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Interaction of NO, with Hydrocarbon Soot: Focus on HONO Yield, Surface Modification,
and Mechanism
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Using a coated-wall flow tube connected to a mass spectrometer, the heterogeneous conversigtoof NO
HONO on dry hydrocarbon soot surfaces has been studied at room temperature and 243 K. Particular attention
was given to the measurement of the HONO vyield as a function of hydrocarbon fugpatal pressure,

extent of uptake, and surface oxidation state. In all cases, the yield is invariant of these parameters and close
to unity, indicative of an irreversible oxidation mechanism by which the Blistracts an H atom from the
surface. XPS analysis shows that the surface N content does not measurably increase vakpd&Qre.

There is minimal surface reactivity regeneration with time or via exposure to high relative humidity. A BET
surface area measurement of the entire soot film exposed tavd©used to determine the amount of HONO

that can be generated from the soot surface per unit surface area, prior to its deactivation. The reduction of
NO, to HONO on soot is unlikely to account for the observed nighttime buildup of HONO in polluted urban
environments.

Introduction of HONO in the early morning can be a major ki€burce when
gther formation mechanisms, such as HCHO aggl@tolysis,
are less efficient. One field study in Milan determined that
during the first 4-6 h after sunrise, HONO photolysis is the
rnost important OH source in the boundary layer and that HONO
can account for up to 34% of the total OH formatf§iRecently,
there have been a number of field studies that have provided
evidence for a strong daytime source of HORIG?®

Despite HONO'’s importance, its formation mechanism
remains poorly quantified. Gas-phase radical chemistry cannot

Even though BC generally constitutes a small fraction of the . .
total aerosol mass, which can be up to tens of percent, its fractale.XIDIaIn the Qbserved HONO levels at n!ght. Measurements of
direct emission of HONO from combustion sources show that

and porous surface when freshly emitted leads to a considerably L .
larger contribution to the total aerosol surface &éaSeveral the HONO/NQ ratio is too small (from 10" to 10°%) to explain

i i 1
studies have examined the chemical functionalities present on;heiéi'oer:::jsrigég;ggsbﬁ;\?g?gﬁ Iaﬁ 'noknnz)lqunogg?c:rlﬁadoyNo
soot surface$?~17 given that the reactivity of soot depends on g P . 9 L
! Early laboratory experiments have observed the formation
the nature of the surface functional groups preserfor

example, Akhter et al. have shown for laboratory-generated sootOf dH(')er? from the rgacuoa of NQwith H,0 onégl;nss, PYSIEX’
that there are many different polycyclic aromatic hydrocarbons an he on, suggesting a heterogeneous reactidnpossible
(PAHSs) condensed onto a carbon backbone, which has alcohol,mec anism 1s
;’atlghs)l/ﬁ][;jce;flagrbonyl, carboxyl, and ether functional groups at 2NO, + H,0 — HONO + HNO, )
The reactions of nitrogen oxides on soot have attracted recent
attention due to their potential to influence the MENO;3 ratio
and HQ budget1920The reactive uptake of NQOeading to
the formation of HONO has been observed extensiteand
has been proposed by some to explain the high buildup of
HONO during the nighttime in polluted environmeRfs24
Various products have been reported for this reaction, including
HONO, the yield of which has been observed to vary as a
function of NG concentration, relative humidity, and soot
combustion conditions.
Average nighttime HONO concentrations in urban areas are
1-15 ppb, which drop to 1 and 0.1 ppb in rural and remote
areas, respectiveRp.For polluted environments, the photolysis

Heterogeneous processes occurring on the surface of aerosol
can alter atmospheric composition by acting as a sink or source
of gas-phase specié©ne such material is soot or black carbon
(BC) aerosols that have anthropogenic sources such as fossi
fuel combustion and natural sources such as biomass biining.
Loadings of BC in the boundary layer range from 1.5 tq.20
m~3 (urban) to 0.2-2 ug m2 (rural)? but decrease t0-520
ng n3 over the ocean aretg and to 1 ng m3 over the Pole§.

However, this mechanism is inconsistent with laboratory studies
involving soot, in which HNQ was not detected as a product,
the reactivity of soot was depleted upon exposure, and HONO
yields >50% were observet:33-36 This has led to reaction 2
being proposed as a reductieaxidation process by which the
soot surface reduces N@ HONO?22:23

NO, + RH— HONO + R @)

Some of the carbonaceous surfaces investigated include com-
mercial black carbon such as Degussa FW2 and Prii§téx,
spark discharge soot generated from graphite electréde$> 4>
gaseous hydrocarbon soot, such as methane, propane, and
* Author to whom correspondence should be addressed (e-mail acetylené??*%liquid hydrocarbon soot such as hexane, decane,
jabbatt@chem.utoronto.ca). toluene, and dies@p,24.33-3541,424446.4nower plant aerosols,
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amorphous carbo#¥;*and organic carboff. Aimost all experi- Movable
ments using BC and soot as a substrate have shown a reactiv

uptake of NQ?2724.33-41,4344,464850\yjth the formation of
N023,3}41,43,48and HON02_2724,3}36,41,43,4648,50 The reaction
is noncatalytic, although some regeneration of reactivity was
observed upon heatifdgor exposure of the sample to,8.2
Despite considerable research on this topic, there remain
outstanding uncertainties in the kinetics and atmospheric
importance of this process. In particular, a very wide range of
uptake coefficients has been reported, from 0.1 to?1Many
of the experiments were conducted on substrates for which the
specific surface area was not addressed or was estimated, whicl
would lead to an uncertainty in the uptake coefficient and
HONO generation capability because the specific surface area
of soot can be orders of magnitude larger than the sample’s
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geometric area. Considerable ambiguity in the mechanism arisegigure 1. Diagram of the coated-wall flow tube coupled to an electron-
from the range of observed HONO yields, from O to 100%. Impact mass spectrometer used in the Uptake experiments.

