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Atmospheric Chemistry of Nonanal
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During the Southern Oxidants Study 1999 field campaign
at Dickson, TN, we conducted measurements of the
n-aldehydes propanal, pentanal, hexanal, heptanal, octanal,
and nonanal. Propanal and nonanal tended to have the
largest concentrations, with afternoon maxima of ~0.3 ppb.
These aldehydes typically represented a significant
fraction of the VOC reactivity defined as kon[VOC]. However,
this information is misleading with regard to the impact
of these aldehydes on ozone formation, as their oxidation
can represent a significant NOy sink. Motivated by the
relatively large nonanal concentrations, we conducted a
laboratory study of the products of the nonanal + OH reaction.
The OH + nonanal reaction rate constant was determined
via the relative rate technique and found to be 3.6

(£0.7) x 1071 cm® molecule™! s~%. Under conditions of
high [NO,J/[NQ], we determined that 50 4 6% of OH-nonanal
reaction occurs via abstraction of the aldehydic H-atom
through measurement of the peroxynonanyl nitrate yield. We
also studied the production of organic nitrates from OH
reaction with nonanal in the presence of NO. As expected,
a major product (20% at large [NOJ/[NO;]) of this reaction
was 1-nitrooxy octane. We calculate that the branching
ratio for 1-nitrooxy octane formation from peroxyoctyl radicals
is 0.40 £ 0.05. On the basis of these measurements, we
find that for more than 50% of the time OH reacts with
nonanal (for midday summer conditions) an organic nitrate
or PAN compound is formed, making this important
atmospheric aldehyde an effective NOy sink.

Introduction

Itis now well-known (1, 2) that, in rural and forest-impacted
regions, isoprene and other biogenic hydrocarbons can be
important reactive volatile organic compounds (VOCs).
Although the contribution of primary VOCs to tropospheric
ozone production has been widely studied (3, 4), less attention
has been given to their highly reactive photooxidation
products, aldehydes and ketones. Besides being produced
from reactions of OH and NO; with alkenes (5), aldehydes
may be directly emitted from vegetation (6), result from
ozonolysis of substances present in the epicuticular wax on
plant surfaces (7) and of biogenic fatty acids associated with
particulate matter (8), or may arise as primary emissions
from combustion sources (9). Yokouchi et al. (10) reported
that semivolatile aldehydes are the major reactive VOC
components of air samples from a remote location in Japan.
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Ciccioli et al. (11) found significant concentrations of
n-aldehydes in both rural and urban areas in Italy. Grosjean
et al. (12) found that n-aldehydes are present at ppb level
concentrations in urban areas of southern California.

Besides participating in tropospheric ozone production,
the OH—aldehyde reaction (and aldehyde photolysis) pro-
duces free radical species that can combine with NO, (NO
+ NO,) to form organic nitrates or peroxyacyl nitrates (13).
These compounds are of great interest because of their ability
to transport NOy over significant distances and supply it to
remote areas via their atmospheric degradation. In addition,
the organic nitrates produced can serve as a mechanism for
the sequestration of odd nitrogen from the atmosphere to
be returned via deposition as a forest nutrient (14).

These findings have led us to investigate the abundances
of n-aldehydes at a rural site in the southern United States
and to determine the impact of these species on ozone
production. In this paper, we describe findings from the 1999
Southern Oxidants Study (SOS) field campaign as well as the
results of photochemical reaction chamber experiments
designed to determine the OH reactivity and organic nitrate
yields of one of the most important n-aldehydes, nonanal
(CsH17CHO).

Experimental Section

SOS Field Campaign. The SOS was established in June 1988
as a multi-year research program to investigate the formation
of tropospheric ozone in the U.S. South. The program has
included continuous monitoring of regional ozone concen-
trations, weather and climatic factors, and ozone precursor
concentrations in both urban and rural areas of the south-
eastern United States (15). The Dickson, TN (36°14.82' N,
87°21.85" W), site was designated for the study of rural
photochemistry during the SOS 1999 campaign. This area is
characterized as a mixed deciduous forest and pastureland,
located approximately 53 km WNW of the center of Nashville.
Since the typical synoptic flow for this area is from the
southwest, Dickson is rarely impacted by the Nashville urban
plume; however, the site occasionally receives flow from the
direction of TVA's Cumberland (2600 MW capacity) and
Johnsonville (1485 MW capacity) power plants, located ~25
km to the northwest and ~50 km southwest of Dickson,
respectively.

