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In this study, an electrodynamic balance (EDB) and a single particle Raman spectroscopic system were used
to investigate the heterogeneous reactions of linoleic acid and linolenic acid with ozone under ambient
temperatures (2224 °C) and dry conditions (RH< 5%). Raman characterizations provide evidence that
ozone-induced autoxidation, in addition to direct ozonolysis, is a plausible pathway in the reactions between
ozone and linoleic acid and linolenic acid particles. Furthermore, the significance of this specific oxidation
pathway depends on the ozone concentrations used in the experiment. A low ozone concentPabn (

250 ppb) with a longer exposure period (20 h) favors autoxidation but an extremely high ozone concentration
(~10 ppm) favors ozonolysis and forces most unsaturated fatty acids to react with ozone in a relatively short
period of time. In the low ozone concentration experiments, the mass of the ozone-processed linoleic acid

and linolenic acid particles increased by abotBB2% and 16-13%, respectively. In addition, the mass ratios
(particle mass at R 85% to particle mass at RH 5%) of the ozone-processed linoleic acid and linolenic
acid particles increased by about2% and 3-4%, respectively. The morphology of the pure and ozone-
processed linoleic acid and linolenic acid particles are compared, based on imagining and their light scattering
patterns.

1. Introduction Linoleic acid and linolenic acid are polyunsaturated fatty acids

Organic compounds are recognized as ubiquitous componentghat are putatively from leaf abrasion and perhaps meat cooking
of atmospheric aerosols. They consist of hundreds of individual activities?*2* These polyunsaturated fatty acids are the major
organic species with a wide range of properfi@ecause of ~ components of edible oif$. The chemical structures of these
their abundance and diverse functional characteristics, organicaCids are very similar to oleic acid except for their degree of
components can have significant impacts on both physical andunsaturation, as shown in Figure 1. Since these two acids contain
chemical properties of atmospheric aerosols and consequentlymore carbor-carbon double (€C) bonds in their hydrocarbon
the global climaté:3 For instance, a number of laboratory studies Skeletons than oleic acid, they are expected to be more reactive
have demonstrated that the presence of organics can modifythan oleic acid under ozone exposure. A few previous studies
the hygroscopicity ® and the cloud condensation nuclei (CCN) have reported that the reactive uptake coefficient of ozone
activity”8 of inorganic particles. However, due to interactions increases with the degree of unsaturation among these three
with atmospheric oxidants (e.g., ozone, OH, ands;Ngalicals) unsaturated fatty acidd1415While ozone molecules can directly
and gas phase organic reactants, the chemical compositions asttack the €&C bonds of linoleic acid and linolenic acid, it is
well as the properties of atmospheric organic aerosols keepparticularly important to note that ozone can also efficiently
altering throughout their lifetimé$§-1! but our understanding  initiate another oxidative pathway, the so-called autoxidation
of these heterogeneous processes and their potential effects ipathway, of polyunsaturated fatty aciti€® However, to the
rather limited. best of our knowledge, the autoxidation of polyunsaturated fatty

Ozonolysis of oleic acid has recently emerged as a model acids has not yet been reported in the atmospheric chemistry
system in understanding the chemistry of the heterogeneousliterature. The significance of this specific oxidation pathway
oxidation of organic aerosols and their environmental effects. needs to be investigated.

Significant effort has been expended to examine the kinetic  Recently, our group has demonstrated the combined use of
parameters, reaction mechanisms, and gas phase and particlghe electrodynamic balance (EDB) and Raman spectroscopy of
phase products of this model system using various experimentalsingle levitated particles to study the ozonolysis of oleic acid

approache&:™? It is generally believed that the reaction particlest® One of the distinct advantages of using our EDB/

products formed via oleic acid ozonolysis are consistent with Raman system for studying heterogeneous reactions is that long
the predictions of the Criegee mechanism even though theduration exposure of particles to gas phase reactants at con-
relative importance of each specific pathway is still uncert&in.  centrations relevant to atmospheric applications is possible as
Some recent laboratory studies have provided evidence that thehe particles can be trapped inside the EDB for an extended
reaction products of oleic acid ozonolysis remaining in the period of time (days). This special feature is important because
particle phase contained both low molecular weight and most previous studies in the literature used gas reactant

oligomeric products®!’2tand they were more hygroscofié* concentrations that were much higher than atmospheric con-

and CCN activé than their parent molecules. centrations to compensate for the short duration of the exposure.
* Corresponding author. Telephone: (852) 2358-7124. Fax: (852) 2358- Furth?rmorev our: EDB/R&‘_man system also_ alloins situ

