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The yield of volatile organic compounds (VOCSs) from the heterogeneous oxidation of condensed-phase organic
and hydrocarbon soot films by gas-phase OH has been studied in a coated-wall flow tube at room temperature.
Simultaneously, OH concentrations are measured using a chemical-ionization mass spectrometer (CIMS)
operated in negative ion mode and VOCs are measured using a commercial proton-transfer-reaction mass
spectrometer (PTR-MS). It is observed that a variety of aldehydes/carbonyls and carboxylic acids are formed.
Specifically, detailed experiments were conducted with stearic acid, where products are observed that contain
as many as 13 carbon atoms with the average carbon number of the products between 3 and 5. The yield of
VOCs, relative to the loss of OH radicals, is strongly dependent on the partial pressugénoth® carrier

gas, ranging from 0.0& 0.03 in a nominally pure He carrier gas to 0:84).14 in 6 Torr of pure @ Yields

from other organics are somewhat lower than those from stearic acid, ranging in conditions of fxa@ O

0.10+ 0.04 for BES (bis(ethylhexyl)sebacate), to 0-8®.01 forn-hexane soot, to 0.0+ 0.005 for pyrene.

Under atmospheric conditions, OH oxidation of select organics may be an efficient source of small VOCs.
In particular, formic acid is formed in significant yield from all the surfaces.

Introduction et al. have inferred from field data that there is some degree of
organic aerosol oxidation that occurs under photochemically
active period$. The potential importance of this modification
is that the oxidized organic particles become more hygroscopic,
hus increasing their probability for loss via wet deposition. Their
adiative properties may change as well. From the gas-phase
indicate that the reactive uptake coefficient for such interactions perspective, .'T OH chemistry drives a substantial amount of
aerosol volatilization, then the products themselves could be of

. A s .
is larger than 0.2: Recent_ experiments that_ monitor the_ Io;s atmospheric relevandeAlso, it has been suggested that highly
of condensed-phase organics in submicron-size particles indicate

that these gas-surface reactions proceed with close to unityemC'ent voIat|I|z§t!on may even lead to complete aerosol loss,
efficiency3-5 at a rate competitive with other aerosol loss processes such as

Unlike the kinetics, the products from OH heterogeneous wet a.md dry depositiof? )
oxidation are not nearly so well characterized, in part because _ | 1iS Work extends that of others. As mentioned above, the
they are likely to be strongly dependent on the chemical nature kinetics of gas-phase free-radical loss on organic surfaces have
and phase of the condensed-phase organic, and also on thB€€n studied by a number of group$:® ' A general
environmental conditions under which the oxidation occurs. In conclusion is that all radicals react more efficiently on a per
addition, there is the likelihood that some of the products will collision basis than they do via gas-phase processes. From the
be sufficiently small so as to volatilize under experimental Product analysis perspective, there are very few studies with
conditions whereas others will be large enough with many the focus being more on loss of the amount of condensed-phase
oxygenated functional groups that they will remain partitioned material instead of direct determination of specific products. It
to the aerosol instead. In this paper, we perform what we believe is universally observed that there is a reduction in the thickness
is the first quantitative study of the yields of specific VOCs ©f self-assembled monolayers, such as octadecyltrichlorosilane
that are formed from such interactions. (OTS), via oxidation by OH, CI, Br and N@adicals, but there

From the perspective of atmospheric chemistry, the motiva- is_disagreement as to the dggree of volatilization that occurs
tion for studying OH heterogeneous chemistry is not because With some reports of only minor loss of carbon under atmo-
this is an important loss process for OH; i.e., the gas-phase SPheric exposures. On the other hand, the work of Molina et
chemistry proceeds too fast for gas-particle loss to be of al* involving the direct exposure of OH to such films is
importance. Instead, the chemistry is important if it modifies commensurate with a significantly higher degree of volatiliza-
the chemical character of the aerosols or gives rise to volatile ion, with only 2 or 3 OH collisions required to react away a
products’ By following the loss of chemical tracers, Robinson Saturated organic species containing 18 carbon atbnsthe

work of Molina et al., it is reported that HOH,O,, CO, CQ,

*To whom correspondence should be addressed. Phone: (416) 946-HCO, CHO, CHCHO, CHOH and HCOOH are formed in

7358. E-mail: jabbatt@chem.utoronto.ca. the gas phase, but no specific yields are given. The condensed

Given that OH is known to readily oxidize gas-phase organic
molecules, it is not surprising that the heterogeneous loss of
OH on organic surfaces has been shown to be highly efficient.
Indeed, OH loss experiments conducted with 1-hexanol adsorbe
on solid ammonium sulfate and with a variety of pure organics
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phase is observed to become increasingly oxidized in all studies,not believe this affects the chemistry, which occurs only at the
whether interrogated by infrared, mass spectrometric, or XPS surface of the film. The pyrene coating is prepared in a similar
techniques. manner using pyrene solution in dichloromethane. Inner walls
Our focus in this study is to both identify and quantify the are wetted with 3-5 mL of the solution. The tube is then rotated
formation of VOCs from the OH-driven oxidation of specific ~and the solvent is evaporated using dry nitrogen. The soot films
condensed-phase organics, including stearic acid, BES, pyreneare prepared using the flame from a sootimpexane flame
andn-hexane soot. These materials were chosen because theyccording to the approach described in Aubin and AGY&ET
were all quite chemically reduced and so will be susceptible to adsorption experiments indicate the films have a total surface
OH oxidation. In addition, they are all of low volatility and so  area that is 75 times their geometric surface area. The elemental
we can be confident that the chemistry in the flow tube is carbon (EC) content of such films, relative to the total carbon
dominated by gas-surface and not gas-phase processes. Indeedpntent, is about 95%.
it is for this reason that pure saturated hydrocarbons are not Once coated, the pyrex tube is placed within a low-pressure
used in this work, because of their relatively high vapor pressure. flow tube through which a carrier gas flows en route to a large
Stearic acid (SA) was chosen so that its long alkyl chain could rotary pump. Typical flow velocities are-4.0 m/s, and flow
act as a surrogate for the large hydrocarbon components of frestiube pressures are between 5.9 and 6.1 Torr.
diesel soot emissions. Also, surfactants of this type are found OH radicals are formed from the fast reactida € 1.3 x
on the surfaces of natural bodies of water. BES is also a 107° cm® molecule® s71):25
molecule that is largely chemically reduced, but it has a different
phase (i.e., liquid) compared to stearic acid, which is a solid at H + NO, — OH + NO @
room temperature. Pyrene was selected as an example of a . ) ) .
polycyclic aromatic hydrocarbon that is known to partition to !N particular, H atoms are generated in a microwave-induced
the surfaces of urban aerosols to a considerable dégtest, plasma through which is passing a 50 sccm of Ar containing a
n-hexane soot has been recommended for study as a surrogatface amount of bi(BOC). The H-atom-containing flow passes
of black carbon in the atmosphere, given the elemental to the flow tube through 50 cm of 0.318 cm o.d. Teflon tubing