A series of atmospheric n-aldehydes as well as isoprene
and its oxidation products was quantitatively determined
using an automated Tenax preconcentration and sample
injection system driven by Labview 4.1 software (16, 17).
Analytes were preconcentrated in a U-shaped trap made of
stainless steel tubing (0.470cm i.d.,0.0770 cm o.d.) and filled
with Tenax-TA (2,6-diphenyl-p-phenylene oxide) adsorbent,
which was held inside the trap by glass frits positioned at
each end of the trap. The trap was kept inside an aluminum
block containing four cartridge heaters and two tubes through
which chilled water was passed for trap cooling. A continuous
flow of helium (5 cm3/min) was used to keep the adsorbent
clean between sampling periods. The trap was cooled to 5—10
°C as sample air was pumped through at 300 cm3/min. Analyte
desorption occurred by heating the Tenax trap to 250 °C
under reverse helium flow at 0.88 mL/min and refocusing
the analytes in a 30-m PoraPLOT-Q capillary GC column,
maintained at an initial temperature of 20 °C. The analytes
were then separated using a programmed temperature ramp.
A quadrupole mass spectrometer (Hewlett-Packard 5972)
with an electron-impact ionization source was used as the
detector (mass selective detector or MSD). Detection with
the HP MSD was performed in scan mode, from m/z = 30
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FIGURE 1. Schematic diagram for sampling at the Dickson, TN,
S0OS99 field site.

to m/z = 170. Sample volumes measured using a calibrated
mass flow meter (MKS Type 258C) were recorded by the
Labview software.

As depicted in Figure 1, the sampling inlet included a
Teflon filter for removal of particles, a heated (100 °C)
silcosteel line, and a 200-mL glass mixing ball. A 10 mL/min
flow of NO (12.4 ppm) was continuously supplied to the glass
ball, allowing reaction R1 to take place for removal of ozone:

NO + O;— NO, + O, (R1)
The diluted concentration of NO (413 ppb) in the mixing ball
was chosen such that given the residence time (50 s), for an
initial ozone concentration of 80 ppb, <2 ppt of ozone would
reach the Tenax trap (i.e., it is effectively quantitatively
removed).

The removal of ozone from the sample is necessary
because of potential artifact chemistry, such as reactions
that occur on adsorbent traps (18). For example, Roberts et
al. (19) reported the appearance of several VOCs on Tenax-
GR exposed to 110 ppbv ozone/air mixtures, including
hexanal, heptanal, octanal, and nonanal. At present, the
mechanism for formation of n-aldehydes on the adsorbents
isunknown; itis not possible to produce n-aldehydes directly
from O3 reaction with Tenax itself. We suggest that the
n-aldehydes could be formed by the ozonolysis of fatty acids
from ambient air that adsorb to unheated sampling lines or
thatare collected onto the adsorbent. Since in this case ozone
is removed and the inlet is filtered and heated, the potential
occurrence of such reactions is substantially reduced.

Laboratory Studies. We conducted determinations of the
OH-—nonanal rate constant and the organic nitrate yield from
OH reaction with nonanal, using a 5-m? all-Teflon photo-
chemical reaction chamber (PRC; 20) fabricated with a PFA-
Teflon cylindrical film attached to aluminum end plates
coated with PFA-Teflon. The PRC is illuminated with a series
of black lamps. A Shimadzu Mini 2 GC with aflame ionization
detector (FID) and Hewlett-Packard 3396 series Il integrator
were used to quantify nonanal concentrations in the PRC.
A Gast diaphragm pump was used to sample air at 350 mL/
min from the chamber. A (Valco) stainless steel 6-port valve
with a 1-cm?3 sample loop, which was heated to 150 °C, was
used to manually switch between sample collection and
analysis modes. A Restek RTX 1301(30 m, 0.53 mm i.d.)
chromatographic column held isothermally at 100 °C was
used for all samples. The stationary phase consisted of a
3.0-um layer of 6% cyanopropylphenyl and 94% dimethyl-
polysiloxane.

The organic nitrates produced in the PRC were separated
and detected using a Hewlett-Packard 5890 GC followed by
luminol-chemiluminescence detection. Post-column py-
rolysis of organic nitrates produces NO», which is detected
in the chemiluminescence reaction vessel of the luminol
nitrate detector (LND-4D, Unisearch Associates). The signal
produced by the chemiluminescence resulting from reac-
tion of NO; and luminol (3-aminophthalhydrazide) (21, 22)
was sent to a Hewlett-Packard 3396 series 1l integrator. The
details of this instrumentation are described in Chen et al.
(20). Calibration was achieved using isobutyl nitrate (Aldrich)
as internal standard during the experiments.