This range may arise from the variety of experimental conditions . . . _

used. For example, experiments conducted at very high NO V&S e_Stab“Shﬁd for 1k015 min prior to the beginning of an
concentrations may promote reaction 1 over reaction 2, and theXPeriment. The uptake experiments were conducted at 243 K
use of calibrations in which HONO is not directly measured and ambient temperature by using a low-temperature circulating
can lead to inaccuracies in the measured HONO concentrations Path- . .

In this work we attempted to address these uncertainties in A differentially pumped (_al_ectron-|mpact mass spectrometer
the uptake kinetics and HONO vyields, and so gain a better (UTI) se}mpled the composition of the gas exiting the flow tube
understanding of the overall mechanism for NPtake on soot. by monitoringm/z 46 for. NG, and m'z 47 for HONO' HQNO
In particular, we examined the reactive uptake of N@Bing does not fragment to give a S|g_nalratz 46, and_ isotopically
atmospherically relevant N{Zzoncentrations on a large number h;a\{ly 'I\lcni ?rthZNAE)? w\r;\[/)urilr:li(;s”ln :;]en’i\:(_arcg?,t/rzlbelge or\lllvy ﬁ‘
of n-hexane, decane, and benzene soot samples for which th (?ts ? HaNQ but ) d'g ta 3{ onitore ; at‘ﬁ € |
specific surface area was measured. HONO yields relative to 0 detec » DUt We did not otice an Increase In the signa

both loss of NQ and the total soot surface area were measured. ?ﬁ wﬁl\?g’svvhﬁp rl:th fW asr ?\Idgidlgotthﬁ ﬂ?]W rt#bre’ %omsginlmg
The oxidation state and elemental composition of the soot € content ot ou uib to'be no more tha 00

surfaces were determined using XPS both before and afterthe basis of literature values for the ratio ofintensityrseﬁx46
exposure to N@and Q in order to determine changes in the to that atm/z 63 and our estimated detection limi&® The
surface chemistry. We also studied how @xidation affects electron energy was 70 eV, and the data were recorded at 2.6

. S s intervals.
the reaction kinetics. -
NO, was added to the flow tube through a movable injector

initially positioned with its tip beyond the downstream end of
the soot film. In all cases, the flow exiting the injector tip never
Soot was formed from am-hexane, benzene, or decane exceeded 10% of the total flow, which ensured that mixing into
diffusion flame, where a burner is housed in a water-cooled the bulk flow was rapid. The partial pressure of N@as
chimney provided with an air flow of 1815 SLPM. The soot determined from the pressure drop with time from a glass
was deposited on the inner walls of a 20 cm long, 2.3 cm i.d. reservoir containing dilute NQMatheson Gas) in helium. The
Pyrex tube held 510 cm above the tip of the burner. The soot uptake experiments were conducted by pulling the injector back
was deep black in color, and the mass deposited ranged fromover the soot film by a distance of 10, 15, or 20 cm, the exact
0.088 to 0.819 g. The specific surface area (SSA) of the entire value being determined by the need to see a sufficiently large
film was determined by measuring the BET adsorption isotherm change in signal. The injector was then pushed back to the
of Kr at 77 K5t In particular, the soot-coated Pyrex tube was starting position as the NGignal leveled off. The loss of signal
placed in a 22 cm long, 3 cm i.d. stainless steel cylinder after withdrawal of the injector was integrated to determine the
equipped with copper gasket seals that was then immersed inamount of NQ lost to the surface. By referencing this amount
liquid nitrogen. The soot was exposed to different known to the surface area exposed, a total uptake is determined. By
amounts of Kr. The number of moles of Kr adsorbed to the measuring the decline in signal immediately after withdrawal
soot surface was obtained from the difference in the final of the injector, an initial uptake coefficieny{) can also be
pressure after the soot sample had been exposed to Kr and thagbtained?® Control experiments were conducted on a bare Pyrex
which would have been obtained from the expansion of the Kr tube, and no uptake of NOor formation of HONO was
into an empty chamber. Control experiments showed the Pyrexobserved.
surface presents negligible surface area. The surface area was The mass spectrometer detection limits were 2076 and 7
determined from the linear form of the BET isotherm using the x 1076 Torr for NO, and HONO for 0.52 s integration times
method recommended by IUPAEC. per mass, respectively. The mass spectrometer was calibrated
The uptake experiments were conducted in a low-pressure,for HONO atm/z 47 using a HONO source modified from that
coated-wall flow tube coupled to an electron-impact mass Of Febo et al., which is shown in Figure>2.HONO was
spectrometer, shown in Figure 1, similar to that used previously prepared by flowing a known quantity of gaseous HCI diluted
to measure the adsorption of HN@nd PAHs onta-hexane in helium from a bulb into a damp bed of NaM@eposited on
soot films5354The soot-coated tube was inserted into a double- a fritin a vertical flow cell. This leads to HONO formation via
jacketed flow tube through which a flow of 46@50 sccm of
helium carrier gas (high-purity grade, Air Products) at 0.77 Torr

Experimental Section

HCI + NaNO,— NaCl + HONO ©)
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Figure 2. Diagram of the HONO generation source and detection
system (MFM, mass flow meter).

HCI is known to react efficiently with HONO to yield CINO
and HO in the gas phas®.However, we observed no mass
spectrometer signal for HCI or CINO, indicating that there was
no HCI breakthrough under our experimental conditions. Febo
et al. observed the occurrence of the following two HONO loss
processes

2HONO— NO + NO, + H,0 (4)

HONO + NO,— NO + HNO, (5)

with reaction 4 dominating. At high pressures in the cell we
observed the HONO-to-Nfratio decreasing below the value
at lower pressures, probably because reaction 4 was proceedin
As a result, we ran the source at a low pressure of roughly 50
Torr.