composition and high degree of aromaticity that it contahns. that runs down the center of a 0.4 cm i.d. movable glass injector.

Although quantitative yields of specific VOC production are Bgtween the outside of the Teflon tube and inner walls of the

needed to assess the atmospheric importance of this chemistr)), : . ; . . .
they are as yet lacking in the literature. And so, the approach a dilute mixture in N contained in a large glasslbulb. Typical
we have taken is to couple two mass spectrometers to a coated[\102 concentrations in the ﬂO.W tube_ are3) x 10" molecules/
wall flow tube so that we can simultaneously quantify the OH cn’. We operate the experiment in a mode where the H atom
flux to the organic film, using a CIMS system operated in concentration Is close to or in excess of that of theNBY
negative ion mode, and the VOC flux from the film using PTR- ot:_;servmg th? change_ in the NQCIMS S|g_na_l when the
MS. An important point is that the similarity of the detection microwave discharge S On Versus Wh?n It Is off, we are
efficiencies of a wide range of oxygenated VOCs by the PTR- measuring the prod.uctlon rate of OH radicals in the row. tube
MS technique allows us to quantify the overall VOC yield, even under the assumption that the I_OSS of eachzl‘mﬁble_cule s

if a wide range of products is observed. We are interested in caused by_ reaction 1. We estimate the l(J)ncertalnty in the
the mechanism of the heterogeneous oxidation that will prevail concentration of OH to be on the order £25%.

in the atmosphere and so we pay attention to the environmental Downstream of the coated pyrex tube are two mass spec-

conditions by quantifying the yield as a function of @énd NO ';Lortnetry S3|’Ste$& ;I;he f'trhSt IS ahhomg-tr)]wllt, ne%a'ilve-lotn CIMSf
concentrations in the flow tube for the case of one organic, at sampies the flow through a pinhole and two stages o

stearic acid. To compare the impact of chemical structure and differential pumping. lons are formed at the flow tube pressure

: . by passing 1 SLM of Blcontaining a trace amount of SBOC)
phase on the chemistry, the overall VOC yields are then reported - . - .
for a similar set of operating conditions for the other organics. through a Po-210 radioactive source (NRD) before mixing with

We also study the evolution of the speciated VOC yield as the th_e carrifr gas frqm the flow tu_be. Sp(_acies in the rowigreact
surfaces become increasingly oxidized. with Sk~ by fast ion—molecule interactionskf = 2 x 10

cm® molecule®! st andks = 1.3 x 10719 cn® molecule?

. . S—l)-26,27
Experimental Section '
The coated-wall flow reactor has been described in detail OH+ SF;, — OH + SK; (2)
elsewhere and so only a brief description is given Réde.
addition, our approach to measurement of product yields from NO, + SF;” —NO, + SF; (3)

OH heterogeneous loss is given in Frinak and Abbatt, where
we quantified the formation of Bffrom exposure of gas-phase The nitrogen dioxide CIMS signal was found to be linearly
OH to bromide-containg solutions in a wetted-wall flow t#e.  dependent on partial pressure in the range where the exposures
We coat the inner walls of a 1.8 cm i.d. pyrex tube with stearic were performed. The sensitivity for N@vas 3x 1078 counts
acid (Fisher Scientific) by briefly dipping the tube into a s *cm?®molecule, calculated using the ratio between the signal
graduated cylinder containing the molten organic. The excessfor NO, and Sk. The typical Sk~ signal was 300 000 counts
material on the exterior of the tube is removed whereas the inners™1. Typical background signals at massa& 17 (OH") and
surface appears to the eye to be uniform and smooth. For BES46 (NO,”) were 10 and 16 cps, respectively. The origin of these
(Fluka), which is a liquid, a few milliliters are used to totally background counts is mostly electronic noise. From the back-
coat the inner walls of the pyrex tube, by rotating the tube a ground signal atvz 46 and from calibrations with known flows
number of times. BES is sufficiently viscous that the coating of NO,, we calculate that the detection limit is about®10
remains over the entire surface during the course of an molecules cm?® for NO, for 1 s integration time (S/N=1).
experiment. Although the liquid drains slowly to the bottom of The PTR-MS instrument (lonicon Inc.) used in this work was
the tube giving rise to a film of nonuniform thickness, we do acquired from lonicon Analytic (for detailed description see