A Thermo Environmental Instruments Company model
42 NO/NO,/NOy analyzer was used to measure NO and NO,
concentrations during experiments. Peroxynonanyl nitrate
(PNN) was determined using ion chromatography after
conversion to nonanoate ion in basic solution (1 x 107* M
NaOH). The quantitative conversion of peroxyacetyl nitrate
to acetate was discussed by Grosjean and Harrison (23). The
sample flow rate through the bubblers, bubbler sampling
time, final solution volumes, and calibration using nonanoic
acid standards were used to determine the PNN concentra-
tion. The nonanoate concentrations were corrected for any
possible nonanoic acid formation in the PRC, using pure
water bubblers (the correction was negligible). The ion
chromatographic system was a Dionex DX-500, equipped
with an ED40 conductivity detector, GP40 syringe pump,
LC25 oven, and an ASRS-ultra (anion self-regenerating
suppressor) micromembrane suppressor. The lonPac AG11
guard column and lonPac AS11 analytical column were
preceded by an ATC-1 anion trap column for removal of
carbonate ions. A 200-uL injection loop was used for sample
injection. A 21 mM isocratic NaOH solution was used at 2.0
mL/min for all separations. A stock solution of nonanoic
acid in pH 12 NaOH solution was used to generate a
calibration curve for nonanoate.

The method of relative rates (24) was used to determine
the rate constant for the reaction of nonanal and OH. Oc-
tane was chosen as a reference compound because its
absolute rate constant has been determined (25) and the
Arrhenius expression for this rate constant is well-defined
(26) with a room temperature rate constant of 8.72 (+£1.7) x
102 cm® molecule™ts™1. A plot of In([nonanal]o/[nonanal]y)
vs In([octane]o/[octane];) yields a straight line with a slope
= ka/ks, where k; and ks refer to the respective rate constants
for reactions R2 and R3

OH + nonanal — products + H,0 (R2)

OH + octane — products + H,0 (R3)
(under the conditions of this experiment, the photolysis of
nonanal was a negligible loss process). Isopropyl nitrite was
used as a source of OH radicals, as shown in reactions R4—
R6:

CH,CH(ONO)CH; + hv (A = 370 nm) —
CH,CH(O")CH, + NO (R4)

CH,CH(O")CH, + 0, — CH,C(O)CH, + HO, (R5)

HO, + NO — OH + NO, (R6)

The reaction of nonanal and OH in the presence of NOx
was examined as it occurred in the PRC. Two types of
experiments were conducted. The objective of experiment
I was determination of the fraction of abstractions that occur
from the -CHO group, while the objective of experiment Il
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was determination of organic nitrate yields from OH reaction
with nonanal.

Experiment I. To optimize conditions for production of
peroxynonanyl nitrate (PNN; CgH1,C(O)OONO,), the con-
centration of NO; in this experiment was maintained at least
10 times that of NO. Before injecting any compounds into
the PRC, samples were taken using the GC/LND, GC/FID,
NO, monitor,and NaOH bubblers. Sample lines were heated
to ~80 °C (except for PNN determination) using heat tape
to minimize adsorptive loss. Reactants were injected into
the PRC using a glass tee through which clean air was allowed
to flow at ~2 L/min. Approximately 200 «L of pure nonanal
was injected into a heated glass tee using repeated injections
with a 10-uL syringe (Hamilton), yielding a final concentration
of ~1 ppm. A gas sampling bulb and gastight syringe
(Hamilton) were used to inject NO,. Immediately following
injection of NO,, concentrations of NO, NO,, and NOy were
determined using the NOx monitor. Isobutyl nitrate (the
internal standard) was injected into the glass tee using a
high-precision 2-uL syringe (Precision Sampling). Isopropyl
nitrite was synthesized in a manner similar to that described
by Noyes (27). This compound was injected as a liquid into
the PRC as a source of OH radicals, as described above. The
impingers were connected to the PRC via a short (~20-cm)
PFA-Teflon line, and air was sampled at 500 cm3/min. The
bubbler samples were immediately transferred to presoaked
Nalgene bottles before being analyzed using the IC. The
bubblers were maintained at 0 °C during sample collection
to enhance the collection efficiency. The PRC was illuminated
with black lamps for ~2 min periods, followed by sampling
for determination of nonanal, organic nitrates, and PNN.
The experiments typically involved 45 irradiations.

Experiment I1. The goal of experiment Il was to determine
theyields of organic nitrates produced from the OH oxidation
of nonanal. This experiment was conducted in a manner
similar to experiment I, but with NO in excess, relative to
NO,. The experiment involved measurement of the con-
centration of organic nitrate products as a function of the
extent of the consumption of nonanal by OH radicals. To
inject NO, 7 cm? of pure NO at 1 atm was injected into a
stream of low-oxygen N flowing through the glass tee using
a gastight syringe.