The HONO concentration was determined in the source using _ -
C 1s=10.31, O 1s= 0.75, N 1s=
absorbance at 254 nm, at which HONO’s absorbance cross( S ' = ’ S

section is 11 times larger than that of N® The absorbance
cell was 54 cm long and 3.1 cm i.d. and was equipped with

quartz windows at each end. The radiation from a mercury Pen-

Ray lamp (UVP Inc.) first passed through an interference filter
isolating the 254 nm line, then through a lens, the absorption
cell, another lens, and onto a silicon carbide photodetector
(Boston Electronics Corp.). A second beam of light from the
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errors in the HONO vyields to b&20%, arising primarily from
the errors in this ratio and in the absorption coefficient for
HONO5°

For the soot oxidation experiments, ozone was prepared by
photolyzing oxygen (Air Products, Extra Dry Grade) diluted in
nitrogen (Grade 4.8 BOC Edwards) flowing through a cell
irradiated with a UV lamp at 185 nm (Jelight Co. Inc., model
100). The concentration of the ozone in the bulb was determined
by measuring the absorbance at 254 nm. The resulting mixture
of ozone, oxygen, and nitrogen then flowed through a flow tube
containing the soot film. Chemical analysis of the hexane soot
using a Thermal Optical Transmission instrument (Sunset
Laboratory Inc.) showed that it was largely elemental carbon,
with an elemental carbon (to total carbon) fraction ranging from
0.86 to 0.94. For a more detailed account of the procedure refer
to Fan, Brook, and Mabursf.

Selected soot samples were analyzed by X-ray photoelectron
spectroscopy (XPS) at the Surface Interface Ontario facility to
obtain the surface elemental composition of carbon, oxygen,
and nitrogen. XPS spectra were taken for fresh benzene, hexane,
and decane soot and for benzene soot exposed to low and high
concentrations of N@ to a mixture of NQ with O,, and to
Os. The XPS spectra were obtained on a Leybold MAX 200
XPS system (LH, Cologne, Germany) using an unmonochro-
matized Al Ko source operating at 1486.6 eV. The energy range
was calibrated against Cu zpand Cu 3p lines at 932.7 and
75.1 eV, respectively. The energy scale was corrected by placing
he C 1s value for the main-6C component at 285 eV. Atomic
‘atios were obtained from spectra collected in a low-resolution
mode (PE= 192 eV). Empirically derived sensitivity factors,
also supplied by the manufacturer, appropriate for these spectra
0.54) were used.

Once it was determined that the magnitude of the uptake
coefficient and the yields were very similar for all three
hydrocarbon soot substrates, benzene soot was used for the
experiments dealing with humidification, regeneration of reac-
tivity, ozonation, and high N@dose because a benzene flame
produces the most soot, making it easier to generate a large
number of soot samples.

same Pen-Ray lamp passed through a second interference f”tehesults and Discussion
and onto a reference photodiode. To reduce the noise in the

mercury lamp’s signal due to short time scale fluctuations, the

Specific Surface Area.To be able to report the total HONO

ratios of the signal from the main and the reference photodiode yield per unit soot surface area on the molecular scale, we

were taken. The signal intensities from the photodiodes were
sampled using a commercial data acquisition board.

For calibration, we used HONO partial pressures in the flow
tube of 5x 1075—2 x 107 Torr to have a sufficiently large
absorbance signal of 0-4L.4%. Specifically, the partial pres-

measured the SSA for selected samples of hexane, decane, and
benzene soot deposited on the inside of the Pyrex tube. As
opposed to measuring a small sample of the film hoped to be
representative of the bulk, this is a more appropriate approach
because we obtain the total amount of surface area available to

sures were determined from this absorbance signal and frominteract with NQ. The measured ratio of the SSA to the

the pressure drop and dilution that occur when the HONO flow

geometric area ranged from 255 to 709.

passed into the low-pressure flow tube. The partial pressures Figure 3 shows a plot of the SSA as a function of sample

in the calibration were just slightly above the HONO concentra-
tion range generated by exposing the soot samples 1810
10* Torr of NO,. Under the same flow tube conditions and on
the same day, the NGensitivity was determined by measuring
the drop in pressure in time from the N@servoir. The ratio

of the mass spectrometer sensitivity to Ndn/z 46 and HONO
atm/z 47, which was 3.5 0.5 (where all precision errors in
the paper are o standard deviation uncertainties), was used
to determine the HONO concentrations in the flow tube, and
this ratio remained constant through months of experiments.
For the yield experiments, we extrapolated 81§y ratio to
lower partial pressures given the linearity of the calibration under

mass for several hexane, decane, and benzene soot films. For
the sample masses used we were in the linear mass versus
surface area regime, with no observed saturation of the surface
area. This means that the entire soot surface in the samples was
available and there were no underlying inaccessible soot layers.
Furthermore, all three substrates have nearly the same slope,
the average being 15 1 m? g~1. This is surprising considering
that all three soot films appeared to the eye to be different when
deposited on the inside of the Pyrex tube. For example, benzene
soot formed a thicker and rougher coat, whereas the hexane
film was thin and even.

NO, Uptake Profile. In Figure 4, we present an uptake

the higher partial pressure conditions. Overall, we estimate the profile for NO, on a 0.351 g benzene soot film at room
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77— formation of HONO as the surface begins to deactivate. We
I 1 interpret this slow recovery in the N@ignal to be due to the
consumption of the reactive sites on the film, plus there may
be a component due to N@liffusing into the soot structure
and accessing reactive sites deeper within the film. The decrease
o | . _ in pressure over time in the bulb containing the Ng@nerally
i ] prevented us from measuring the uptake profile beyond 30 min
x ] because the flow of N@leaving the bulb would decrease over
time, which would result in a steadily decreasing partial pressure
] of NO; in the flow tube. When the injector is brought back to
I = ] its initial position, there is a small peak in tie’z 46 signal,
sl - which may be due to a small amount of physisorbed;NO
desorbing from the surface or from HN@esorption if there
- 1 is a small impurity present. There is also a nearly instantaneous
0 o5 : 0'4 Py Py 7o drop in the HONO signal. The time scale for B@esorption
Soot Sample Mass (g) and cessation in HQNO production is less than the 1_or 2s
needed to push the injector forward. The amount of physisorbed