0054. E-mail: keckchan@ust.hk. chemical composition (functional group) analysis of the levitated
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=\ is trapped at the null point of the cell through a combination of
HyC(H,C)7  (CHy)7COCH Oleic acid (C18:1) dc and ac electric fields surrounding the particle. Assuming that
there is no loss of charge, the mass of the patrticle is proportional
H3C(HZC)4/:\/_\_(CH2)7COOH Linoleic acid (C18:2) to the applied dc voltage. Hence, the relative mass change of
the particle due to any physical (e.g., evaporation or condensa-
AT tion of water in response to the changes in ambient RH) or
HaCH,C (CH,)7COOH  Linolenic acid (C18:3) chemical changes was determined by recording the dc voltage
Figure 1. Chemical structures of oleic acid, linoleic acid, and linolenic  'équired to balance the weight of the particle.
acid. In this study, hygroscopic measurements were made before
and after the heterogeneous reactions to investigate the effects
particles and direct measurements of particle mass changes dugf these reactions on the hygroscopicity of the organic aerosols.
to reactions and the hygroscopicity of the reacted particles. TheThe experimental results are presented in the form of mass ratios
morphology and laser-illuminated light scattering pattern of the (mymy) instead of the mass fraction of solute (mfs) as usually
levitated particles can also be monitored and captured using aysed in hygroscopic measurements in an EDB (e.g., Chan et
microscope coupled with a digital camera. In this paper, we a|30) pecause the composition of the reacted particles was highly
present the possible reaction pathways involved when the yncertain and thus no bulk data could be used for identification
linoleic acid and linolenic acid particles are exposed to200  of the reference stafd.The m/m is the ratio of the particle
250 ppb of ozone using the EDB/Raman technique. An massm, at a given RH to the particle mass;, at the reference
extremely high ozone concentratiorX0 ppm) was used for  RH (RH<5%) at equilibrium. The RH inside the EDB was
comparisons with the results obtained from our low ozone adjusted by mixing a stream of saturated air and another of dry
concentration experiments. The changes in particle mass andgjr at controlled flow rates. The overall experimental error of
hygroscopicity caused by the low ozone exposure are alsOthe mass ratios obtained from the hygroscopic measurements
reported. Furthermore, the modifications to particle morphology \yas within 1% for droplets, and the error in the determination
due to low and high ozone exposure are compared. Our findingsof RH was estimated to be 1% at RH= 40—80%. In addition
oxidation of organic aerosols and their potential effects in the |ayitated particles caused by chemical reactions were also
atmosphere. monitored &2 h intervals over a total of 20 h of 0zone exposure.
These measurements were made at RH%.
2.4. Raman Spectroscopy of Single Levitated ParticlegVe
2.1. Generation of Organic ParticlesLinoleic acid ¢ 99%, measured the Raman scattering of levitated particles undergoing
Sigma-Aldrich) was first dissolved in ethanot 99.9%, Merck). heterogeneous reactions for aerosol composition (functional
A small amount of this solution was introduced into a group) analyses. In this study, we used a Raman spectroscopy
piezoelectric particle generator (Uni-Photon Inc., New York, System similar to that used in Zhang and CFaft.consisted
model 201). By applying electric pulses to the droplet generator, 0f @ 5 W argon ion laser (Coherent 19%) and a 0.5 m
solution droplets £40—70 um) were generated and charged Monochromator (Acton SpectraPro 500) attached to a CCD
by passing through the metal induction plate before they entered(Andor Technology DV420-OE), which was integrated with the
into the electrodynamic balance (EDB). An organic droplet was EDB system. The 514.5 nm line of an argon ion laser with
levitated and held stationary with proper adjustments of the output power between 250 mW was used as the source of
combination of ac and dc electric fields inside the EDB. The e€xcitation. A pair of lenses, which matched tffé optics of
evaporation of the solvent resulted in pure linoleic acid particles the monochromator, was used to focus the Stattering of the
that were used in the reaction studies. Similar procedures werelévitated droplet in the EDB onto the slit of the monochromator.
used to prepare linolenic acie¢t 99%, Sigma-Aldrich) particles. A 514.5 nm Raman notch filter was placed between the two
2.2. Ozone GenerationOzone was generated from purified enses to remove the strong Rayleigh scattering. A 300 g/mm
dry air (relative humidity (RH)<5%) flowing through a UV grating of the monochromator was selected. The Raman spectra
light source (Jelight model 600). The ozone concentration was Of the stationary organic particles were recorde@ a intervals
monitored using a portab|e ozone ana|yzer (Aeroqualy SeriesOver a total of 20 h of ozone exposure. The integration time of
300 ozone monitor with a low concentration sensor head). The €ach spectrum was 30 s (10 frames, each with an accumulation
ozone concentration used was in the range of ZTED ppb time of 3 S). The resolution of the spectra obtained was about
The ozone exposure time for each organic particle was about6 cn*. All measurements were made at ambient temperatures
20 h under ambient temperatures {22 °C) and dry conditions ~ 0f 22—24 °C.
(RH < 5%). This ozone exposure is relevant to atmospheric ~ 2.5. Morphology and Light Scattering Pattern Measure-
conditions, assuming that the ambient ozone concentration isments. The morphology and laser-illuminated light scattering
about 26-40 ppb and 106400 ppb in rural and urban pattern of the levitated particles were monitored and captured
environments, respectivelyOzone-containing air was fed to  through the window of the EDB using a microscopex (5
the EDB, which served as a reaction chamber, at a flow rate of objective and 28 eyepiece) coupled with a digital camera
approximately 236250 mL/min. An extremely high ozone (Nikon Cooplix 990). For capturing the images of the particles,
concentration{10 ppm) was also applied for comparisons with the light source was placed at the opposite side of the
the results obtained in the low ozone concentration experiments.microscope so that the particle shape could be projected onto
The exposure time for the high ozone concentration was aboutthe digital camera via the microscope. This approach was used
2 h. for recording the changes in the particle shapes due to the
2.3. The Electrodynamic Balance and Hygroscopic Mea-  heterogeneous reactions. In addition, the phase of each particle
surements. The principle of the EDB has been well docu- was determined by analyzing the laser-illuminated light scat-
mented® and therefore is not described in detail here. In brief, tering pattern from the levitated particlg3* In this study, a
a charged particle or droplet with about a0 um diameter He—Ne laser with a wavelength of 632.8 nm was used as the