During these experiments, 1-nitrooxy octane (C;H1sCH,-
ONO,) was the dominant organic nitrate product detected.
To confirm this, 1-nitrooxy octane was synthesized using
the method of Ferris et al. (28). The organic nitrates were
identified as such in the case of 1-nitrooxy octane by retention
time (in comparison to a pure synthesized standard) and for
the other organic nitrates by examination of the chromato-
grams as a function of pyrolyzer temperature. Given the
Arrhenius expression (E1) derived from the data of Hiskey
et al. (29) for reaction R7:

RONO, (+A) — RO + NO, (R7)

;=1 x 1007203001 g1 (E1)

we calculate thatat 400 °C all RONO; values are quantitatively
converted to NO,, while at 200 °C, the yield is reduced to
0.3% given the residence time in the pyrolyzer. Thus, for
species that are organic nitrates, the peaks disappear in
cooling the pyrolyzer from 400 to 200 °C.

Atkinson et al. (30) derived an equation for adjustment
of the apparent yields of oxidation products to account for
consumption of the product species by OH radicals. Using
the experimentally determined rate constant for reaction R2
and estimating the rate constant for the reaction of 1-nitrooxy
octane with OH using the method of Kwok and Atkinson (31)
(k =7.59 x 107*2 cm?® molecule~! s71), the correction factor
ranged from 1.01 to 1.03 for 1-nitrooxy octane yield deter-
minations.
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FIGURE 3. Nonanal diel average concentrations for the full
measurement period.

In the same manner, an adjustment must be made for
loss of PNN via OH radical reaction. The rate constant for
this reaction was estimated based on the method of Kwok
and Atkinson (31) (k =9.23 x 107*>cm?® molecule's™1). The
range of correction factors (F) in this case was 1.1—-1.2.

We also conducted experiments to determine the con-
tribution of wall loss to measurement uncertainties for
1-nitrooxy octane and PNN determinations. Separate wall
loss experiments were conducted for both PNN and 1-nitro-
oxy octane. Wall loss rate constants for these two species
were found to be 0.16 and 0.04 h™%, respectively. The product
yields were corrected using these rate constants.

Results and Discussion

Ambient Measurements. We conducted quantitative de-
terminations of propanal, pentanal, hexanal, heptanal,
octanal, and nonanal at the Dickson, TN, site from June 22
to July 12, 1999. The aldehyde concentrations for three
continuous sampling periods are presented in Figure 2. The
apparent precision of the GC/MS instrument is demonstrated
in the detail available for the n-aldehyde data. As shown in
Figure 2, the dominant aldehydes that we measured were
propanal and nonanal. Throughout the study, a wide range
of aldehyde concentrations was observed with a significant
diel cycle typically present. In Figure 3, we present the average
nonanal diel cycle obtained by calculating the average
concentration within successive 30-min wide time bins over
the entire study period. As shown in Figure 3, the average
[nonanal] typically varied from a nighttime minimum of ~70
ppt to an afternoon maximum of 300—400 ppt. Average
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FIGURE 4. OH reactivity for compounds quantified using t = 1400
average concentrations. The hatched bars (estimates) represent
species not measured in this campaign.

concentrations for n-aldehydes at Dickson were as fol-
lows: 171, 42,95,59, 70, and 198 ppt for propanal, pentanal,
hexanal, heptanal, octanal, and nonanal, respectively.
These concentrations are comparable to those observed by
Yokouchi et al. (10) at Oki Island, who reported nonanal
concentrations ranging from ~90 to 900 ppt, but somewhat
lower than those observed by Ciccioli et al. (11) in Monti
Cimini Forest, who reported concentrations averaging from
300 to 700 ppt.

At the concentrations observed at Dickson, the n-
aldehydes could have a significant impact on tropospheric
chemistry. Specifically, aldehydes are highly reactive toward
the OH radical (32). In Figure 4, OH radical reactivities,
defined as kon[VOC];, for all of the VOC species determined
at Dickson are plotted, using the average for the 1400 time
frame sample injections. Hydroxyl radical rate constants for
propanal, pentanal, and hexanal were experimentally de-
termined by Papagni et al. (33), Kon + nonanat Was determined
as part of this work (see below), and the remaining n-aldehyde
rate constants were estimated using the method of Kwok
and Atkinson (31). As shown in Figure 4, on average, 12% of
the OH reactivity is accounted for by the n-aldehydes of > Cs.
Nonanal alone contributes more to OH reactivity than does
CH., MVK, MACR, or acetone. Since this series includes
isoprene, CO, methane, formaldehyde, and acetaldehyde,
most of the OH reactivity is likely represented. As data were
not available for formaldehyde and acetaldehyde, data from
a previous SOS campaign were used as estimates (34) based
on relative concentrations.