Figure 3. Specific surface area for selected soot samples as a function N
of sample mass as determined from the BET isotherm (square, hexane;Noz or HNO; was on average 2% of the total Wi@ken up,

triangle, benzene; circle, decane). The slope from the linear fit was and no more than 5%.
found to be 15+ 1 m? g% A few low-temperature uptake experiments were conducted

at 243 K, and although there was comparable uptake of &0
observed at room temperature, the formation of HONO was
suppressed under dry conditions. The uptake of M@s not
due to simple physical adsorption as there was no large NO
g desorption peak when the injector was pushed in. We performed
the following experiment as additional confirmation. Half of a
film was exposed to N@at room temperature. The film was
then rotated in the flow tube, and the other half was exposed to
NO; at 243 K. Both the low-temperature and room temperature
uptakes were similar. However, when the film that had been
exposed to N@ at low temperatures was warmed to room
i temperature, pumped upon, and then re-exposed tg bidy
45% of the uptake at low temperature was observed. Had
physical adsorption of N©been occurring, we would have
expected the uptake to be unaffected because thevix@ld
have desorbed at room temperature. Instead, we believe that
the low HONO vyield at low temperature arises from it remaining
Figure 4. Sample uptake profile of N©O(open circle) on a 0.351 g adsorbed on thg surface f':lfter formation. Eithe_r it dpes not desorb
benzene soot film at room temperature with anzy@rtial pressure of upon our experlmentalitlme scales, or else it builds up on the
4.6 x 1075 Torr. The HONO (solid circle) signal has been normalized Surface so that a reaction such as (4) proceeds.
to NO, by multiplying by 3.5. HONO Yield. The main focus of this paper is to quantify
the HONO vyield, relative to N@loss, to better define the
temperature. This profile is typical of soot from all three fuels, '€action mechanism and also to evaluate the maximum contri-
and such profiles form the basis of all experimental resuits to Pution that such soot chemistry may have on nighttime HONO
be presented. The NQartial pressure ranged from>8 106 concentrations in the atmosphere. Figure 5 shows the yields of
to 1.4 x 104 Torr, which is equivalent to 18130 ppb at HONO, defined as the number of HONO molecules produced

atmospheric pressure. These are appropriate partial pressurefor every NG molecule taken up, on hexane, decane, and
for urban locationg! whereas a number of previous studies Penzene soots. The HONO yields, similar for all three substrates,
have been done using higher Bi@artial pressures that are Were 96+ 18% for a total of 51 films (see Table 1). The
unrepresentative of the atmosph&té244Choi and Leu have ~ uncertainty quoted is the + o precision uncertainty. \We
shown that for the uptake of HNGat high partial pressures, — estimate the |nstrumentgl error arising from determining the NO
which results in high surface coverages, bimolecular surface @1d HONO concentrations in the flow tube to #84%. In
reactions can occur, which otherwise would not at lower HNO particular, some of the scatter in the plots arises from integration
concentrations typical of an urban environm@&®resumably ~ Of small signals associated with HONO, given that our sensitiv-
similar effects may arise with NQunder unrealistically high 1ty for its detection is lower than for NOSome of the variability
concentration conditions. In addition, high partial pressures of Mmay arise from film to film variations as well. Finally, the small
NO, may lead to rapid saturation of surface sites on the @amount of NQ physically adsorbed to the soot surface, which
experimental timescale. was <5% of the total NQ taken up, could lead to a low and
The initial drop in the NQ signal in Figure 4 at 31 s  Perhaps variable bias in our reported yields; that is, some of
corresponds to when the injector was pulled back, thus exposingthe NG adsorbs but does not react away. This desorption area
the soot sample to the NQwhich then partitions to the surface. ~Was not always measured in our experiments, and so we made
We observe a simultaneous rise in the HONO signaiat7. no attempt to correct for it.
At first, there is rapid uptake of N£ followed by a slow The HONO yield was found to be invariant with the partial
asymptotic recovery in the NGsignal and a decrease in the pressure of NQused (Figure 6), the extent of N@ptake to
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line represents the average yield for all samples oft983% (1— o

precision).

the surface (Figure 7), or multiple N@xposures to the same
film (Table 2, see Regeneration of Reactivity and Effect of
Water), via humidification of the soot film (see Regeneration
of Reactivity and Effect of Water) or after oxidation of the soot
film with ozone (Table 3) even though the MGptake decreased

greatly.

A comparison of literature HONO vyields (Table 1) shows
values ranging from 0 to 100%. At the high end of this range,
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and Karagulian and Ros¥iwhereas considerably smaller yields
are reported by Longfellow et &*Al-Abladeh and Grassia,

and Lelievre et at® The wide variability can arise from a
number of sources. One of these is temperature; our work
confirms earlier reports that the yield decreases at lower

temperatures. We attribute this effect to HONO remaining

adsorbed on the soot surface after being formed, and it could
be the reason why Longfellow et al. report low yields of between

our results are in reasonable agreement with the works of 10 and 30% on methane, propane, kerosene, and hexane soot

Gerecke et aP? Kleffmann et al4! Alcala-Jornod et af3
Stadler et al3* Salgado and Rossi (soot from fuel-rich flamé&s),

at 262 K24 Specifically, for methane and propane soot the room
temperature HONO vyields were factors of 1.6 and 1.3 times

TABLE 1: Summary of the Literature Data for the HONO Yield for NO , Uptake on Soot

reference substrate HONO yield (%) temperature (K) 2INf@ssure (Torr)
Tabor et aP” Degussa FW2 0 ambient 10
Tabor et af® Fw2 0 ambient (0.088) x 1073
Printex 60
Lamp Black FS101
Rogaski et af? Degussa FW2 0 298 (0-8.0) x 1078
Gerecke et af® ethylene 634 ambient 2.4x 10°6-4.2x 1074
acetylene 725
toluene 91+ 6
Longfellow et al? methane 135 262 (0.6-6) x 1075
propane 16t 5
kerosene 1&5
hexane 30t 10
Kleffmann et at* commercial carbon black 580 ambient 7.6< 104-3 x 1072
Al-Abladeh and Grassidh  hexane 36t 5 295 7.8x 1076
Alcala-Jornod et a toluene 68-99 ambient pulsed dose of{1.20) x 10'* molecules
acetylene 26
decane 5895
Stadler et af* decane (fuel-rich flame) 100 298 2210%-2.6 x 104
hexane (oxidant-rich flame) a few percent
Salgado and RosSi hexane { = 0.16) 30 ambient (0:63) x 10°°
hexane { =0.82) 50-80
Lelievre et al*® toluene 30k 5 240-350 (0.28-3.4) x 10
kerosene
hexane
Kleffmann et aF® Lamp Black 60 ambient (3:84.5) x 104
Karagulian and Ros¥i decane (fuel-rich flame) 108 10 298 7x 1075
this study hexane 9% 18 ambient (0.081) x 10#
decane