1554 J. Phys. Chem. A, Vol. 112, No. 7, 2008 Vlasenko et al.

Lindinger et al.}?® To detect oxygenated VOCs (OVOC), the 10° | | — oo
PTR-MS also sampled the flow, through a Teflon-aif valve - A, I I ' r [— H(RCOOHH,0)
. H'RCHO
and 165 cm of 0.63 cm o.d. Teflon tubing: T I | I | I : I I L meHo-Ho)
H"-H,0 + OVOC— H"-OVOC + H,0 @)
o
& e
In particular, the PTR-MS ion source is tuned to produce very _
high concentrations of the #@* reagent ion, which readily 1030
donates a proton to specieisicluding all oxygenated organies 10°

that have a proton affinity higher than that of water. To maintain =~ ¢
the appropriate pressure in the drift tube region of the mass
spectrometer, we bypassed the entire inlet system of the
commercial PTR-MS unit and instead connected the 0.63 o.d.
Teflon tube directly to the drift region. We estimate that roughly

15 scem of flow was sampled by the PTR-MS. Another change
from the normal operation of the PTR-MS system is that we  10°
used pure oxygen as the carrier gas in the flow tube at times

Camizi4

Relative signal

120 150 180 210

miz

"Figure 1. PTR-MS spectra of gas-phase species formed in the surface

As a result, the voltages of the ion lenses in the mass ; ; 8
had to be ch d o h reaction of stearic acid and OH (black columns) and background
spectrometer system had to be changed to maximize the reagenteasyrements in the absence of OH radicals (white columns). The

ion signal fqr each carrier gas composition. The intensity of spectra are split into two panels for different mass ranges. Carrier gas
the HO" signal was on the order of 10counts s?, as flow is oxygen.

determined from the measured signalmfz 21 and using
isotopic abundances. Even with pure oxygen as the carrier gas,

® H'RCOOH

the level of Q" was no more than 7% of thesB" signal, 1x10° X H'RCHO
. - . . . O H'(RCOOH - H,0)
ensuring that the vast majority of the ionization was occurring x + HRCHO-H)

via H;O™ and not Q*.

To calibrate the PTR-MS, we used three small VOCs:
propanol (ACP Chemicals), acetic acid (Fisher Scientific), and
hexanal (Aldrich). In each case, a dilute mixture in Was
prepared in a glass bulb from a freegzgump—thaw cycle, and 20
a measured flow was delivered into the coated-wall flow tube
for the calibration. Calibrations were conducted at each overall
He (Grade 5, BOC) to ©(Grade 4.4, BOC) composition of
the carrier gas. For acetic acid, the effects of gas-phase
dimerization were taken into account by using the literature ,
equilibrium constant to calculate the relative proportions of © 17
monomers and dimers in the glass reservoir at the measured
pressuré? The total flow of acetic acid molecules from the 0 , .
reservoir was then determined by taking into account that each 120 %0 iz 180 210
dimer contributed two acetic acid molecules to the flow téfbe.  Figure 2. PTR-MS difference spectrum for oxidation of SA coating
As expected, it was found that the calibration factors for acetic calculated by subtracting the background spectrum from that when OH
acid and hexanal were very close to each other, to witfif%. is exposed to the surface. Peaksnét 32 and 46 are negative and not

A Il d p tati f tonated lecular i shown (see explanation in text). The spectra are split into two panels
small degree of fragmentation of protonated molecularion, 4 yapresent different mass ranges. The signs above specific masses

via loss of HO, was observed for acetic acid. Expressed as a correspond to identified peaks in sequences A, B, &Hand B-HO
percentage of total signal intensity arising from the fragment (see explanation in text). Carrier gas flow is oxygen.

this corresponded to 20% and 10% in flow of helium and oxygen ated.wall surface. Under these conditions, where OH experi-
flows, respectively. By comparison, there was extensive frag- gnceq many collisions with the wall, the sig’nal of OH decays
mentation of protonated hexanal (60%) and complete fragmen-, 3ok ground levels as a result of surface loss, relative to the
tation of protonated propanol (100%). Typical detection limits 5,6 it exhibits with the injector tip pushed in well upstream

for acetic acid and hexanal were roughly® folecules cm® of the coated pyrex tube. In other experiments, where OH is
in the flow tube. Note that we apply the average of the oyhqqeq to a considerably shorter length of the film and the
calibrations of hex_anal and acetic acid to d_eterrr_une the ylelds exposure time was only a few milliseconds, the experimentally
of all the VOCs. Given that the rate of reaction 4 is atthedon |\ oocired decay of OH was close to that for gas-phase diffusion-

molecule collision rate for most species, we believe tis jipiteq wall loss. This is in agreement with the diffusion-
calibration to have an accuracy of rougk#0% for calculating  conerolled kinetics observed for heterogeneous loss of OH
the sum of the OVOCs formed. radicals! 2

ii. VOC Products. The formation of volatile gas-phase
products from heterogeneous surface oxidation of stearic acid

i. OH Decay. Although this was not the focus of our is shown in Figure 1, where the PTR-MS spectrum measured
experiments having been studied previouslye nevertheless  with the OH radical present in the reactor, i.e., the microwave
observed via the CIMS signal a¥z 17 that OH reacts rapidly  plasma is on, is compared to that measured in the absence of
with the condensed-phase films. Most of the measurements inOH, i.e., the microwave is off. The injector is maintained at a
this paper were performed by positioning the injector well constant position, and the products reach steady-state concentra-
upstream, exposing the radicals to the full coating length of the tion at a time scale faster than a PTR-MS scan (which typically

