30 ppb (parts per billion by volume) in clean air
to over 300 ppb in heavily polluted air. This results in lifetimes
of atmospheric unsaturated organics, with respect to oxidation by ozone, ranging from minutes to days. Indoor ozone
mixing ratios normally track the local outdoor ozone levels
but are lower by a factor of 2-10 because of decomposition
of ozone on various indoor surfaces (1, 3). However,
alarmingly high levels of indoor ozone with mixing ratios
well into the ppm (part per million by volume) range have
been reported during building disinfection (4). Under these
conditions, the rate and depth of oxidation of unsaturated
organics increase considerably. To understand this chemistry
in detail, oxidation of environmentally relevant organic films
(5-7), organic aerosol particles (8-11), and various indoor
materials (4, 12-14) by gas-phase ozone was investigated
under a broad range of conditions.
The commonly accepted mechanism of ozonation of
unsaturated organics (15) involves the cycloaddition of ozone
to the double bond, followed by a rapid decomposition of
the resulting primary ozonide into a highly reactive carbonyl
oxide (Criegee intermediate) and a carbonyl. In solutions,
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stabilized carbonyl oxides undergo addition to carbonyls to
form secondary ozonides, addition to alcohols, water, and
carboxylic acids to form alkoxy-, hydroxy-, and acyloxyhydroperoxides, respectively, and isomerization into carboxylic acids (16). In gas-phase ozonation reactions, carbonyl
oxides may also undergo unimolecular decomposition to
give OH radicals in fairly high yields (17).
It is often assumed that ozone reacts with unsaturated
organics in a well-defined stoichiometric ratio, with one
carbon-carbon double bond consumed per ozone molecule
reacted. However, this work demonstrates that a single ozone
molecule can effectively destroy several double bonds in
dilute solutions of monoterpenes and unsaturated fatty acids
via a chain reaction mechanism involving free radicals. This
effect appears to be especially important near room temperature, and it may have significant implications for the
environmental chemistry of ozone.
Furthermore, ozonation is frequently used in organic
chemistry for synthesis of aldehydes and carboxylic acids
from olefins. The reaction conditions are optimized for the
maximal yield of the desired product; any deviations from
the expected reaction stoichiometry are regarded as a
nuisance. However, a recent study of ozonation of triptene
reported 1.05-1.56:1 olefin-to-ozone stoichiometry for the
complete triptene consumption and classified this result as
“surprising” (18). Our work suggests that such a deviation
from the 1:1 stoichiometry in ozonation of unsaturated
organics may be a common effect and characterizes it for
several environmentally relevant molecules.

Experimental Section
Figure 1 shows a schematic diagram of the experimental
setup used in this study. An oxygen flow of F ) 20 sccm
(standard cubic centimeters per second) containing ozone
at a concentration of [O3] ) 5 × 1015 to 7 × 1016 molecules/
cm3 was bubbled into 5 mL of a stirred solvent contained in
a 10 mL septum-sealed reaction vial immersed in a temperature-controlled bath. Solvents included n-hexadecane,
n-nonane, cyclohexane, cyclopentane, and carbon tetrachloride. Purities and manufacturers for all chemicals used
are specified in the Supporting Information. The concentration of ozone in the gas effluent was accurately measured
with a calibrated home-built Hg-lamp photometer using
base-e absorption cross-section of σ253.65nm ) 1.136 × 10-17
cm2 (19).
Stock solutions of organic reactants in the same solvent
were prepared and injected into the reaction vial in small
volumes (1-150 µL) with a calibrated graduated syringe
resulting in initial concentrations in the range of 30 µM to
3 mM. The reactants included unsaturated fatty acids
(undecylenic, oleic, linoleic, and linolenic acids) and monoterpenes (R-pinene, β-pinene, and D-limonene). Successive
injections were performed either with monotonically increasing reactant concentration or in a random order, with
no difference in the results. To keep the ozone dissolution
rate at constant levels, each experimental run was limited to
a maximum of 10 injections. The solution remained clear
and colorless after the injections, with no evidence of
precipitation or colloid formation.
The reaction products were characterized by electrospray
ionization mass-spectrometry (ESI-MS) in negative ion mode,
which is especially sensitive to carboxylic acids. The massspectra confirmed that every injection of unsaturated fatty
acid reactants resulted in a complete removal of the initial
reactant from the mixture by O3 and formation of a
10.1021/es800096d CCC: $40.75
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FIGURE 1. Experimental setup. An O3/O2 flow (20 sccm) is
bubbled through a 10 mL reaction vial half-filled with a solvent,
and [O3] is measured in the gas effluent. A small amount of
olefin dissolved in the same solvent is periodically injected in
the vial with a GC syringe.