benzene
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and decane soot led to-25% loss of HONO, whereas 90% of
the HONO reacted with acetylene s&dt.ikewise, HONO was
found to decompose on decane soot formed from an oxidant-
rich flame, whereas HONO was not found to decompose on
decane soot produced from a fuel-rich flafA&®verall, these
observations imply that HONO is being produced in high yields
on all types of soot but that it is being decomposed on the
surface in the case of more oxidized soot, such as that formed
from an oxidant-rich fuel mixture or that produced from a short-
chain hydrocarbon such as acetylene. Mechanistically, this is
an important conclusion because it suggests that the low HONO
yields observed in certain studies may arise from HONO
decomposition after its formation rather than from a different
HONO production pathway on the surface.

The average amount of HONO generated per unit area was
(8.2+ 1.1) x 10" molecules cm? (to the point where the NO
signal has recovered to 85% of its starting value), which is close
to the saturated surface coverage of 2.0 molecules cm?

(arbitrary units). Dashed line represents the average yield for all samplesthat we have observed for HNOphysical adsorption on

of 96 + 18 % (1— o precision).

TABLE 2: NO , Uptake on Benzene Soot at Room
Temperature as a Function of Multiple Exposures over a
Series of Days

NO, uptake

(normalized to HONO
film (9) day initial exposure) yield

0.257 1 1.00 1.03
3 0.15 1.10

7 0.14 1.05

9 0.06 1.18

0.370 1 1.00 0.95
2 0.21 0.79

5 0.16 0.92

TABLE 3: NO, Uptake on Benzene at Room Temperature
Soot after Ozonation

NO; uptake HONO vyield

Oz dose (normalized to (normalized to
film (g) (Torrday®) initial exposure) initial exposure)
0.410 8.6x 10°° 0.75 0.58
0.246 8.6x 10 0.50 0.66
0.348 3.2x10* 0.41 112
0.206 3.2x 10 0.47 0.97
0.342 5.8x 10°* 0.52 1.05
0.269 5.8x 1074 0.93 0.50
0.502 3.0x 1073 0.45 1.18
0.292 3.9x 1073 0.38 1.23

higher than at 262 K, respectively. However, it does not explain
the discrepancy with the work of Lelievre et“dland Al-
Abladeh and Grassigéid,who performed their studies at room
temperatures.

Another factor that might affect the HONO yields are the
combustion conditions of the flanté3435whereas the type of
fuel has little effect. Gerecke et @has shown that the HONO
yield decreases for soot collected further away from a flame
base, which translates to a more aged and oxidized soot, with
the percent HONO yield ranging from 98 1% at the base to
69 + 5% at the top of the flame. Stadler and Rossi have shown
that decane soot produced from a fuel-rich flame yields HONO
with up to 100% yields, whereas soot produced from an oxidant-
rich flame produced minimal amounts of HON® Alcala-

n-hexane soot® Our observed value for the density of surface
reactive sites is slightly smaller than what has been observed
previously by Ammann et & (3 x 10 reactive sites cn?

on spark discharge soot aerosols), Kirchner et al. .20
reactive sites cr¥ on diesel and spark discharge sdétand
Kleffmann et al. (18" reactive sites crr? on lamp black}8 but

it is slightly higher than the results of Lelievre et*alf(3.1—

4.8) x 10 reactive sites cr? hexane, toluene, and kerosene
soot]. This suggests that roughly one-third of the adsorptive sites
on these soot surfaces are reactive.

Regeneration of Reactivity and Effects of Water.Table 2
shows the results of two experiments conducted to evaluate if
the reactivity of benzene soot could be regenerated. If regenera-
tion is observed, this will increase the overall impact of this
reaction on the atmosphere. The uptake of,N@s measured
on several films up to 8 days after an initial exposure to
sufficient doses of N@that the HONO production dissipated,
the NG ceased being taken up by the surface, and the mass
spectrometer signal for NOreached a plateau. Between the
exposures the films were kept undisturbed in the flow tube,
which had been filled with room air. After the initial exposure,
the subsequent uptake of M©@n the following days never
exceeded 21% of that from the initial exposure and generally
kept decreasing after each subsequent exposure. In all cases the
HONO vyield was similar to that on the fresh surface, which
suggests that there is no change in the reaction mechanism.
Longfellow at al?* showed that after methane soot is deactivated,
it can be reactivated by exposing the system to water with a
relative humidity of 4.3%. We performed a similar experiment
on benzene soot films by depleting their reactivity and then
measuring the uptake on the films 3 days after the initial
exposure, and following this we measured the uptake after
humidifying the films at 100% relative humidity for 90 min.
No regeneration of reactivity was observed under dry conditions
after the initial exposure or after humidification, in which case
the reactivity decreased even further.

Because our experiments were conducted with a dry helium
carrier gas, this suggests that large amounts of strongly adsorbed
surface water are not required for the production of HONO,
thus making it unlikely that the hydrolysis mechanism of NO

Jornod, van den Bergh and Rossi, and Stadler and Rossi havénto HONO and HNQ@ in a surface liquid layer was occurring.

shown that the low HONO yields do not imply that HONO is
not being produced but that it is being rapidly decomposed on
the soot surface, yielding N&:34This was indicated in HONO
uptake experiments in which HONO interacting with toluene

The formation of HONO under dry conditions has been observed
by many other group§,3?r35,37,38,42,46,47,50