Relative units
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x10°

-

Relative units

Results
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m/z Figure 5. Relative abundance of volatile products as a function of
Figure 4. PTR-MS difference spectrum for oxidation of soot (panel carbon chain length. Panel A: aldehyde/ketones. Panel B: carboxylic
A) and pyrene (panel B) surfaces. Carrier gas flow is oxygen. acid. Panel C: sum of the species. Reaction of OH with SA coating in
oxygen as carrier flow.
takes 230 s). Each spectrum is an average of five consecutively
measured full scans of the quadrupole up to 230 amu. TheSurprising that they arise at some of the same masses as those
overall time to make these observations is on the order of 20 observed for the oxidation products because, as described below,
min with the microwave on. For better representation of the the products represent a very wide suite of carboxylic acids and
data, a difference spectrum between mass spectra recorded wit§arbonyls, which are likely VOC impurities that might be
OH present versus those with OH absent is plotted in Figure 2 Present.
for stearic acid and in Figures 3 and 4 for BES, pyrene and Considering each difference spectrum separately, we see for
n-hexane soot, respectively. stearic acid that there is some regularity in the mass position of
The largest peaks in Figure 1, awz 21, 32 and 37, the peaks showing increased intensity with OH exposure. The
correspond to gD*, O;7 and HO™-H,O, respectively. The difference of 14 amu in the mass-to-charge ratio indicates that
intensities of these peaks are not significantly changed in the the volatile products differ in structure by a glgroup; i.e.,
presence and absence of OH radicals. Peak¥z80 and 46 the products have the same chemical nature but have different
correspond to NOand NQ*, respectively. Formation of these ~ carbon chain lengths. In particular, within the spectrum we see
ions may be proceeding through charge exchange with O a sequence of peaks (which we will refer to as sequence A)
The change of the intensities of these peaks is due to thethat are consistent with either protonated aldehydes or carbonyls
conversion of N@to NO as a result of H-atom titration. Note m/z of 31, 45, 59, 73, .... Also, an independent sequence
that because the intensities of'Cand NQ™ are higher when (sequence B) arises from protonated carboxylic acids, aldehydic
OH is not present in the reactor, the differences are negative carboxylic acids, or alcohols, a¥z47, 61, 75, 89, .... For each
and are not plotted in Figures—2. of these sequences, we also observe complementary sequences
We attribute all other changes in the mass spectrum as arising(sequence A-tD and sequence B49) that correspond to the
from OH surface oxidation chemistry. In particular, the intensity fragment formed by the loss of water from the protonated
of some specific peaks is increased by almost a factor of 10 asoxygenated organics, i.e., from the aldehyde/carbonyl sequence,
a result of the OH exposure. This indicates that volatile gas- there is intensity atvVz41, 55, 69, 83, ..., and with the carboxylic
phase products are being formed and then detected downstrearAcid/alcohol sequence there are peaks/a¥3, 57, 71, 85, ....
of the reaction zone. Note that the background peaks in the The abundance of volatile reaction products as a function of
absence of OH arise from impurities/degassing in the flow tube, carbon chain length and amount of i@ the carrier gas is shown
or along the Teflon line leading to the PTR-MS. It is not in Figure 5. The average C-number (i.e., carbon chain length,
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measured yields of Brrelative to OH loss that are consistent
with the known mechanism for such chemistry in solution, thus
validating this overall approach for quantification of gas-phase
product yields from OH in coated-wall flow tubes. To be specific
15| for the conditions of this experiment, OH is lost within a very
© short distance within the flow tube, i.e., typically within 3 ms
o of injection into the flow tube, as determined by the gas-phase,
124 O diffusion-controlled loss rate. This corresponds to a first-order

© wall-loss rate constant order of 8 10? s'. For gas-phase
T T T T T T T chemistry to occur with the same kinetics, gas-phase species
0 1 2 3 4 5 6 must be present at a concentration of 3.0 molecules/cr#,

P(O,) torr assuming a (fast) gas-phase rate constant between OH and the

Figure 6. Ratio of the yield of volatile carboxylic acids to aldehydes organics of 1x 10~ molecules/cr This is highly unlikely,
is presented as a function of the oxygen partial pressure in the reactoras the reactants (stearic acid, pyrene and BES) have room-
from heterogeneous reaction of OH with SA. temperature vapor pressures of less than 201! molecules/

1.8 4

00 O

Carb.Acids / Aldehydes

I) of the products is calculated according to env.
) P g We define the volatile product yield (Y) as the ratio of the
i-[VOCI. total volatile gas-phase product concentration to the concentra-
= M (5) tion of OH radicals that have reacted:
Z[VOC]i
wherei is a number of carbons in the molecule and [VOI€] Y= AVOCT _ X[VOC]‘ (6)
the concentration of molecules wititarbons. When the carrier A[OH] A[OH]