Given the apparentimportance of nonanal and other long-
chain aldehydes to VOC reactivity (and as discussed below,
as sinks for NOy), the nature of its sources is important. As
discussed above, we believe that the aldehydes measured
here do not represent artifact production for at least two
reasons: (i) ozone was removed from the inlet and (ii) zero
air added to the inlet line did not reveal elevated aldehyde
blanks. In addition, laboratory studies were performed to
confirm the disappearance of artifact aldehydes with the
addition of NO to the mixing ball. However, the possibility
of reactions occurring upstream of the mixing ball must also
be considered. Itis conceivable that the Teflon filter used to
remove particulates could provide substantial surface area
for ozonolysis of fatty acids present in particulate matter
and subsequent release of aldehydes. Correlation plots were
constructed to determine the relationship between ozone
and the aldehydes; the coefficients (r?) ranged from 0.3 to
0.44. This relatively weak correlation suggests that some
relationship exists, but it does not explain the majority of the
variation in the aldehyde data. We find that the diel cycle for
nonanal is much stronger than that for Oz;. For example,
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FIGURE 5. Experimental data for one experiment in the relative
rate determination of the OH—nonanal rate constant.

during the morning nocturnal inversion breakup, nonanal
often increases by several times that of the Oz increase,
implying observed loss of nonanal during the evening (e.g.,
by dry deposition). In addition, if particulate matter built up
on the Teflon filter, then the expected observation would be
asteady increase in aldehyde concentrations throughout the
study; this was not the case, as shown in Figure 2. It is also
the case that we would expect very little nonanal at time
zero, with little particulate matter on the filter, which also
was not the case. If ozonolysis reactions did take place on
the Teflon filer, then it is possible that some portion of our
measurement data is artifact; however, this assertion would
imply that these reactions can and do take place efficiently
in the atmosphere and will contribute to their atmospheric
prevalence. This then leads to the need for a better
understanding of the atmospheric chemistry of long-chain
aldehydes such as nonanal.

It has become well-known that nonanal (and other long-
chain aldehydes) can be produced from the ozonolysis of
unsaturated fatty acid lipids (10, 35, 36). As an important
example, ozone reacts with oleic acid to produce nonanal
and azelaic acid (10, 35). Recent laboratory experiments
indicate that this reaction is efficient for Oz reaction with
condensed-phase oleic acid (8). Both oleic acid and azelaic
acid have been found to be important constituents of
atmospheric particulate matter (35—37). Itis also well-known
that plant epicuticular waxes contain a multitude of fatty
acid lipids (38, 39). The fatty acids can be abraded from leaf
surfaces and incorporated into atmospheric particulate
matter (40), followed by reaction with O3 at the particle—
atmosphere interface, or they could undergo direct reaction
with ozone on the cuticle surface to produce nonanal and
other volatile aldehydes. Indeed, it is known that plant
epicuticular waxes are commonly present in continental
atmospheric particulate matter (41). It thus seems very likely
that nonanal and other long-chain aldehydes found in forest
environments are produced from ozonolysis of plant lipids,
either on the leaf surfaces or on atmospheric particulate
matter.

OH—Nonanal Reaction Rate Constant. Given the im-
portance of nonanal chemistry to this type of forest-impacted
environment, the kinetics and mechanisms for its atmo-
spheric degradation are important. As the OH radical reaction
rate constant (the likely dominant fate for nonanal) is not
known, it was determined here in a relative rate experiment.
The results for data obtained from a typical experiment are
shown in Figure 5, in which In([nonanal]o/[nonanal];) is
plotted vs In([octane]o/[octane];). As shown in Figure 5, the
plotislinear with aslope of 4.1 + 0.3 = k,/ks. The rate constant
for reaction R3, ks = 8.7 £+ 1.7 x 1072 cm?® molecule! s1,
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Thus, we calculate that the value for k, = 3.6 (£0.7) x 107!
cm®molecule™s™1, where the uncertainty is propagated from
several component errors but is largely determined from the
uncertainty in the slope in Figure 5 and the uncertainty in
the published ks and reported as a single standard deviation.
The method of Kwok and Atkinson (31) leads to calculated
OH reaction rate constants of 3.03, 3.17, and 3.30 x 10~*cm?3
molecule™ s~ for heptanal, octanal, and nonanal, respec-
tively. Thus, our measured rate constant is consistent with
the semiempirical estimation method.