2. Experimental Methods
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Figure 2. (a) Raman spectra of linoleic acid particles at different ozone exposure obtained in low ozone concentration experiments. Spectral
features of ozone-processed linoleic acid particle: Formation of (b) peroxides and ozonides, (c) carbonyl compounds, and (d) hydroxyl compounds

obtained in low 200250 ppb for 20 h) and high ozone concentration experiment® (ppm for 1.5 h). The Raman spectra are normalized to
the peak located at 1443 cf The Raman features of ozone-processed oleic acid partie@$X-280 ppb for 20 h) are shown for comparisn.

illuminating source. The laser beam passed through the levitatedpresented and compared. In total, two or three particles of each
particle from the bottom of the EDB and the microscope was acid were studied and representative spectra are shown for
positioned at an angle of 9@ith respect to the laser beam. discussion.

The light scattering image was first focused so that two clear 3.1. Raman Spectra of Ozone-Processed Linoleic Acid and
light spots could be observed via the eyepiece of microscope. inolenic Acid Particles. The Raman spectra of ozone-
After that, the eyepiece was removed to obtain the laser- processed linoleic acid and linolenic acid particles at low ozone
illuminated light scattering pattern (the particle image was concentration experiments at different exposure times are shown
actually out of focus). If the levitated particle was a homoge- in Figures 2a and 3a, respectively. Raman measurements were
neous droplet, then the light scattering pattern included sometaken 42 h intervals but only spectra 4 h intervals are shown
sharp horizontal lines and the number of horizontal lines here for clarity. The intensities of the characteristic bands of
depended on the particle size. If the levitated particle contained the G=C bonds (973, 1269, and 3008 cH of linoleic acid
solids or crystalline materials or had an irregular coating, then and linolenic acid decreased with increasing ozone exposure
the |Ight Scattering pattern became irregular and fluctuated. time, Suggesting the continuous Consumption efCbonds
Parsons et & and Olsen et & used the similar experimental  \hen the reactions take place. However, the intensity of the

approach to study the nucleation of levitated droplets. peak at~1655 cn1! (cis-C=C bond stretching) first increased
. . and then decreased during the exposure period as shown in the
3. Results and Discussion insets of Figures 2a and 3a. The overall changes in the peak

In this section, we first present the Raman spectra of the intensity are complicated by the product peaks overlapping at
levitated linoleic acid and linolenic acid particles obtained in Or close to this characteristic peak of ttie-C=C bond.
low and high ozone concentration experiments. On the basis of Our previous single particle Raman study reported that oleic
the spectral features of the ozone-processed particles, theacid ozonolysis can consume the=C bonds of oleic acid and
possible reaction pathways of the heterogeneous process argenerate peroxidic products @, peak at~850 cnt?),
outlined and discussed. The modifications to the particle masscarbonyl (G=0, peak at~1740 cnt?) and hydroxyl (G-H,
and hygroscopicity due to low ozone exposure are also reported.peak at~3450 cnt?) groups as shown in Figure 2l (and
Last, the changes in particle morphology and laser-illuminated more details in Figure S1 of the Supporting Informati&hin
light scattering pattern due to low and high ozone exposure arebrief, the primary reaction of oleic acid ozonolysis proceeds
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Figure 3. (a) Raman spectra of linolenic acid particles at different ozone exposure obtained in low o0zone concentration experiments. Spectral
features of ozone-processed linolenic acid particle: Formation of (b) peroxides and ozonides, (c) carbonyl compounds, and (c) hydroxyl compounds
obtained in both low+200—-250 ppb for 12 h) and high ozone concentration experiment$ (opm for 1.5 h). The Raman spectra are normalized
to the peak located at 1443 cin