gas is pure He with only a trace amount of @esent, products
with one to nine carbons (i.e., C1 to C9) are formed with similar The total concentration of VOCs produced in the reaction is
yield. The formation of molecules larger than C9 is not as calculated as a sum of individual [VO@pncentrations derived
significant, most likely due to their decreased volatility. Overall, from the PTR-MS measurements. Note, however, that the PTR-
the average number of carbon atoms in the product moleculesMS is insensitive to CO and GCand has low sensitivity to
is 5.1. At higher oxygen partial pressures, there is a tendencysome alcohols. In that way, the yields we report are specifically
for shorter molecules to be formed over the time scale at which for the OVOCs to which the PTR-MS is sensitive. The
these experiments are performed. The average number of carbogoncentration of OH that has been reacted is equal to the initial
atoms in the products changes to 3.2 in this case. The relativeconcentration of OH, because the radicals are only removed by
yield of carboxylic acids/alcohols (sequences B and B} collision with the surface. As described in the Experimental
referenced to aldehydes/carbonyls (sequences A and@;H  Section, we assume the initial OH concentration to be equal to
is strongly dependent on the partial pressure of oxygen, rising the change in N@concentration arising from the microwave
above unity when there is more than trace oxygen in the carrier being turned off and on. Overall, given the potential errors in
gas (see Figure 6). both the OH and OVOC measurements, we estimate our overall
For each of BES, pyrene and-hexane soot, the clear uncertainties in the reported yields are certainly less than a factor
progression of product peaks observed with stearic acid is of 2 and probably closer to a factor of 1.5.
absent. Instead, the products are localized into a smaller number The product yields for stearic acid are shown in Table 1,
of peaks, with intensity at small mass products dominating the where a strong dependence on the concentration,dh @he
spectra. This is particularly true for pyrene amtiexane soot  flow tube is demonstrated with greater yield in purg(®Torr).
where the only signals that are clearly identified above To compare the yields measured between different films, we
background levels are at/z 47 and 31, consistent with the also measured the VOC yields from BES, pyrene aih@éxane
formation of formic acid and formaldehyde. For BES, there is soot under a common set of conditions of high and low O
significant intensity atw/'z 129 andwz 111, which corresponds ~ partial pressure. In oxygen we find the yields are considerably
to the formation of ethylhexanal as discussed later. reduced relative to those from stearic acid, with the overall
Note that although Figures—24 show results for pure O values being 0.1 for BES, and 0.6&hexane soot for and 0.01
carrier gas, similar profiles of product peaks are exhibited with for pyrene. For comparison under similar conditions, the yield
lower partial pressures of oxygen present as well, including from stearic acid is 0.34. In helium, the yields overall are
nominally pure helium. lower: 0.08 for SA and BES and below 0.02 for pyrene and
iii. VOC Yields. To calculate the flux of OH to the coated- n-hexane soot. The purity of the helium used is 99.999%, which
wall surface, not only do we need to calculate the generation suggests that ©< 10~ Torr when pure He is flowing.
rate of OH (as mentioned in the Experimental Section) but we  iv. Heterogeneous Oxidative AgingTo investigate the effect
also need to assume that every OH formed in the gas phase iof surface aging on the formation of VOCs, a short fragment
lost heterogeneously rather than via a gas-phase process, sucbf film about 1 cm in length was exposed to a constant
as via reaction with NO, N@or itself. In our previous paper concentration of OH radicals for abb® h (Figures 79). As
on the formation of Brfrom reactive uptake of OH by bromide-  shown by time periods without data, the generation of OH was
containing solutions, we have shown that this gas-phasestopped during the experiment to measure the background
chemistry is substantially slower than the heterogeneous losssignals, to ensure they were smaller than the signals observed
rate, assuming gas-phase diffusion-limited loss of OH to the with OH exposure. For stearic acid and BES the volatile product
wall.Z% Indeed, the flow tube in our earlier study was operated yield was observed to decrease with OH exposure, but even
with higher pressure and slower overall flow velocities than after 2 h of exposure there was still clear formation of products.
the current study, and so we expect that wall-loss kinetics will For then-hexane soot and pyrene surfaces we observed a small,
be even more dominant in this work. Note that in that study we steady increase in the yield with time.
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TABLE 1. OVOC Product Yields

in oxygen in helium
surface [voch [OH]P Y© [vOoC] [OH] Y
stearic acid 23.20.2 69+ 2 0.34+0.14 1.70+ 0.05 22+ 2 0.08+ 0.03
BES 5.8+ 0.1 57+1 0.10+ 0.04 1.35+ 0.04 17+ 1 0.08+ 0.03
hexane soot 1.5% 0.05 60+ 2 0.03+0.01 <0.1 23+1 <0.005
pyrene 0.6Qt 0.04 42+ 1 0.014+ 0.006 <0.14 20+1 <0.005

a Concentrations are in units of Gmolecule cm3. ® Values shown are mean addlo precision uncertainties.Y is the VOC yield, relative to
OH loss; indicated errors are one least-squares standard deviations combined with estimated overall uncépte@@esieasured is below
detection limit 1x 10° molecule cm?.

X vi radical, react with @to form a carbonyl plus Hg or react
yield . . e

O mz59 with NOy leading to nitrification of the surface. Note, however,

104 % ® mz129 that these pathways do not lead te-C bond breakage.

For stearic acid, the€C bond scission part of the mechanism
implies the formation of either an aldehyde or aldehydic acid,
matched to, respectively, either an alkyl radical with a carboxylic
acid functional group at one end of the chain or a simple alkyl
radical. If the products are sufficiently volatile, they could
partition to the gas phase and be detected by the PTR-MS
downstream of the reaction zone. Because the H-atom abstrac-
tion can occur at many CHpositions in the molecule, one can
rationalize the two product series of peaks (i.e., sequences A/A-
H,O and B/B-HO) in the product mass spectrum that were
' | . : detailed in the Results section, i.e., one corresponding to the
0 50 100 150 formation of terminal aldehydes and the other to aldehydic

film age, min acids.
Figure 7. Volatile product yield (crosses) as function of SA film age, However, one important uncertainty in this analysis is whether
i.e., exposure time. Gas-phase concentrations of short (open boxes) angequence B/B-kD corresponds to the formation of carboxylic
long (solid circles) volatile products are presented as ion signals of acids, aldehydic acids, or alcohols, or to some combination
mz 59 and 129, respectively, normalized to initial values. The lines thereof. All these species can have the same nominal mass that