Nonanal—OH Reaction Mechanism. Although the results
from Figure 4 imply that nonanal could be an important Os;
precursor, the extent to which that is the case depends on
the subsequent RO; radical chemistry and the ability of the
intermediate radicals to sequester NOy. As discussed by Arey
etal. (42) and O’Brien et al. (43), the yield of organic nitrates
for alkyl peroxy and 3-hydroxy alkyl peroxy radicals increases
with increasing length of the n-alkyl chain. This structural
detail results in significantly lower effectiveness for longer-
chain hydrocarbons at ozone production than for smaller
VOCs with comparable OH reaction rate constants.

Both peroxyacyl nitrates (RC(O)OONO,) and organic
nitrates (RONO;) may be formed as a result of the oxidation
of an n-aldehyde by the OH radical, depending on the position
of hydrogen abstraction from the aldehyde. To estimate
relative production rates for these species, we can calculate
the fractional hydrogen abstraction from the aldehydic
position for different n-aldehydes using structure—reactivity
relationships (31). For example, the portion of the estimated
OH rate constant for propanal that may be attributed to
abstraction of the aldehydic hydrogen atom is 95%. Per-
forming a similar calculation for nonanal (reaction R8), we
can predict that 63% of hydrogen abstractions occur from
the aldehydic position. When OH abstracts the aldehydic H
atom, it produces a peroxynonanyl radical that can remove
NOy as peroxynonanyl nitrate (PNN), as shown in reaction
RO.

CH4(CH,),CHO + OH + 0, — CH4(CH,),C(0)0," + H,0
(R8)

CH,4(CH,),C(0)0," + NO, + M <
CH,4(CH,),C(0)OONO, (PNN) (R9,—R9)

The impact of nonanal chemistry on O; depends in part on
whether OH abstracts the aldehydic H-atom or a methylene
H-atom from the alkyl chain (the latter potentially resulting
in organic nitrate production). Here we calculate this fraction
through experiments discussed below.

Aldehydic Abstraction from Nonanal by OH. The objec-
tive of experiment | was to determine the relative rates of
abstraction from the aldehydic H-atom versus somewhere
on the side chain. This experiment was conducted under
conditions of high [NO2]/[NO] to favor reaction R9 over
reaction R10:

CH,(CH,),C(0)0," + NO <> CH,(CH,),C(0)O" + NO,
(R10)

At sufficiently high [NO2]/[NO], all aldehydic H-atom ab-
stractions lead to production of PNN, and thus quantification
of the PNN vyield allows determination of the fraction of
aldehydic H-atom abstractions. The initial NOy concentra-
tions were calculated from the volume of gas injected into
the chamber (5 mL), taking into account that NO; is in
equilibrium with N;O,. After each irradiation, NO was
measured, and NO; was calculated based on that and taking
into account the photochemistry. For example, for each
molecule of nonanal consumed, a portion of the NO, will be
lost in the form of PNN (63%). There will also be production
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of NO; since the methylene H-atom abstractions produce a
peroxy radical that will convert NO to NO, (taking into
account 1-nitrooxy octane production) and also create an
HO; radical that will oxidize NO to NO,. We also took into
account production of NO, from photolysis of isopropyl nitrite
(reactions R4 and R6). During irradiations, these modifica-
tions to the NO and NO; concentrations were calculated,
and these new NO and NO; concentrations were used in the
calculations below.
The rate of PNN production is given by equation E2:

d[PNN]/dt = kg[OH][nonanal]a (E2)
where a is thefraction of peroxynonanyl radicals that react

with NO,. Since the total rate of nonanal consumption is
ko[OH][nonanal], then we can derive equation E3:

d[PNNJ/dt kg[OH][nonanal]o _
—d[nonanal]/dt  k,[OH][nonanal] = a(ke/k;) (E3)

Thus, the slope of a plot of d[PNN]/dt versus (—d[nonanal]/
dt)ais a straight line with slope = ks/k,. The fraction (o) of
peroxynonanyl (PN) radicals that react to produce PNN (o)
was calculated as equation E4:

@ = Ro/(Ry + Ryg) = (1 + (Kyo/kg)(INOI/[NO,])) * (E4)

where R represents the reaction rate for the conditions of
experiment I, assuming rate constants for reactions R9 and
R10 as for peroxyacetyl radicals. Although that is not strictly
a valid assumption, it is likely very good for the ratio ke/Kio.
This assumption derives in part from the fact that the rate
constant for peroxypropionyl radical reaction with NO is very
similar to that for peroxy acetyl radicals (44) and that the rate
of reaction —R9is independent of the R group (45), indicating
that the bond strength for the O—N bond formed in reaction
R9 is independent of the R group. The R group would thus
change only the steric factor for reactions R9 and R10 but
likely in the same way. The range of values of a derived for
experiment | was 90—99%.