via the addition of an ozone molecule across the double bondassigned to the symmetric=€C stretching vibrations of the

of an oleic acid molecule to form a primary ozonide. The conjugated dienes €€C—C=C). The formation of a weak
primary ozonide is unstable and thus decomposes to generatgroduct peak at~1590 cnt!, which corresponds to the
carbonyl compounds and Criegee intermediates. Peroxidicasymmetric E&C stretching vibrations of conjugated dienes, is
products, which are expected to contribute to the Raman signalsadditional evidence of the appearance of conjugated dienes in
between 800 and 900 crh are subsequently formed via the the ozone-processed linoleic acid and linolenic acid particles.
reactions between stabilized Criegee intermediates and otheiOn the other hand, the product peaks appearing between-1680
existing organic compounds as proposed in the literdfdfe036:37 1780 cntt are primarily due to the €0 stretching vibrations
Some possible reaction pathways involving stabilized Criegee of various carbonyl compounds inside the reacted particles. In
intermediates are shown in Figure S2 of the Supporting particular, the Raman signal at1690 cnt? is likely caused
Information. In the low ozone concentration experiments, we by the C=0 stretching vibrations of €C—C=0 conjugated
also observed similar product peak formatior{©, C=0, and systems and the conjugations generally enhanced the Raman
O—H groups) in the cases of both linoleic acid and linolenic intensity of the GO bonds?6:38

acid as shown in Figures 2ful and 3b-d, respectively. The The Raman spectra of linoleic acid and linolenic acid particles
close similarities of the functional characteristics of the reaction after high ozone concentration exposurel() ppm) were also
products generated in the ozone-processed oleic acid, linoleicmeasured as displayed in Figures-2band 3b-d, respectively.

acid and linolenic acid particles indicate that both linoleic acid The conversion of each acid was similar between the low and
and linolenic acid can also undergo direct ozonolysis within high ozone concentration experiments using the normalized peak

the exposure period. intensity of the G=C bond at~1269 cnt! as estimates (data
As mentioned previously, there are some product peaks not shown). Hence, direct spectral comparisons are possible to
overlapping at or close to the peak-al655 cntl in the low determine whether there was any difference in the reaction

0zone concentration experiments. In general, th&Gtretching pathways between the low and high ozone concentration
vibrations of the conjugated systems=C conjugated with experiments. The Raman spectra show that a high ozone
C=C or C=0) can generate strong-to-medium Raman signals concentration exposure leads to the formation ef@ C=0,
between the region of 1580660 cnT1.383% As shown in and O-H functional groups but much less formation of
Figures 2c and 3c, the strong product peak-a640 cnt! is conjugated diene structuress€C—C=C characteristic peaks
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Figure 4. Formation of conjugated diene hydroperoxides via autoxidation of linoleic acid.