Longfellow at al. observed that whern© was passed over
deactivated methane soot and subsequently exposed tp NO
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DONO was generatetf. The same experiment was performed the initial uptake coefficients referenced to the geometric surface

with H,O® and only HONO and not HBNO was formed, area to the specific surface area, using the specific surface area
indicating that the oxygen in water is not involved in the of the soot substrate when it was available in the literature.
reaction?* The formation of DONO from the addition szD) By SO doing, the majority of the uptake coefficients are now

does not unequivocally prove that water is directly involved in jn the 10°5 range. Ammann, Rzhl, and Rudich have developed
the reaction as pointed out by Lelievre et al., who observed an an expression for the reactive uptake coefficient of gas-phase
isotopic exchange reaction on kerosene soot by whig@Was  species due to surface reaction which demonstrates that the
consumed on the surface to form HOBThe exchange reaction  measured uptake coefficient will decrease with increasing gas-
could occur between i and HO on the soot surface or with  phase concentration of the reactafts the case of Kleffmann
hydrogen-containing functional groups on the surfic€he et al41 and Prezler-Prince et 4 .the uptake experiments were
deuterated functional groups, such as COD or COOD, could in ¢onducted with very high N©partial pressures, in the parts
turn be the source of DONO if they are involved in the reaction per million range, which will likely quickly saturate the soot
with NO or if the HONO formed undergoes+D exchange  samples and deactivate them, leading to the lower observed
with these functional groups on the surface or with surface- yjyes for the uptake coefficients.

bound BO.

Uptake Coefficient. Initial NO, uptake coefficientsyo, were
calculated from eq 6, where the wall-loss rate constant is
normalized to the SSA to geometric surface area ratio for the
particular soot film:

Heterogeneous Processing of the Surfack.is well-known
that atmospheric aging processes will occur after soot is emitted
to the atmosphere. The purpose of this section is to simulate
some aspects of atmospheric oxidative aging by measuring the
NO, uptake before and after ozonation of the soot. Several
2k, [Ase] benzene soot samples were exposed to ozone at concentrations
Yo=—— ] (6) ranging from 3.9x 1072 to 8.6 x 107° Torr day ! at room
@ | Ageq temperature. The specific surface areas of the benzene films
In eq 6. is the radius of the Pyrex tubky, is the wall-loss were not directly measured but were estimated from the mass
rate constanty is the mean molecular speed of N@ssa is

to SSA relationship that was determined to be#13 n? g1
the SSA of the sample, ameo s the geometric surface area The uptake of N@was first measured on half of the film, the
of the samplek,, is obtained from eq %

entire film was then exposed to ozone, and finally the,NO
uptake was measured on the other half of the film. Control

1 1 1 experiments performed on films without processing showed that
g = k_d E (7) uptake coefficients and uptakes were reproducible tati?8%

S level from half of the same film to the other. As shown in Table
wherekoss is the observed first-order rate coefficient for NO 2 the NQ uptake coefficient were reduced by 4715% after
loss and is given by eq 8 exposure to ozone, and Table_ 3 shows that the H(_)l_\IO yield

remains the same after ozonation. The uptake coefficient after
din SNO2 ozonation did not vary systematically with the ozone dose used
Kops = g (8) in the experiment, which ranged by a factor of 40, when the
23% 1— o standard deviation is considered. The fact that the
whereSyo, is the mass spectrometer signal for Nehidt is the uptake does not fall to zero with high ozone exposures suggests
time. kq is the diffusion rate constant for NG helium and is that some sites that are reactive to N{Pe not reactive to ozone.
given in eq 9 Similar deactivation of the surface with 0zone exposure has been
observed by Ammann et & Kalberer et al“® and Lelievre et
3.68 Pue ]2 al#6 Also of relevance to atmospheric aging, Kleffmann et al.
kg = 2 |D ) have shown that when commercial carbon samples are coated
r =P with ~10% molecules cm? of H,SQ4, the HONO yields
wherePy is the pressure of helium in the flow tube abf e decrease to nearly zero and the yields of NO mcré%@dﬂe_ _
is the gas diffusion coefficient for NOn helium, which is 393~ decrease in the HONO yield could be due to its decomposition
Torr cn® s—1.64 in the HSO; layer because partitioning of HONO to the carbon

Note that because soot is a porous solid, there is the possibilitySamples was observed to increase eB@k-coated carbon. Both
that not all of the soot mass is available for reaction. In that the 0zone exposure and the sulfate coating experiments show
sense the BET-corrected uptake coefficients that we report arethat_atmospheric aging of the soot aerosols will have a
lower limits to the true uptake coefficient. That being said, we Significantimpact on soot's ability to form HONO. The HONO
have chosen not to correct our initial uptake coefficients for generation capacities and the uptake coefficients reported both
pore diffusionSs in view of the structural complexity of soot,  In th|s'work and in the Iltgrqture serve as upper I|m|ts to the
including lack of information on the porosity of our samples Pehavior that will prevail in the atmosphere, being most
and soot'’s fractal nature. representative of freshly emitted soot.

The initial uptake coefficients for all three soot substrates  X-ray Photoelectron Spectroscopy Surface AnalysisTo
were found to be (3.9t 1.9) x 1075 Table 4 summarizes better define the overall mechanism for the reaction and to better
literature values for the initial uptake coefficients for N@n evaluate the degree to which surface modification occurs, fresh
various BC substrates. The uptake coefficients range from 0.1hexane, decane, and benzene soot films were analyzed by XPS,
to 10°8. Many of the earlier reported uptake coefficients were along with benzene soot films following exposure tg &d
large, between 0.01 and 0.1, and were referenced to theNO,. The analysis provided the surface elemental composition
geometric surface area of the sample. However, it is now known before and after exposure to Wé&nd Q. Three sets of nitration
that this can lead to an overestimate of the uptake coefficient experiments were conducted on benzene soot with a helium
because the geometric surface area can>i¥ orders of carrier gas: two with moderate N@oncentrations of 1.0&
magnitude smaller than the SSA. In Table 4 we have normalized 10~ Torr for 28 min and 1.04< 10~* Torr for 19 min and one
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TABLE 4: Summary of the Literature Data for the Initial Uptake Coefficient of NO , on Soo#

reference substrate Pno, (Torr) Yo surface area yssa (corrected)