0.8

0.6 4

volatilized VOC, arb.units

normalised signal

0.4

are plotted to guide the eye. is unresolvable by the quadrupole in the PTR-MS instrument.
) ) Given that there is sizable intensity mtz 29, 43, 47 and 61,
Discussion which could arise from monocarboxylic acids or alcohols and

their fragment peaks, but not from aldehydic acids, we know
that aldehydic acids do not give rise to the intensity in all these
masses. Indeed, given the absence of a large peak at the smallest
mass that would correspond to a protonated alcohol (methanol,
m/z 33) but significant intensity at the smallest monoacid (formic
acid,m/z 47), we are inclined to believe that sequences B and
B-H,0 have significant monocarboxylic acid contributions. This

is also consistent with the low sensitivity that the instrument

reduced, exhibit substantially lower VOC yields. BES represents has to s:n?ll al((j:(cj)_?ols, arsl s?o;vn. n thet)callllg) ratlo.ral Studies Vl\"th
an intermediate case where the yield is close to 0.1. To discussPropanol. in addition, short-chain carboxylic acids were aiso
the chemistry in more detail, we use a reaction mechanism thatdetected as products of hexadecane heterogeneous oxidation by

i : 7 ; . X
is based on gas-phase alkane oxidation schemes and other receFRH/03 in NO. ffee environment: Mc_)re detailed studies, using

paper&141618 (see Figure 10). We initially discuss the elther' an off-.llne' chromatographllc approach or an on-line
chemistry that occurs with stearic acid given the wide range of €XPeriment with high mass resolution, are required to be more

experiments we conducted with it. We then discuss how the definitive in this regard. A final point to note is the relative
chemistry may differ with the othe; substrates independence of the product signal in sequence B and sequence

. . . . o B-H,O on the number of carbons in the product in the loy O

b"tSte?r'C Ac'g'tzhi reacttl_on sefquemlzlt(a IIS 'nét.'at?dé’y H-datom studies (see Figure 5), which is suggestive that a common
athr:Cvlvc:j[earm Thee fgrrrrnn:tilgr? c())f av?/aatlery isracg:ri’irgng dar;n %?Jsr- mechanism and set of products prevails across the length of
P i Co . . . the sequence, i.e., the monocarboxylic acids.
experiments by increase of peak intensityné 37 in the PTR- . . . . . .
MS spectrum. This arises from thes®i*-H,O complex, the If monocarb.oxyllc aglds are mdged .belng formed in this
intensity of which is strongly affected by gas-phase water che_mlstry, their formatlon_ mechanism is no_t clea_r. It seems
amounts. The alkyl radical rapidly reacts with,@rming the unlikely that they could arise from the organic radical left on

peroxy radical (R@) that reacts with either NO or another RO It'T(e lsnf[:a::e g:st_ractnf'lglz I—r|]-aot|om frorr? ano:cher entltl)c/j. l!)t 'Sd”.mre
species, forming an alkoxy radical (RO). Alternatively, the;RO Ikely that oxidation of aldehydes on the surface could be driven
: ; . by OH and HQ. For example’!

self-reaction may form an alcohol/carbonyl pair. Decomposition
of alkoxy radicals leads to carbetarbon bond scission and o 1o o, o
formation of an aldehyde and another alkyl radical, both of 0 — o o 0

. A A 72 . 2 72 ~y //
which have fewer carbons than the starting material. Alterna- R—(< —> R—C=0 — R—O< — R=C_
tively, the RO radical may isomerize to form a hydroxyalkoxy H 0—0 O—H (7

A key observation from this work is that the VOC products
and their respective yields are highly dependent upon the
chemical nature of the film and/or its physical phase. Stearic
acid is a solid at room temperature with a long hydrocarbon
chain. Given the high VOC yields, it is clear that carbaarbon
bonds in the molecule can be easily broken, under appropriate
environmental conditions of sufficient,OOn the other hand,
pyrene andn-hexane soot, which are also highly chemically
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given that there will be some HOn the flow tube as well as
OH. Acylperoxy radicals, as formed in reaction 7, also undergo
a reaction with HQforming peroxyacids, which can ultimately
yield carboxylic acids233 Another possibility for this reaction
pathway is aldehyde hydration at the surface followed by diol
oxidation®*

RCHO+ H,0 <> RCH(OH), ®)

RCH(OH), + OH + O, — RCOOH+ HO, + H,0 (9)

Both of these mechanisms are dependent on the amouny, of O
and so it might be expected that the formation of carboxylic
acids would be preferred over aldehydes at highl&vels.
Indeed, the ratio of the intensity of products in sequence B/B-
H.O relative to those in sequence A/A® increases from 1.1

to 1.7 as the carrier gas changes from He to puré@ure 6).

We believe that the carboxylic acids are not being formed in
the gas phase, from OH oxidation of aldehydes, given the much
longer time scale for that chemistry compared to the rate of
OH loss on the wall.

We note that the sum of all peaks within sequences A, B,
A-H,0 and B-HO contribute at least 80% and 85% of the
integral signal intensity in main flows of helium and oxygen,
respectively. (For this calculation, intensities of peaksnit
21, 30, 32, 37 and 46 were excluded when calculating the
integral signal intensity.) Unidentified signal intensity comes
from peaks withm/z 44, 48, 60, 77 and 91, indicating that the
chemistry is not as simple as that just described.

As one example, we note that organic nitrates could also be
formed and volatilized in the surface reaction of stearic acid
with OH, given that we have N(bresent. Formation of organic

nitrates was observed earlier in the study of secondary aerosol

formation from the reactions af-alkanes with OH radicals in
the presence of NG® It is not known how these compounds

Vlasenko et al.

very different. The Molina et al. work was done with self-
assembled monolayers, whereas ours was with a highly invola-
tile fatty acid. From our work the yields are strongly dependent
on the chemical nature of the substrate, which could explain
some of the difference. Note that our studies were done at much
higher OH concentrations, which might enhance the reaction
pathway that proceeds via the R€elf-reaction. We note also
that C-C bond scission seems to be quite enhanced for
heterogeneous reactions given that it is reported to be minor
for OH reactions witm-alkanes in the gas pha%e3 Finally,

we note that the VOC yields are lower in the He buffer gas,
with only trace Q present. We believe this is because the alkyl
radicals formed by OH H-abstraction do not full react with the
trace Q. Instead, it is likely that a considerable degree of alkyl
radical self-reaction will occur, giving rise to cross-linked
products. Whether this occurs at lower OH fluxes would be
interesting to investigate.