FIGURE 2. Sample experimental data. Ozone initially flows
through the bypass, and is admitted into the reaction vial at t )
11 min. After a steady state is established, progressively increasing amounts of reactants are injected in the vial at times
indicated by arrows. Each injection leads to a reduction in the
effluent ozone concentration followed by a recovery to the
steady state level.
complicated mixture of reaction products. In the case of
monoterpene reactants, the removal of double bonds could
not be explicitly verified because monoterpenes are not visible
in ESI mass spectra, but it was assumed that the reaction
was complete based on the similarity of oxidation conditions.
The degree of solvent oxidation was quantified in a
separate set of experiments. Ozone was bubbled through
the reaction vial filled with a pure solvent for 15-30 min
using the setup shown in Figure 1. Cyclohexane and
cyclopentane were used as solvents because they result in
fewer possible ozonation products due to their increased
molecular symmetry compared to the linear alkanes. After
the ozone exposure, the solvent was injected into a GS/MS
instrument as described in the Supporting Information. The
yields of oxidation products (e.g., cyclohexanone and cyclohexanol in the case of cyclohexane) were measured with
respect to the number of ozone molecules removed by the
solution.

Results
Figure 2 shows a sample time-trace of ozone concentration
in the gas effluent. When ozone was first admitted into the
vial filled with neat solvent, its concentration plummeted
because ozone started to displace the headspace air and

FIGURE 3. Number of ozone molecules required to remove all
double bonds in millimolar solutions of unsaturated fatty acids
(top) and terpenes (bottom) in n-hexadecane at room temperature.
The dashed line represents the expected 1:1 reaction stoichiometry. The horizontal axis is equal to the number of injected
reactant molecules multiplied by the reactant’s number of double
bonds (three for linolenic acid, two for linoleic acid and
D-limonene, and one for all other molecules).
dissolve in the solution. After several minutes, a steady state
was established with the ozone concentration in the outgoing
flow reduced compared to that in the incoming flow. This
reduction was attributed to ozone decomposition reactions
that occurred in the solvent. A control experiment was
performed in the absence of the solvent, which indicated
that ozone surface losses in the reaction setup were small
(<5%). The observed concentration reduction was typically
20-80%, depending on the solvent, temperature, and gas
flow rate (for example, the reduction factor is [O3(g)]in/
[O3(g)]out ) 1.6 in Figure 2). The characteristic relaxation time
for returning to the steady state (∼1 min) was comparable
to but normally longer than the time scale for headspace
gas-exchange (∼20 s ) headspace volume/gas-flow rate).
This system can be approximately described in terms of
the following competing processes;
Dissolution : O3(g) f O3

(1)

Gas evolution : O3 f O3(g)

(2)

Reaction with solvent : O3 + S f products

(3)