Tabor et aFf’ Degussa FW2 16 (4.8+£0.6) x 1072 geometric (+4) x 10°°
Tabor et aP® Degussa FW2 (0.0787.8) x 1078 6.4+ 2.0)x 1072 geometric (0.33.0)x 10°¢
FS101 (0.1-1.2) x 10°5
Printex 60 (0.7-7.0)x 10°°

Kalberer et af®

graphite spark generator 62107

(0.3-4.0)x 104

equivalent mobility

FW?2 aerosol (2.4£1.4)x 104 diameter
Rogaski et af? Degussa FW2 (0:510) x 1073 0.11+0.04 geometric
Ammann et af? graphite spark generator 9:31076 1.1x 1072 equivalent mobility
3.4 x 107*(exposed) diameter
Gerecke et a® ethylene 2.3x 10°-4.3x 10 0.12-0.03 geometric
acetylene
toluene
Longfellow et al?* methane (295 K) (24) x 10 (exposed) geometric
methane (262 K) 1.% 1073 (fresh) 1.3x 104
kerosene (295 K) (0.626.2) x 1075 (2.44 1.5) x 10*(fresh) (0.5-3.7)x 10°®
kerosene (262 K) (% 1) x 1075 (exposed)
propane (262 K) (24) x 1075 (exposed)
hexane (262 K) (31) x 1075 (exposed)
Kleffmann et al* carbon black 7.5 10%-2.9x 102 10°° BET
Kirchner et al* spark discharge aerosol »5105-7.8x 10° 103%-10° BET
Stadler et af* decane (oxidant rich) 210°%-26x10* 0.1 geometric 5.5 107°
decane (fuel rich) 1.7x 10
Al-Abladeh and Grassi&h hexane 7.6< 10°° 5x 10°° BET
Prezler Prince et &P hexane 525x 1073 (2.4+0.6)x 1078 BET
Degussa FW2 (1.50.5)x 108
Saathoff et af® graphite spark generator 7:8107° <4 x 1078 BET
Salgado and RosSi hexane (0.623.4)x 1075 (0.2-2.8) x 1072 geometric (23) x 10°°
Lelievre et al*® toluene 2.7x 10°-3.4x 10* (4.0£1.6)x 10°° BET
kerosene (5.6 2.0)x 10°°
hexane (2.9:1.2)x 10°°
Karagulian and Ros¥i decane (fuel-rich flame) % 1075 (3.0£0.6) x 1072 geometric (8.5£1.7)x 1075
this study hexane & 106-14x10* (3.9+1.9)x 105 BET
decane
benzene

aValues foryssa (corrected) were obtained by dividing thre by the ratio of the geometric area of the sample and specific surface area of the
sample. Values for the specific surface area of the substrates were taken from the publication when available or from the literature. Fresh samples
refer to a substrate that has not been previously exposed toW@reas exposed samples have been previously exposed,to NO

TABLE 5: Calculated Uptake Coefficients on Benzene Soot
before and after Ozonatiorf

coefficients, SSAs, and HONO yields (Table 6). After ozonation,
there was an increase in the amount of oxygen on the surface
arising from the known ozonolysis mechanidfter exposure

sample yssa(before ozone dose yssa(after  decrease ifyssa

mass (g) ozonation) (Torrh™) ozonation) after ozonation (%) to NO; at high concentrations, there was no statistical increase
0.206 7.0x 105 7.6x 103 35x10° 50 in the amount of nitrogen on the surface. This is consistent with
0.348  4.1x10* 7.6x10°% 3.1x10° 24 the observed near unity yield of HONO production, which would
0.246  7.3x10° 23x10° 25x10° 66 not allow for any residual nitrogen to remain on the soot surface.
0.410 4.4x 107 23x 107 1.7x10° 61 The small increase of surface oxygen might reflect reactions
0.269 7.8x10° 3.4x102% 50x 10° 35 . . .

0.342 6.0x 105 34x 102 3.2x 105 46 that occur |nvolv_|ng surface radical products subsequent _to
0.502 3.4x 105 3.4x 102 1.3x 105 60 reaction 2. The simultaneous exposure of benzene soot to high
0.292 45x10° 9.1x102 2.7x 1073 38 concentrations of N@ and Q, which did not lead to an
average 47 15 additional increase in oxygen or nitrogen on the surface, was

done to ensure that the presence of oxygen did not alter the
reaction mechanism.

Reaction Mechanism.In this section we attempt to sum-
marize our findings within the current understanding of the
mechanism of this process. In particular, our results are all
consistent with a mechanism by which the soot surface provides
a H atom to NQ to form HONO?23:24.3435|n this manner, the
Two sets of ozonation experiments were conducted with.0  overall oxidation state of the nitrogen atom decreases and the
1073 Torr of Oz for 30 min and 1.6x 10-2 Torr for 110 min. surface is oxidized to some degree. As mentioned in the

The three soot substrates had similar surface elementallntroduction we emphasized in this work a careful determination
composition, which is consistent with their similar N@ptake of the relative HONO to N@ sensitivities so that we could

aThe specific surface area for the films was calculated from the
mass to area relationship shown in Figure 3. Stated uncertainty-is 1
o precision.

with a high NQ concentration of 2.2 102 Torr for 11 min.
A fourth experiment used 1.6 Torr of,(n the carrier gas and
a high NQ partial pressure of 1.4 1072 Torr for 11.5 min.
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surface. Ammann et a2 Kirchner et al4* and Kleffmann et

al.3% have found that nearly all adsorptive sites are reactive.
Clearly not all of these sites are allylic moieties. On the other
hand, a large fraction of aromaticity is expected to be present.
Overall, we can say that a general reaction mechanism has the
form given in reaction 2. This redox mechanism is consistent