In Figure 6, we plot d[PNN]/dt versus (—d[nonanal]/dt)o.
The slope of the plot then is ks/k; or the fraction of
abstractions that occur via the aldehydic hydrogen atom.
Using a values that correspond to the individual PNN yield
points, we obtain a best-fit estimate of kg/k, = 0.50 £+ 0.06
(1 s). In addition to reflecting the uncertainty of the slope in
Figure 6, the uncertainty expressed here includes the
uncertainty in o.
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FIGURE 7. Luminol nitrate detector (LND) chromatogram for

1-nitrooxy octane determination.

Organic Nitrate Yields. Under conditions of high [NO]/
[NO;], organic nitrates can be produced as shown in reactions
R11-R16:

CH4(CH,),C(0)O" — CH4(CH,)¢CH," + CO, (R11)
CH,(CH,),CH," + O,— CH4(CH,);,CH,00" (R12)

CH,4(CH,)¢CH,00" + NO — CH,(CH,),CH,0" + NO,
(R13a)

CH,4(CH,)¢CH,00" + NO —
CH,(CH,),CH,ONO, (1-nitrooxy octane) (R13b)

CH,(CH,),CH,0O" + O, — CH,4(CH,),CHO + HO, (R14)

CH4(CH,),CHO + OH + 0, —
CH4(CH,)CH(0,")CH,CHO + H,0 (R15)

CH4(CH,)sCH(0,)CH,CHO + NO —
CH,(CH,)sCH(O")CH,CHO + NO, (R16a)

CH4(CH,);CH(O0O")CH,CHO + NO —
CH,(CH,);CH(ONO,)CH,CHO (R16b)

A representative GC-LND chromatogram for experiment Il
is shown in Figure 7. Experiment Il was conducted to
determine the total organic nitrate yield under these condi-
tions. Although the chromatographic conditions were es-
tablished to afford elution of large semipolar nitrates (1-
nitrooxy octane eluted at tr = 10.4 min and T = 127 °C; the
final column T was 180 °C), only a single organic nitrate was
observed under these conditions. Peaks eluting at retention
times <9 minrepresent the internal standard, isobutyl nitrate,
isopropy! nitrate (from the isopropyl nitrite), and other
products not associated with nonanal. Other small peaks at
retention times ranging from 12 to 15 min were occasionally
observed, but their individual yields were <1%, indicating
that, although they may represent organic nitrate products,
their concentrations were below the limit of detection for
the LND method and, individually, are much less important
than 1-nitrooxy octane.

The rate of production of 1-nitrooxy octane resulting from
OH reaction with nonanal is given by equation E5

d[1-nitrooxy octane]/dt = (—d[nonanal]/dt)36y (E5)

where S is the fraction of abstractions that occur via the

80

(2]
o

slope = y = 0.40(+/- 0.05)

A[1-nitrooxy octane], ppb
N H
o o
J

0

0O 20 40 60 80 100 120 140 160 180
—A[nonanal]é, ppb
FIGURE 8. 1-Nitrooxy octane branching ratio data.

aldehydic H-atom (i.e., B = ks/k; = 0.50) to create the PN
radical, J is the fraction of PN radicals that react with NO
(calculated assuming the relative rate constants as for R9
and R10 for peroxyacetyl radicals), and y = Kian/(Ki3a +Kisp).
Thus if we plot A[1-nitrooxy octane] versus —A[nonanal]3o,
the slope will equal y. For the conditions of experiment Il,
0 = latthestartof the irradiations. Although some conversion
of NO to NO; occurs, making the calculated 6 < 1, it is
effectively equal to 1 throughout the experiment as the small
amount of PNN initially formed thermally decomposes (—R9)
in the time scale of sampling, followed by reaction R10. The
results of four independent determinations of the 1-nitrooxy
octaneyield during experiment Il are shown in Figure 8. The
slope of this plotyields y = 0.40 + 0.05 for peroxyoctyl radicals.
The uncertainty of this term includes the calculated uncer-
tainty for $ and an estimated uncertainty for 0.