O3 refers to dissolved ozone, O3(g) refers to gas-phase ozone
in the vial headspace, and S refers to solvent molecules. Under
the steady state conditions, the rate of dissolution (1) is
balanced by the combined rates of removal of ozone from
solution by reactions 2 and 3.
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Because of ozone’s high reactivity, it is difficult to attain
its true solubility equilibrium (20). Under the steady flow
conditions used in this work, Henry’s law is not expected to
be obeyed because the decomposition of ozone in reaction
3 is significant on the time scales of headspace gas-exchange
(∼20 s) and gas-to-liquid mass transfer (∼1 min). References
21 and 22 reported effective Ostwald coefficients (L )
dimensionless ratio of ozone concentration in the solution
to that in the gas phase) that were in the range of L ) 1.5-2.5
for ozone bubbled through several organic solvents at room
temperature. The Ostwald coefficients increased by about
an order of magnitude at -78 °C. We similarly measured the
concentration of dissolved ozone by bubbling it thought a
UV/Vis spectrometer cell filled with cyclohexane. This
resulted in L∼1.0 (with respect to the effluent gas-phase ozone
concentration) for ozone dissolved in room-temperature
cyclohexane, suggesting that the dissolved ozone concentration was limited by mass-transfer. However, this lack of
complete solubility equilibrium is not going to affect the
results and conclusions presented below.
Figure 2 shows that the measured concentration of ozone
exiting the reaction vial dropped after each organic reactant
(R) injection, and returned to the initial steady state value
after the reaction was complete.
Reaction with olefin : O3 + R f products

(4)

For some injections, the initial concentration of dissolved
ozone [O3]0 exceeded the initial concentration of reactant,
[R]0. Under these conditions, the reactant was promptly
consumed (estimated t1/2 < 1 s), and the ozone concentration
recovered on the time scale of re-establishing the dissolution/
solvent decomposition steady state. In other cases, [R]0 was
larger than [O3]0, leading to a nearly complete dissolved ozone
depletion and a longer steady state recovery time as reaction
4 continued to consume ozone supplied by dissolution 1
until all the reactant was consumed. This effect is clearly
visible in Figure 2; the widths of the dips in ozone concentration increase with the amount of added reactant.
The absolute number of ozone molecules required to reestablish the steady state disrupted by reaction 4 was obtained
by integrating the time-dependent ozone concentration for
each injection (eq 5),
O3 molecules consumed )
F×

∫ ([O (g)]
3

ss - [O3(g)](t))

dt (5)

where F is the O3/O2 flow rate in cm3 s-1, and [O3(g)]ss is the
steady state ozone concentration in the gas effluent in
molecules cm-3. Figure 2 demonstrates that [O3(g)]ss remained
constant over the course of the experiment, suggesting that
the slow accumulation of reaction products in solution did
not strongly affect the ozone dissolution/solvent decomposition rates. The absolute number of double bonds that
reacted with ozone was calculated from the known reactant
injection volumes and concentrations. The extent of double
bond removal was explicitly verified by ESI-MS as described
in the Experimental Section.
Figure 3 displays the number of ozone molecules consumed in reaction 4 as a function of the number of injected
double bonds at room temperature. To calculate the latter,
the number of injected reactant molecules was multiplied
by the reactant’s number of double bonds: three for linolenic
acid, two for linoleic acid and D-limonene, and one for all
other molecules. The dashed line corresponds to the expected
stoichiometric 1:1 ozonation. Clearly, under these experimental conditions, consumption of one ozone molecule
results in an elimination of more than one double bond.
Deviations from the 1:1 double bond-to-ozone (DB:O3)
stoichiometry are noticeably larger at lower initial reactant
3584
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FIGURE 4. Temperature and concentration effects on the DB:O3 stoichiometry for ozonation of oleic acid (top) and β-pinene (bottom).
Positive and negative temperature measurements were done in
n-hexadecane and n-nonane, respectively.
concentrations. However, the DB:O3 ratio does not strongly
depend on reactant’s chemical nature; all reactants appear
to fall on the same DB:O3 curve, within the experimental
uncertainty. Data in Figure 3 correspond to n-hexadecane
solvent; DB:O3 ratios measured in n-nonane were the same
within the experimental uncertainty.
The average number of double bonds depleted by each
ozone molecule is plotted against the reactant concentration
in Figure 4 for several temperatures. The observed DB:O3
ratio converges at the conventional value of 1:1 only at the
highest concentrations and lowest temperatures used in this
work. At room temperature, this ratio is about 2-3:1 at higher
reactant concentrations, and it increases to 4-5:1 at lower
concentrations. At lower temperatures, this effect is less
dramatic, with the number of consumed double bonds
approaching 1.5 at the lowest reactant concentrations.