at~1590 and~1640 cnt?in Figures 2c and 3c). These spectral ated to activate the normal propagation sequenceHR, —
differences are most obvious in the case of linolenic acid. TheseROO and ROO + LA — ROOH + R* in Figure 4).
observations indicate that there are possibly different dominant Alternatively, these peroxy radicals may either undefgoag-
reaction pathways between the low and high ozone concentratiormentation to give the original form of pentadienyl radicals
experiments. (reverse of paths 2 and 3) or new pentadienyl radicals if the
3.2. Autoxidation of Linoleic Acid and Linolenic Acid bond rotation around C9C10 of ROO (path 4) and C1213
Particles. There is no doubt that the=6C bonds of linoleic of R"OO (path 5) precedes the-fragmentation. Addition of
acid and linolenic acid can be directly attacked by ozone oxygen to the new pentadienyl radicals ultimately leads to the
molecules, which are similar to the case of oleic acid (Figure formation of 9- and 13ranstrans-conjugated diene hydroper-
S1 and S2) as reflected in the Raman characterizatior€(O oxides.
C=0, and O-H groups formation). However, the Raman The formation of hydroperoxides from linolenic acid may
signatures of the ozone-processed linoleic acid and linolenic be understood by using linoleic acid as a model compound.
acid particles indicate the formation of conjugated dienes Linolenic acid contains two separate 1,4-diene systems,-a C9
(C=C—C=C characteristic peaks at1590 and~1640 cnt?), C13 system identical to that in the linoleic acid plus a €12
which cannot be produced via the direct ozonolysis of linoleic C16 system. As a result, two different pentadienyl radicals can
acid and linolenic acid, based on the framework of the Criegee be produced by autoxidation and they can combine with oxygen
mechanism as described in the literature of oleic acid ozonolysismolecules to generate a complex mixture of 9-, 12-, 13-, and
(Figure S2). Instead, they are possibly related to the autoxidation16-hydroperoxides with conjugated diene structures and various
(or peroxidation) of polyunsaturated fatty acids or esters via forms of G=C bond geometrie®44However, it is interesting
typical free radical reactions consisting of chain initiation, to note that the 12- and 13-hydroperoxides are produced in
propagation, and termination stef3g'! significantly lower concentrations than the 9- and 16-hydrop-
The mechanism of methyl linoleate autoxidation has been eroxides as reported in the literatdfé* This uneven distribution
extensively studied and reviewed in the lipid and food chemistry of hydroperoxides is due to the tendency of 12- and 13-peroxyl
literature (e.g., Porter et &i;Niki et al.*?). On the basis of this  radicals to undergo rapid 1,3-cyclization, by intramolecular
mechanism, the mechanism of the autoxidation of linoleic acid radical addition to the double bond, to produce cyclic perox-
for the production of four conjugated diene hydroperoxides as ides?® The reaction pathways involving the hydrogen abstraction
the major products is outlined in Figure 4. The initiation step from C14 of the C12C16 diene structure is outlined in Figure
of linoleic acid autoxidation involves the abstraction of a 5 to illustrate the formation of 12- and 16-hydroperoxides and
hydrogen atom from the bisallylic carbon (C11) by a chain- cyclic peroxide products. Peroxy radical cyclization is an
initiating radical to produce a pentadienyl radicaf)(fpath 1). important process only in the autoxidation of fatty acids or esters
The propagation step normally begins with the addition of an with more than two double bonds, such as linolenic acid and
oxygen molecule to C9 or C13 of the pentadienyl radical to arachidonic acid*
generatetrans, cis peroxy radicals (RO, ROO in path 2 The autoxidation of polyunsaturated fatty acids or esters starts
and R'OC in path 3. These two peroxy radicals can abstract a with an induction period, during which the formation of
hydrogen atom from a donor, such as another linoleic acid, to hydroperoxides and conjugated dienes is slow or not yet started,
produce 9- and 1&anscis-conjugated diene hydroperoxides before the rapid and steady formation of reaction products. The
(ROOH). Meanwhile, some pentadienyl radical$) @&e gener- induction period of autoxidation varies among species and can
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Figure 5. Formation of conjugated diene hydroperoxides and cyclic peroxide products via autoxidation of linolenic acid.

0 o'—o\ . ] that had been attached to the=C bonds. Pryor et &l observed
R—C< + C-R' —"mgg::rﬁzm that once the autoxidation is initiated, the radicals (such-as R
H H shown in Figure 6) produced by ozonolysis of alkene would be
V Carbonyl ~ Criegee negligible relative to the radicals produced by the propagation
. o compounds  intermediate step of the autoxidation process as shown in Figure 4. However,
No—c” it must be emphasized that tAescission step is expected to be
W Ny Major pathway only a minor decomposition pathway.
On the basis of the observations by Pryor et’and our
0; o o-0 o 0-0 Raman characterizations, it is reasonable to suggest that the
R—G—G_g Minor R + Hel_ ¢ _p autoxidation of linoleic acid and linolenic acid can also be
athwa P s ; ;
[ __patway | initiated within a short period of time under the ozone
Dit‘a diial Free ra dic:g concentrations~+200—-250 ppb) used in the current study. The

induction periods of these two fatty acids are probably reduced

to less tha 2 h (or even shorter as the time resolution is not

high enough to trace the exact induction periods) if we use the
afhange in the intensity of the product peaks of the conjugated

Figure 6. Initiation step of ozone-induced autoxidation.

be markedly reduced by some external factors, such as thermal*’ 1 - Ped :
stress. Atmospheric oxidants such as ozone can also play arflienes at 15681640 cmi® as the estimations (Figure 7). In