Organic nitrate yields have been determined for n-propane
to n-octane, where the reported total yields reflect the
precursor yield-weighted sum of the branching ratios for all
isomeric peroxy radicals. From the work of Arey et al. (42),
we would predict a total organic nitrate yield for n-octane
of 0.23. For long-chain alkanes, the primary nitrates are very
minor products, as the peroxy radicals are produced from
OH reaction with the appropriate alkane and abstraction
from the -CHz end is minor. Carter and Atkinson (46) reported
that the organic nitrate branching ratios for primary peroxy
radicals should be scaled by a factor of 0.4 as compared to
secondary peroxy radicals; however, it was stated in that
work that the primary peroxy radical branching ratio data
set is quite limited and relatively uncertain. From the Arey
et al. (42) data for a series of alkanes, it is estimated that the
branching ratio for organic nitrate production for the
secondary peroxy radicals from octane is 0.23. Multiplying
this by 0.4 yields an estimated branching ratio for n-octyl
radicals of 0.09, inconsistent with our determination of 0.40.
Thisresultand the recent studies of Espadaetal. (47) indicate
that there is not, in general, a consistent difference in
branching ratios for primary versus secondary peroxy radicals
of comparable size. Clearly much more study of the depend-
ence of organic nitrate production as a function peroxy radical
structure is necessary.

Atmospheric Implications. As discussed previously, the
relative amounts of PNN and 1-nitrooxy octane formed
depend on theratio of NO, to NO in a particular environment.
Using the NO, and NO data from the Dickson site (SOS 1999),
the average yields of PNN and 1-nitrooxy octane may be
calculated. In addition, using the method of Arey et al. (42),
theyield of organic nitrates formed from the carbonyl peroxy
radicals (produced from OH abstraction from a -CH,- on
nonanal) may be estimated on the basis of the corresponding
alkane, nonane. The sum of the three yields gives the total
NO, (oxidized nitrogen) species formed as a result of nonanal
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Nonanal atmospheric chemistry mechanism
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FIGURE 9. Reaction mechanism for conversion of nonanal to organic
nitrogen compounds.

oxidation at Dickson. Using equation E4 and the average
daytime NO,/NO at Dickson (3.5), we calculate that 64% of
the PN radicals formed will react with NO, to make PNN.
The remaining fraction (36%) will react with NO to make the
1-octyl peroxy radical. The experimental branching ratio for
1-nitrooxy octane (0.40) represents the fraction of these
1-octyl peroxy radicals that form 1-nitrooxy octane. It follows
then that since 50% of nonanal + OH reactions result in
formation of the RC(O)OOr radicals, 0.50 x 0.64 = 0.32 PNN
are produced per nonanal oxidized. Furthermore, 0.50 x
(0.36) x 0.40 = 0.072 1-nitrooxy octane are formed per
nonanal oxidized. The yield of organic nitrates formed from
the carbonyl peroxy radicals is calculated assuming the
branching ratios as a function of carbon number determined
by Arey et al. (42) applies (i.e., for these Cy peroxy radicals
the branching ratio for organic nitrate formation is estimated
to be 0.27). Thus, the carbonyl nitrate yield is this branching
ratio times 0.5 (the fraction of abstractions that occur from
the side chain) or 0.27 x 0.5 = 0.14. We then calculate that
the total yield (o) of organic nitrogen product from OH
reaction with nonanal is 0 = 0.32 + 0.072 + 0.14 = 0.53 or,
in other words, 53% of the time that OH radicals react with
nonanal, radicals and NOy are consumed. This chemistry is
summarized in Figure 9. Thus, nonanal chemistry will have
the effect of decreasing atmospheric NOy and radicals and,
consequently, Oz production rates. Thus the incremental O3
reactivity for nonanal is likely to be small or negative as
expected for aldehydes that efficiently produce peroxyacyl
nitrates and/or organic nitrates (48).

This yield in combination with the concentrations of
nonanal may be used to calculate the relative importance of
nonanal as a sink for NOy in the boundary layer at Dickson.
The formation of HNO; (reaction R17) is chosen as areference
as HNO; is regarded as the major NOy sink (49):

OH + NO, (+M) — HNO,4 (R17)
The relative rate of formation of NOy sink compounds from
nonanal and HNO; may be expressed as follows:

k,[OH][nonanal]o
ki7[OH][NO,]

—d[NO,] from nonanal _
—d[NO,] as HNO,

(E6)

where ¢ = 0.53. On the basis of equation E6, the average
daytime conditions at Dickson, nonanal reaction with OH
consumes NOy at 22% the rate of loss via HNOj3 production.
These calculations do not take into account the impact of
octanal production in reaction R14, which can itself react
with OH to begin a new chain oxidation process and similarly
act to consume NOy. It seems likely that organic nitrates of
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the type described here, produced from OH oxidation of
relatively large biogenic VOC, will contribute significantly to
atmospheric NO; (i.e., oxidized odd nitrogen); indeed these
compounds may be a significant part of the “alkyl nitrate”
observed by Day et al. (50). Clearly much more work in
understanding the sources of long-chain aldehydes and their
production in forest-impacted atmospheres is essential to
understanding the fate of atmospheric NOx.
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