Discussion
The standard Criegee mechanism of ozonation of olefins
involves the cycloaddition of ozone across the double bond
followed by a fast decomposition of the resulting primary
ozonide (POZ) into a carbonyl and carbonyl oxide pair (15).
The usual fate of carbonyl oxides in nonparticipating solvents
is recombination with the geminate carbonyls yielding a
secondary ozonide (SOZ) and resulting in DB:O3 ) 1:1 (Figure
5). SOZ was previously observed in room temperature
ozonation of unsaturated fatty acids and triglycerides
(8, 23-26). In the case of oleic acid, our ESI mass spectra of
reaction products showed that SOZ (observed at m/z ) 2MSOZ
- 1) was indeed an important product of ozonation of
unsaturated fatty acids at low temperatures. However, the

FIGURE 5. DB:O3 stoichiometry for different reactions of
carbonyl oxide: cycloaddition to a carbonyl (1:1), cycloaddition
to a double bond (2:1), isomerization (1:1), and reaction with
alcohols or carboxylic acids (1:1). OH-loss and O-loss are common in gas-phase ozonolysis but are less likely to occur in
solution. Unconventional decomposition of POZ into alkyl and
alkylperoxy radicals (shown in the upper right corner) was
proposed in ref 29.
number of product peaks in the ESI-MS spectra greatly
increased, and the relative SOZ yield dropped considerably
at room temperature. On the basis of the observed DB:O3
ratio and of the ESI-MS data, we conclude that SOZ is not
the dominant reaction pathway under room temperature
conditions.
Direct cycloaddition of stabilized carbonyl oxides to
double bonds could potentially result in 2:1 DB:O3 stoichiometry. However, carbonyl oxides do not undergo cycloaddition to double bonds unless the latter are strongly polarized
by substituent groups (15, 16). None of the reactants used
in this work have such activated double bonds. Furthermore,
recent work on ozonation of pure unsaturated fatty acids
showed no evidence for such reactions (8, 27, 28).
With carboxylic acids used for reactants (undecylenic,
oleic, linoleic, and linolenic acids), the carbonyl oxides are
likely to add to carboxylic groups producing acyloxyhydroperoxides. This is the dominant reaction pathway in
ozonation of pure unsaturated fatty acids (8, 23, 24, 27, 28).
Although these reactions will produce >1:1 reactant-toozone stoichiometry, the DB:O3 stoichiometry will remain
at 1:1 (Figure 5).
In summary, the observed DB:O3 stoichiometry in a large
excess of 1:1 is not consistent with known solution chemistry
of stabilized carbonyl oxides. Additional reaction mechanisms
are clearly involved in dilute solutions of olefins aerated with
ozone/oxygen mixtures. We hypothesize that the excess
double bonds are oxidized by free radicals, which are
generated by one of the following mechanisms: (a) unimolecular decomposition of carbonyl oxides (17), (b) unconventional decomposition of POZ (29), or (c) autoxidation
reactions between ozone and solvent molecules.
Unimolecular decomposition of carbonyl oxides into
either OH and an alkyl radical or into an O-atom and carbonyl
(Figure 5) are well-known pathways in gas-phase ozonation
of olefins (17). Efficient decomposition into OH would provide
an attractive explanation for the anomalous DB:O3 stoichiometry because highly reactive OH can directly add to a
double bond or abstract an H-atom from a solvent molecule,
inducing a short chain reaction (see below). However,
carbonyl oxide decomposition has not been previously
observed in solutions. Given that the yield of OH in gasphase decomposition of carbonyl oxides is reduced at high