ii. Other Substrates.Whereas stearic acid yielded a sequence
of products, arising because the OH could attack anywhere along
its long alkyl backbone, we did not observe the same for BES,
pyrene or soot. For BES, we observed significant product
intensities at/z 129 (MH") andm/z 111 (MH" — 18), which
correspond to formation of 2-ethylhexanal, as would occur if
OH attacked hydrogen inrrCH,—O— position. A study of the
OH + isobutyl acetate ester reaction in the gas phase has shown
that H-atom abstraction is fastest at #eCH, group?® If we
assume a similar mechanism for heterogeneous-©BES
reaction, then the observed formation of 2-ethylhexanal could
be described as following:

/\/)f — /\/)/ 1)

It is interesting that there is some selectivity in the products

o 0,,NO

OR—t>

NO,

could be detected with the PTR-MS, but we speculate that they that are formed in this oxidation process. In particular, although

fragment in a way similar to that observed for PAN giving
product ions RO or R".35 There is also the potential for
formation of other secondary oxidation products beyond the
formation of carboxylic acids. For example, alkoxy radicals
could react with oxygen forming a molecule with a carbonyl
group. This molecule could then react with another OH, and
the scission products could contain two or more oxygenated
functional groups.

According to the gas-phase reaction mechanism NO could
potentially shift the branching ratio toward formation of RO
radicals and away from formation of alcohol/carbonyl prod-
ucts3® To test whether this was the case, we added NO to the
main flow in experiments with both pure oxygen and pure
helium carrier gas. The experiment in He showed that the VOC
production is not affected by the addition of NO even up to
relatively high NO concentrations (% 102 molecules/cr),

i.e., higher than those that would have been prevalent for the
experiments presented in the paper. The testist®@wed just
a slight increase10%) of OVOC production. Therefore, we

the uptake coefficient for OH loss is close to unity, it does appear
that the OH must undergo some degree of movement on the
surface before reaction. Consistent with some degree of surface
adsorption prior to reaction is that the unity uptake coefficient
is larger than the corresponding reaction efficiency for collisions
in the gas phase for species with alkane chains.

Why is the VOC vyield considerably lower for BES than for
stearic acid? In another study where we have used electrospray-
MS and coupled SMPS/AMS analysis of oxidized BES par-
ticles? we have shown that a major set of products in the BES
system are alcohols and carbonyls arising either from thg RO
self-reaction or from reactions of the RO radical. BES is a liquid
and so it may be that the R@elf-reaction channel is promoted
over the RO bond scission channel because of the ease of RO
self-reaction in a liquid where diffusion rates are rapid, versus
in a solid where radicals may not so easily encounter each other.
Indeed, the overall degree of volatilization inferred in the aerosol
experimentsis roughly consistent with that observed here. BES
particle mass change (as a function of OH exposure) is found

conclude that NO concentrations used were high enough so thato be a combination of density increase and volatilization.

formation of alkoxy from RQ@ was not limited by NO.

Overall, for conditions of sufficient & we observe VOC
yields of 0.34 for SA, with the average number of carbon atoms
in the products ranging from 3 to 5, depending on the carrier
gas (see Results). This implies that between 9 and 15 OH
collisions are required to remove one stearic acid molecule
entirely. This is a higher result than that of Molina et al. who
observed 23 OHs were needed to remove one C18 chain from
a surfacé? It should be noted, however, that the substrates are

For pyrene andh-hexane soot, there are very few gas-phase
products. For pyrene, OH will react by adding to an aromatic
ring, so forming a large surface organic radical, to which O
will then add. Although bond scission has been observed in the
reaction of OH with gas-phase aromatiédlif carbon—carbon
bond breakage occurs with pyrene, the resulting fragements will
probably be sufficiently large that they will not volatilize. The
same goes for a-hexane soot surface as well, given that low
molecular weight aromatics will have desorbed from its surface
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in the flow tube. Indeed, with a soot-coated tube in the reactor, ; X yield
we observed in the background mass spectra intensity of 104 X O mz59
relatively large PAHs, but not those at lower masses. Thus, it | >3< ® mz129
is likely that the OH reacts with these PAHs, with larger and
less volatile ones, with other organics condensed on the soot,
or with the graphitic backbone itself. Whatever the case, the
products will be of high molecular weight and low volatility.
That all being said, there was significant formation of intensity
at m'z 47 and 31 for these substrates, corresponding most
probably to the formation of formic acid and formaldehyde.

iii. Heterogeneous Oxidative Aging.To check the effect of
surface aging on the formation of OVQ& 1 cmlength of the
film was exposed to a constant flux of OH radicals for about 2
h. In the case of stearic acid, the volatile product yield decreased 0.0 .
30% during this time period (Figure 7). An explanation to this 0 50 100
observation is that continuous oxidation is increasing the number film age, min
of C=0 and C-OH functional groups at the surface, and thus gjgyre 8. volatile product yield (crosses) as function of DOS film
decreasing the volatility of potential products. Nevertheless, it age. Gas-phase concentrations of short (open boxes) and long (solid
is quite remarkable that even after ab@h of aging, the film circles) volatile products are presented as normalized ion signals of
still exhibited a large VOC vyield. In 1 second, we calculate Mz 59 and 129, respectively. The lines are plotted to guide the eye.
that the flux of OH radicals that have collided with the surface
(assuming it is smooth) is on the order of!4@ollisions/cn?, 1.4
similar to the number of stearic acid molecules present pér cm
An experiment, however, is many minutes long and so itis clear @ 121
that many stearic acid molecules are being oxidized during an § 1
exposure experiment, i.e., as products leave the surface, freshg
stearic acid molecules become available for oxidation. [Note
that even if the surface displays some surface roughness, thi58 |
conclusion is still valid because it is unlikely that the stearic = 06
acid films have higher specific surface areas than our soot films,
which we know to have 100 times more surface area than a flat :
surface.] Alternatively, a thin liquid layer forms on the surface
containing the different reaction products, in which the stearic ]
acid is soluble. 0.0 ‘ E———