important role to speed up this oxidative proc&®ryor et addition to the formation of product peaks a590 and
al27 studied the effect of ozone on the autoxidation of methyl ~1640 cnt, a new band that peaks at1170 cni* (Figures
linoleate and methy! linolenate by monitoring the product yields 2&—b and 3a-b) is additional evidence of the autoxidation
of hydroperoxides and conjugated dienes. They reported thatMechanisms as this peak has been observed in reported studies
induction periods of the autoxidation of methyl linoleate and Of lipid or oil autoxidation (e.g., Tachikawa et &k.Muik et
methyl linolenate were about 120 and 60 h, respectively, under @l°9)- This peak, as well as the peaks atl590 and
ozone-free conditions, but were not observe® () at ozone ~ ~1640 cn1?, is appreciably more intense for linolenic acid
concentrations of 350 ppb or above. Their measurements showed’a”'d?sn which is consistent yv|th_ the fact that linolenic acid is
that autoxidation of polyunsaturated methyl esters can be More likely to undergo autoxidation. Gunstéheeported the
initiated effectively with appropriate ozone exposure. r_elatlvg rates of autoxidation of oleic acid to linoleic acid to
A key event in the initiation of this oxidative process is the linolenic acid to be 1:27:77.
formation of radicals as initiators. It is important to note that ~ Overall, the information in the literature and our observed
ozone is not a free radical and therefore cannot initiate Raman spectra give us confidence that ozone-induced autoxi-
autoxidation by itself. There should be at least one pathway dation, in addition to direct ozonolysis, is a plausible pathway
that generates free radicals to achieve the initiation step. #ryor in the reactions between ozone and linoleic acid and linolenic
argued that reactions of ozone and alkene, such as ozonolysisicid particles. Last, it is important to point out that low ozone
of unsaturated fatty acids in our study, could be important routes levels (~200-250 ppb) favor the autoxidation pathways
for free radical production. In general, the major decomposition compared with high ozone levels-{0 ppm) as indicated by
pathway of an energy-rich primary ozonide (or 1,2,3-trioxolane) our Raman measurements (Figures 2c and 3c). Figures 2b and
is the production of the Criegee intermediates and carbonyl 3b also show that the intensity of the peak~&t170 cm! is
compounds in one step. Alternatively, Prsfoproposed that more intense in the low ozone concentration experiments. A
trioxolane may homolyze to form a diradical as shown in Figure possible explanation for this is that most polyunsaturated fatty
6. This diradical can either split in the usual way to produce acids are forced to react rapidly with ozone molecules under
the Criegee intermediate and a carbonyl compound, or undergoextremely high ozone concentrations instead of undergoing
[-scission to split off an alkyl radical ¢Rfrom the alkyl group autoxidation.
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3.3. Ozonolysis of the Autoxidation ProductsAs discussed £ 008!
in the previous section, autoxidation of linoleic acid and linolenic  z 1 0.04
acid likely took place in the particles with the low ozone 2 o
. . . ; L 8 i A
concentrations in this study. Since autoxidation would not £ 0.04 /» 1 002
eliminate the number of €C bonds in the hydrocarbon 5:/// <—L
skeletons of _fatty acid mo!ecu_les (Figure 4 and 5), ozonecan ol w“f o s m m-m-%-ala m o000
also react with the autoxidation products by attacking their T T T ST E S
C=C bonds. The ozonolysis of the autoxidation products can 0 2 4 6 8 10 12 14 16 18 20

be evaluated by monitoring the intensity changes of the distinct Ozone exposure time (hr)

Raman signals of conjugated dienes ranging from 1560 10 Figyre 9. Changes in the peak intensity from 1686 érto 1697 cn?
1640 cn! (Figure 7). In the case of linolenic acid, the intensity (C=C—C=0 structures) of the polyunsaturated fatty acid particles
of these two peaks increased rapidly and started to decline after(green squares, oleic acid; blue triangles, linoleic acid; red circles,
10—12 h of ozone exposure (left axis of Figure 7). The two- linolenic acid) after different ozone exposure periods. The Raman
step kinetic behavior indicates the complex chemical mechanismintensities of these peaks are normalized to the intensity of the peak
involving accumulation of the intermediate products followed '0cated at 1443 cnt. The experimental errors are within 10%
by their loss. The initial rapid increase in Raman intensities
suggests that ozone-induced autoxidation is the prevailing in Figure 9, for both linoleic acid and linolenic acid particles is
reaction pathway, and it is much faster than the decompositionan indication of the ozonolysis of the intermediate products
of the conjugated diene hydroperoxides via ozonolysis. During produced by ozone-induced autoxidation (see also the insets of
the latter period of exposure, the rate of autoxidation slows down Figures 2a and 3a). The result of oleic acid ozonolysis is also
due to depletion of linolenic acid and the ozonolysis of the presented in Figure 9, which indicates that there was no
autoxidation products becomes more dominant, leading to aformation of the GGC—C=0 conjugated systedf. As men-
decrease in the Raman signals. This analysis can be also applietioned previously, linolenic acid is more favorable to undergo
to the case of linoleic acid (right axis of Figure 7) even though autoxidation than linoleic acid, and therefore the ozone-
the Raman intensity in this range increased slowly, without a processed linolenic acid particles had a larger production of
significant decrease during the latter period of exposure. In C=C—C=0 conjugated structures than the ozone-processed
contrast, no Raman signal corresponding to the conjugated diendinoleic acid particles. However, Moise and Ruditproposed
structures was observed in the ozone-processed oleic acidhat 3-nonenal produced via linoleic acid ozonolysis may
particle as shown in Figures 2c and®TThis is consistent with transform to 2-nonenal. The migration of the=C bonds from
the fact that conjugated diene would not be produced even if position 3 to position 2 may possibly increase the stability of
autoxidation of oleic acid take place inside the partiéfes. this aldehyde by forming the=€C—C=0 conjugated system.
The ozonolysis of the conjugated diene can generate productsBy analogy, this kind of chemical structure transformation may
consisting of G2C—C=0 conjugated systems in their hydro- also occur in other possible reaction products such as 12-oxo-
carbon skeletons based on the predictions of the Criegee9-dodecenoic acid (migration from position 9 to position 10).
mechanism. For example, Figure 8 shows the formation of 3.4. Changes in Particle MassThe relative mass changes
C=C—C=0 conjugated structures via ozonolysis df&nscis- of the ozone-processed linoleic acid and linolenic acid particles
conjugated diene hydroperoxide, which can be produced by thein low ozone concentration experiments were determined for
autoxidation of linoleic acid (Figure 4). The continuous increase different ozone exposure durations. Since the measurements
in the peak intensity ranging from 1686 to 1697 dgras shown were conducted under dry conditions (RH5%) to eliminate
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Figure 10. Particle mass changes of oleic acid (green squares, one Figure 11. Hygroscopicity of the pure polyunsaturated fatty acids (open
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acid (red circles, two particles) particles during ozone exposure periods. particle) and ozone-processed linoleic acid (solid blue triangles, three