pressures (30-32), this reaction is likely to be strongly
suppressed in solution.
Pryor (29) examined the mechanism of free radical
formation from reactions between ozone and olefins and
demonstrated that there is an alternative pathway for POZ
decomposition directly yielding an alkyl radical and alkyl
peroxy radical (Figure 5). He estimated that about 10% of
POZ molecules decompose in this way (with respect to the
conventional carbonyl oxide + carbonyl channel) and result
in lipid peroxidation in biological systems by radical induced
mechanisms with chain lengths of 5-50.
Finally, free radicals may be produced without any added
olefinic reactants by reaction 3 between ozone and solvent
molecules. Indeed, ozone is known to slowly react with
unactivated C-H bonds in saturated hydrocarbons (33, 34).
It is believed that the reaction proceeds through a hydrotrioxide intermediate that decomposes into various reactive
products (eqs 6a-c).
O3 + RH f [ROOOH] f ROH + O2(1∆)

(6a)

f carbonyl + H2O2

(6b)

f RO· + HO2·

(6c)

To confirm that these reactions take place under our
experimental conditions, we measured the yield of major
stable products for the reaction between ozone and cyclohexane and between ozone and cyclopentane (see Supporting
Information). For cyclohexane, the major products were
cyclohexanol and cyclohexanone formed in a ratio of 3:1, in
agreement with ref (35). The overall product yield (sum of
all products/ozone molecules lost in solution) was close to
100% at room temperature. For cyclopentane, the dominant
products were cyclopentanol and cyclopentanone. At room
temperature, ozone was destroyed by both solvents with an
effective reaction rate of ∼10-5 mol L-1 s-1, which corresponds
to the rate constant of ∼10-2 L mol-1 s-1 for reaction 3. For
reference, literature values for the rate constant of O3 +
cyclohexane reaction in CCl4 are 1.1 × 10-2 L mol-1 s-1 (36)
and 3.1 × 10-2 L mol-1 s-1 (37). For cyclopentane, the
measured reaction rate decreased by approximately an
order of magnitude at -30 °C.
Reaction (6c) generates alkoxy (RO) and hydroperoxy
(HO2) radicals directly. Additional free radicals can be
produced via secondary reactions such as the following.
O3 + H2O2 f OH · + H2O + O2

(7)

O3 + RO2 · f RO · + 2O2

(8)

RO · + RH(+O2) f ROH + RO2 ·

(9)

RO2 · + R′O2 · f RO · + R′O · + O2

(10a)

RO2 · + R′O2 · f nonradical products

(10b)