Another consequence of the stearic acid film aging is a 0 50 100 150 200
considerable decrease of the formation of larger gas-phase film age, min
products. For example, Figure 7 shows thatraen of film Figure 9. Volatile product yield as function of film age (soot, boxes;
aging the signal measured @tz 129 is less than 10% of the  pyrene, crosses). Gas-phase concentrations of volatilized HCOOH
initial value. At the same time the signal a¥z 59 that presented as normalized ion signalrofz 47 (soot, circles; pyrene,
corresponds to a shorter product molecule has decreased to &!uses). The lines are plotted to guide the eye.
far smaller degree, 60% of initial value. We see similar behavior

. ) . S TSpR U » RH «---—---
across the mass spectrum with the higinérsignals decreasing ! !
at a considerably faster rate than the signals of lighter product | 1 OH !
molecules. This will arise via secondary chemistry involving ' o !
N cross-linking <= R '
! 1
e >

0.6

0.4
0.5

volatilized VOC, arb.units

0.2
0.0

normalised signal

1.0+

, a

0.8 4

0.4+

volatilized

0.2+

normalised mz 47 signal

A

OH attack on prior oxidation products. In particular, there is a

greater likelihood of larger species being lost via reaction with rRo, R’OH
+

OH than smaller species; i.e., there are mo@H,— groups bmmm e RONO. «— RO., —>
to attack in the larger molecules. : x No, T T2 R’R'CO
The results for the oxidative processing of the BES surface i RO, NO
are similar to those for stearic acid with the overall yields I _ NO, isomerization [ (\L1 v
decreasing 40% of the initial value after 1.5 h of OH exposure. :L" --RONO, < RO » R'OH
As the film becomes more oxidized, signalz 129 of longer ! / \SCiSsion
product molecules decreases faster compared to that of a shorter 1 ©.
molecule atm/z 59 (Figure 8). In the case of soot and pyrene  R*R'CO + HO, R'CHO + R”

the yields increase with time (Figure 9), albeit at a slow rate.

The major part of this increase is the growth of formic acid Figure 10. Proposed r_eactit_)n mechanism for alkane surface oxi(_jati(_Jn
; by OH. The mechanism is based on gas-phase alkane oxidation
production detected atVz 47.

schemes.
iv. Atmospheric implications. In this study we showed that

organic surfaces react efficiently with OH radicals and some describing the degree of volatilization. For instance, soot
reaction products are sufficiently volatile to partition to the gas particles are expected to undergo minor carbon loss during
phase, thus corroborating the work of Molina et%Product oxidative atmospheric aging. On the other hand, the saturated
yields are highly sensitive to the chemical nature of surface. hydrocarbon component of an aerosol should be more suscep-
With regard to an atmospheric organic aerosol particle this tible to volatilization according to results of this study. It should
means that the chemical composition is a key parameterbe mentioned that the oxidation conditions of our experiments
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are different from the typical atmospheric environment so that

one should extrapolate experimental findings with caution.

Higher concentrations of OH used in this study could possibly g,34

explain lower volatilization of SA film compared to the previous
work.10

Not only particle composition but also the physical state could
be important to describe volatilization initiated by OH. Data
suggest that volatile product yield is three times higher for solid

SA compared to liquid BES. This may be due to an enhanced

Vlasenko et al.
(14) Eliason, T. L.; Gilman, J. B.; Vaida, \Atmos. Emiron. 2004 38,
1367-1378.
(15) Lim, Y. B.; Ziemann, P. Environ. Sci. Technol2005 39, 9229-

(16) Docherty, K. S.; Ziemann, P.J.Phys. Chem. 2006 110, 3567

3577.

(17) Knopf, D. A.; Mak, J.; Gross, S.; Bertram, A. IGeophys. Res.
Lett. 2006 33, L17816, doi:10.1029/2006GL026884.

(18) Hearn, J. D.; Renbaum, L. H.; Wang, X.; Smith, GFbys. Chem.
Chem. Phys2007, 9, 4803-4813.

(19) Mak, J.; Gross, S.; Bertram, A. KGeophys. Res. Let2007, 34,

RO, recombination mechanism in the liquid phase, as suggested-10804, doi:10.1029/2007GL029756.

in recent studie416.18

This type of heterogeneous reaction is likely to be a source

(20) Finlayson-Pitts, B. J.; Pitts, J. lhemistry of Upper and Lower

Atmosphere. Theory, Experiments, and Applicatigieademic Press: New

York, 2000.

of aldehydes and other oxygenated species to the atmosphere. (21) Schmidt, M. W. I.; Masiello, C. A.; Skiemstad, J. BOS2003

In particular, carboxylic acids are formed, in agreement with
the work of Eliason et al4 via a mechanism that has to be
confirmed. Yet to be quantified, this source could probably

84, 582.
(22) Thornberry, T.; Abbatt, J. P. Phys. Chem. Chem. PhyX)04 6,

(23) Frinak, E. K.; Abbatt, J. P. OJ. Phys. Chem. 2006 110, 10456~

reduce the discrepancy between measured and predicted valuege4.

of CH3;CHO and HCOOH ambient concentratidhfg.Finally,

(24) Aubin, D. G.; Abbatt, J. FEnviron. Sci. Technol2006 40, 179—

it should be noted that a similar kind of heterogeneous oxidation 187-

could occur not only at aerosol interfaces but also with the
organic-rich microlayer found on the top of natural waters.
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