The lines are to guide the eye and have no physical meaning. particles) and linolenic acid (solid red circles, two particles) particles.
The lines are to guide the eye and have no physical meaning.

water uptake, the relative mass changes of the particles wereapproximately 10 kcal/mol greater than that of bisallylic
caused by the evaporation loss of volatile organic products ashydrogen (e.g., hydrogen atom at C11 of linoleic aéid).
well as the mass gain caused by the addition of oxygen and Therefore, the mass loss in the ozone-processed oleic acid
ozone molecules via autoxidation and ozonolysis, respectively. particles was mainly caused by the evaporative loss of volatile
Figure 10 shows the mass ratios (particle mass at tittneghe organic products (e.g., nonanal) formed via ozonolysis, which
initial particle mass) of the ozone-processed unsaturated fattywas larger than the mass gain caused by the addition of ozone
acid particles as a function of the ozone exposure time. The moleculest® Lee and Chal recently reported that about 5% of
mass of the ozone-processed linoleic acid and linolenic acid total particle mass evaporated for a completely reacted oleic
particles increased by about-3% and 106-13%, respectively, acid particle.
compared with their original masses. The mass changes of Another possible reason for the observed particle mass gain
ozone-processed oleic acid particles as a function of exposureis that direct ozonolysis of linoleic acid and linolenic acid only
time are also shown in Figure 10 for compari$8ihe mass generate volatile species in low yields. This postulation is
of oleic acid particles decreased by about436 after 20 h of supported by the observed increase in the particle mass of
ozone exposure. It is worth noting that the mass of the ozone-linoleic acid and linolenic acid by about 5% and 10%,
processed linoleic acid and linolenic acid particles initially respectively, afte2 h of exposure in the high ozone concentra-
increased rapidly and then slightly declined or remained at tion experiments. Although the details of reaction mechanisms
constant level. This two-step behavior indicates that less volatile cannot be verified in this study, it is possible that the
organic species were the predominant products at the beginningpolyunsaturated fatty acids and existing intermediate products
followed by generation of more volatile species in the later provide significant amounts of active sites to react with Criegee
exposure period. intermediates. Since Criegee intermediates can also undergo
Our direct mass measurements show that heterogeneoussomerization to form short chain<C9) carboxylic acids and
oxidation of organic aerosols can either increase or decreasesome intermediate products are volatile or semi-volatile, the
the particle mass yields to different extents depending on the rapid reactions of Criegee intermediates with the polyunsaturated
molecular structures of the chemical species. There are twofatty acids and intermediate products would probably produce
possible reasons for the mass gain of ozone-processed linoleidess volatile organics that would escape to the gas phase.
acid and linolenic acid particles. First, autoxidation is expected  3.5. Changes in HygroscopicityThe hygroscopicity of pure
to be the predominant reaction pathway at the beginning. and ozone-processed linoleic acid and linolenic acid particles
According to Figures 4 and 5, autoxidation pathways did not was measured using the EDB in the low ozone concentration
break down the skeleton of these two fatty acids to generate experiments. Figure 11 shows the mass ratios (particle mass at
volatile species. Instead, the autoxidation pathways involve the a specific RH to particle mass at REH5%) of the linoleic acid
addition of oxygen molecules to increase the molecular weight and linolenic acid particles as a function of RH. The unreacted
of the fatty acids (paths 2 and 3 in Figure 4). The mass gain in fatty acid particles are hydrophobic in nature and their mass
the linolenic acid particles is the most significant because ratios at RH~ 85% only increased by approximately 6.5%,
linolenic acid is the species that most favors autoxidation among which is within experimental uncertainty. After ozone exposure,
the fatty acids studied here. It should be noted that oleic acid the mass ratios of the ozone-processed linoleic acid and linolenic
cannot undergo autoxidation except under elevated temperatureacid particles at RHx 85% increased by about-B3% and
conditions because the bond dissociation energy of an allylic 3—4%, respectively. Although the change in hygroscopic growth
hydrogen (e.g., hydrogen atom at C8 and C11 of oleic acid) is was small, our measurements clearly show that the oxidation
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Particle image Light scattering pattern Particle image Light scattering pattern