The reaction between ozone and hydrocarbon solvent,
despite its low reaction rate, may produce sufficient concentrations of free radicals (alkyl, alkoxy, alkyl peroxy, OH,
and HO2) to initiate oxidation of injected olefinic reactants
in competition with their direct ozonation by the Criegee
mechanism. Indeed, the combined concentration of free
radicals generated by reaction 3 (rate ∼10-5 mol L-1 s-1) and
consumed in diffusion-limited radical-radical termination
processes (rate constants ∼109 L mol-1 s-1) can reach ∼0.1
µM. Although this concentration is several orders of magnitude lower than the steady state concentration of dissolved
ozone, it is compensated by larger rate constants for reactions
between some of these free radicals and olefins, compared
to ozone-olefin reactions. (For example, rate constants for
reactions of cyclohexene with OH and O3 are 8.8 × 109 L
mol-1 s-1 and 2.2 × 106 L mol-1 s-1, respectively (38).)
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FIGURE 6. Possible chain reaction mechanism for oxidation of
olefins resulting in DB:O3 ratio in excess of 1:1. X, Y ) H or
alkyl.
We attempted to differentiate between the three possible
mechanisms of free radical production (carbonyl oxide
decomposition, POZ decomposition, and ozone + solvent
reactions) by measuring the DB:O3 ratio in different kinds of
solvents. Results of these measurements are given in the
Supporting Information. Room temperature ozonation of
undecylenic acid in CCl4, which is highly inert toward ozone
at room temperature, resulted in DB:O3 ) 1.4(1):1 with no
dependence on the initial reactant’s concentration (0.2-2.0
mM). On the contrary, ozonation of oleic acid in methanol
or a methanol/acetic acid mixture, participating solvents
known to efficiently scavenge carbonyl oxides (15), resulted
in DB:O3 in excess of 10:1 and a strong dependence on the
initial reactant concentration (see Figure 1S in the Supporting
Information). High DB:O3 ratios observed in participating
solvents are not consistent with the carbonyl oxide decomposition mechanism. The lack of anomalous reaction stoichiometry in CCl4 strongly suggests that reactions between
ozone and saturated hydrocarbon solvents act as the free
radical sources. However, the observed deviation from DB:
O3 ) 1:1 in CCl4 does not rule out the mechanisms involving
POZ and carbonyl oxide decomposition. More sophisticated
experiments are necessary to distinguish between the mechanisms with more certainty.
Regardless of the mechanism of their generation, free
radicals are likely to increase the observed DB:O3 stoichiometry above the 1:1 level expected for a normal ozonation
(Figure 6). Alkylperoxy radicals RO2 are known to directly
add to double bonds and to induce polymerization in certain
readily polymerizable olefins (39). They can also be converted
into more reactive alkoxy radicals RO by reaction with ozone
(eq 8) or with another alkylperoxy radical (eq 10a). Kinetic
information on reactions of alkoxy radicals with olefins is
limited, but they are likely to undergo addition to double
bonds with appreciable rates (40). Addition of RO or RO2 to
a double bond will be immediately followed by the addition
of O2 to the resulting radical to form a new alkylperoxy radical
(Figure 6), which will propagate the chain further. The most
likely termination step in this mechanism is reaction between
two alkylperoxy radicals (eq 10b) giving stable carbonyl and
alcohol via the Russell mechanism (39). This termination
step is consistent with our observation that lower concentrations of reactants result in larger DB:O3 ratios.
A large number of research groups have studied ozonolysis
of oleic acid as a model for oxidative aging of atmospheric
3586

9

ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 10, 2008

organic material (6-8, 10, 11, 24, 28, 41-44). In these studies,
highly concentrated or pure oleic acid is exposed to relatively
low gas-phase ozone concentrations (<1 ppm). Although we
were unable to reliably measure the reaction stoichiometry
for concentrated solutions of reactants, the concentration
dependence in Figure 4 suggests that DB:O3should approach
the expected limit of 1:1 for pure reactants. Under these
conditions, direct oxidation of double bonds by ozone is the
dominant pathway, and generation of free radicals by
oxidation of saturated carbon atoms in oleic acid via reaction
3 can be ignored. However, the chain reaction mechanism
discussed above may become important in more realistic
organic aerosol, where unsaturated organics is considerably
diluted with less reactive saturated organics.
A highly questionable disinfection method that involves
treatment of indoor surfaces with high concentrations of
gas-phase ozone is increasingly used by the hotel industry
and residential cleaning services (4). The common practice
is to operate one or several powerful ozone generators in a
closed room for several hours under ambient temperature
and humidity conditions. The steady state ozone concentrations reached during the disinfection can be in the hundreds
of ppm range, that is, approaching the concentrations used
in this work. In addition to decomposition on dry indoor
surfaces such as carpets (13, 45), ozone may dissolve in
aqueous and organic surface films and partly oxidize the
content of these films via solution phase chemistry. We stress
that cleaning of indoor surfaces by gas-phase ozone is a highly
ineffective process because of low reaction rates between
ozone and saturated organics (1). Indeed, even at 100 ppm
ozone mixing ratio in indoor air, it takes hundreds of hours
for ozone partitioned in an organic surface film to oxidize
the first CH bond in a typical linear paraffin molecule.
The main implication of this work is that oxidation of
unsaturated organic materials in the organic surface films is
likely to be driven by secondary products of reactions between
ozone and solvent molecules and not simply by direct
ozonation. Involvement of free radicals in the process results
in a much more complicated set of products compared to
the classic Criegee mechanism of olefin ozonation. This may
have implication for the assessment of health effects of
organic products of indoor ozone chemistry, which may in
fact be more harmful than ozone itself (46).
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