TABLE 6: Surface Elemental Ratios Obtained by X-ray
Photoelectron Spectroscopy for Fresh Hexane, Decane, and
Benzene Soot and for Benzene Soot Exposed to High and
Low Concentrations? of NO in a Helium Carrier Gas, to
NO; in a Helium and O, Carrier Gas, and to Oz°

surface elemental ratio (%)

substrate carbon oxygen nitrogen  with the studies mentioned earl@?24343%uch as those of Rossi
decane 95.% 0.5 46+05 0.3+0.1 and co-workers, which show that a more oxidized soot substrate
hexane 93.a:0.4 6.8+£05 0.2+0.2 produces less HONO than a surface formed from a fuel-rich
benzene 92.86 05 6.9+ 0.4 0.3+0.1 flame34.35
benzene (low Ng) 92.4+ 0.5 72+£04 0.4+0.2 . L .
benzene (high N 90.6+ 0.6 86+04 05+03 Atmospherlr_: Implications. The format|o_n of HONO _from_
benzene (high N@0O,)  91.3+0.6 8.1+ 06 05+0.1 soot is potentially relevant for urban environments with high
benzene () 85.9+0.6 1344+06 0.6+0.3 NO; concentrations, where HONO can build up overnight and

then rapidly photolyze in the early morning to form kK Q@his
rapid injection of OH can initiate other photochemical processes
that are not yet working efficiently. The overall contribution of
HONO photolysis to HQformation can compete with £and
HCHO photolysis®® Other processes, including photoassisted
surface chemistry involving N will likely dominate during
the daytime?8.69

As a first cut, the amount of HONO that can potentially be
formed from soot can be estimated from the amount of HONO
accurately measure the HONO yield. The near unity yield that formed per unit surface area measured in this study, that is,
we observed lends strong support to the reaction proceeding(8.2 + 1.1) x 10 molecules cm? This value is similar to
through reaction 2 as opposed to the hydrolysis pathway of that determined by othe?8:3644We prefer using this approach,
reaction 1. Although lower yields have been reported in the which gives an absolute upper limit to HONO production, rather
literature, it may be that these occur either when the pi#btial than a calculation based on our measured initial uptake
pressure is sufficiently high that self-reaction can occur, becausecoefficient, because the decrease in its value after exposure to
the reaction was performed at lower temperatures, or when theNO, and soot aging must be accounted for. For soot particles
reaction proceeds on soot surfaces that effectively lead to HONOin the atmosphere, which exist as agglomerates of much smaller
reactive loss. In agreement with this mechanism are the findings primary particles, the specific surface area can be high but is
that the reaction is noncatalytic or that the reactivity cannot be not well-known. Assuming the density of these primary particles
significantly regenerated after humidification of the soot sample to be 2 g cm® and that their characteristic diameter is 30 fim,
or after the soot film has been allowed to rest for several days. the specific surface area is calculated to b&d®? g=1. Thus,
Also, the XPS analysis indicates that nitrogen does not remain for a large soot loading of 20g m~3, one can estimate that up
on the soot surface, which is consistent with the near unity yield to 1.6 x 10° molecules cm?, or just<0.1 ppbv, of HONO can
of HONO. be formed. Given that this does not take into consideration

Pryor and Lightsey have shown that BlQ@eacts with kinetic issues that might slow the release of HONO over
unsaturated hydrocarbons in the liquid phase with abstraction multiple days, this estimate is an upper limit to the amount of
of the allylic hydrogen, leading to the direct formation of HONO that can be formed. We conclude that the nighttime
HONO:$? buildup of HONO cannot be attributed to the uptake of @
soot. Only if our estimate of the specific surface area of soot
present in an urban environment is a gross underestimate, for
example, if there is considerable surface roughness on the
primary particles, would HONO production from soot be
potentially important.

From a kinetic perspective, an early assessment by Ammann
et al?2 of HONO production rates was made using eq 11

aThe experimental conditions were as follows: exposure to low

concentrations of N@consisted of 1.0x 10 Torr of NO;, for 19

min; exposure to high concentrations of N@nsisted of 2.2« 1072

Torr of NO;, for 11 min; exposure to N&O, mixture consisted of 1.4

x 1072 Torr of NO; and 1.6 Torr of @for 11.5 min; and exposure to

O; consisted of 1.6x 1072 Torr of O; for 110 min.? The specific
surface area for the films was calculated from the mass to area
relationship shown in Figure 3. Stated uncertainty is & precision.

NO, + R—CH=CH—CH,~—R — HONO +
R—CH=CH—CH—R (10)

A mechanism based on eq 10 would also explain why soot
produced from an oxidant-rich flame would have a lower HONO
yield, because it would have a lower hydrogen content, relative
to soot formed from a fuel-rich flame, as Stadler and Rossi have
shown for decane soét.f a similar mechanism occurs on soot,
this would explain why ozonation, which involves the reaction
of ozone with carborrcarbon double bonds, leads to a decrease
in NO, uptake because loss of unsaturated C atoms will reducewith typical NO, concentrations, available soot surface arda (
the number of allylic H atoms and so reduce the ensuing the mean molecular speed of @), and length for nighttime
stabilization of the radical formed in reaction 10. However,NO (dt). Using their experimental kinetics values, Ammann et al.
and Q clearly do not react at entirely the same surface sites estimated that up to 10 ppbv of HONO in the boundary layer
because we find that the deactivation of the soot surfaces withcould be achieved over a nighttifeAumont et al. took the
respect to N@reaction via 0zone exposure saturates (see Tablekinetics analysis further by considering both depositional losses
5); that is, with more ozone exposure, the degree of deactivationof HONO and also deactivation of the soot as a result o NO
does not increase, indicative of loss of all the surface sites ableprocessing, as observed both in this study and in most othérs.

d[HONO] _ y0w[NO,]
a 4

(11)

to react with ozone.
We found that the soot surfaces can produce f8.2.1) x
10 HONO molecules cm?, which is roughly a third of the

The modeling result is that the overall rate of HONO production
is likely to be important to HQJozone levels only if deactivation
of the soot with NQ uptake does not occur. However, from

total number of surface sites that might be present on a sootboth this work and earlier studies, it is now apparent that this
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is a noncatalytic reaction that is controlled primarily by the
number of reactive sites on the surface.

Finally, we have shown, along with othes'346that oxida-
tion of the soot film with ozone will decrease the reactivity of
the soot film. Lelievre et &® have shown the same with

exposure to ambient air, and Kleffmann et al. have demonstrated

that a rough monolayer (3®molecules cm?) coverage of b
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