Pure linoleic acid Pure linolenic

Reacted linoleic acid
~200-250 ppb 20 hrs

Reacted linolenic acid
~10 ppm 2 hrs

Figure 12. Particle images and laser-illuminated light scattering patterns of the pure and ozone-processed linoleic acid (left-hand side) and linolenic
acid particles (right-hand side).

products that remained in the particles are more hygroscopicamount of water but the irregular particle shape and laser-
than are their hydrophobic parent molecules, thus probably illuminated light scattering pattern still could be observed when
affecting the CCN activity of the particles. In addition, according the RH inside the EDB was increased to-&89% for about
to our hygroscopic measurements and visual observations using h. This observation suggests that part of the solid materials
a microscope, both pure and ozone-processed linoleic acid andcoated on the surface of the ozone-processed particles may have
linolenic acid particles were in the liquid state, and no phase relatively high deliquescence relative humidity (DRH) and
transition was observed. possibly form a transport barrier for water uptdk&his finding
3.6. Changes in the Particle Morphologies and Light may be useful to explain the results of CCN activity measure-
Scattering Patterns.Particle images and laser-illuminated light ments obtained by Broekhuizen and co-workéEhey reported
scattering patterns were captured for pure and ozone-processethat there was no CCN activity enhancement in linoleic acid
linoleic acid and linolenic acid particles. According to Figure particles even under high ozone exposures not typically observed
12a-d, the particles remained in spherical shapes before andin the atmosphere (0zone concentratie3 x 103to 1 x 106
after the reaction if the ozone concentration used was aboutmolecules/crh ~ 0.8 to 400 ppm). They attributed their
200—-250 ppb. In addition, it is clearly observed that the laser- observations to the formation of highly branched and complex
illuminated light scattering patterns, as presented in Figure-12a polymeric products. According to our observations, it is possible
d, of the pure and ozone-processed particles consisted of a fewthat there were some solid materials that completely covered
sharp horizontal lines, which supports that the particles had the surfaces of the linoleic acid particles after such high ozone
spherical shapes and were completely in liquid phase. In exposures, consequently limiting their CCN activity. Further-
contrast, at very high ozone concentratiorsl() ppm), the more, the solid coating may also reduce the reactive uptake
morphology and light-scattering patterns were appreciably ability of atmospheric oxidants of organic aeros¥ls.
modified as shown in Figure 124. The particle shape changed
from spherical to highly irregular under high ozone concentra- 4 conclusion and Atmospheric Implications
tions. The laser-illuminated light scattering patterns of the ozone-
processed particles became irregular, which is evidence of the In this study, an EDB with a single particle Raman spectro-
irregular particle shape or/and the formation of solid materials. scopic system was utilized to investigate the heterogeneous
Our optical measurements show that there are some solidreactions of linoleic acid and linolenic acid with ozone. Our
materials coated on the surfaces of the particles that make theRaman measurements provided evidence that ozone-induced
particle shapes irregular when the fatty acid particles are exposedautoxidation, in addition to direct ozonolysis, is a plausible
to extremely high ozone concentrations. It is particularly pathway in the reactions between ozone and linoleic acid and
important to note that the solid coated particles absorbed a smalllinolenic acid particles. Furthermore, the significance of this
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specific oxidation pathway seems to depend on the ozonelinoleic acid and linolenic acid particles were in the liquid state
concentrations used in the experiment. Our finding indicates and no phase transition was observed in the low ozone exposure
that a low ozone concentrationr200—-250 ppb) with a longer ~ experiments. In contrast, there were some solid materials coated
exposure period (20 h) favors autoxidation pathways while an on the surfaces of the particles, make the particle irregular in
extremely high ozone concentration10 ppm) may force most ~ shape when the fatty acid particles were exposed to extremely
of the unsaturated fatty acids to react with ozone in a relatively high ozone concentrations. The formation of such a coating
short period of time. The two-step kinetic behavior of the affects the hygroscopic growth of the aged particles and likely
C=C—C=C peak intensity observed in the low ozone concen- their CCN activities.

tration experiments indicates that autoxidation products had
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