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Particles present in the Earth’s atmosphere provide reactive surfaces for potentially important chemistry. The
role of heterogeneous reactions of trace atmospheric gases on solid aerosol surfaces present in the troposphere
is not well understood. Laboratory investigations can provide a basis for understanding the detailed molecular-
level physical chemistry of these atmospheric reactions. Kinetic data measured in the laboratory, along with
the information provided by spectroscopic studies, can be incorporated into atmospheric chemistry models in
order to gain a greater understanding of how heterogeneous chemistry affects the chemical balance of the

troposphere. Laboratory studies of the heterogeneous uptake of nitric acid, ldNOxide, carbonate and
mineral dust particles, and the heterogeneous formation of nitrous acid, HONO, on wettealR8iGoot
particles are highlighted as two examples of important heterogeneous processes in the troposphere.

1. Introduction the chemistry. Stratospheric particles, known as polar strato-
spheric clouds (PSC'’s), have been relatively well studied
because of their role in converting chlorine containing reservoir

g * compounds into photoactive chlorine-containing compounds that

sulfate aerosol, and sobit is clear that there are large and result in stratospheric ozone depletion (see refs 8 and 9 and

diverse sources of parucle surfaces that can facilitate hetero'references therein). A schematic representation of some of the
geneous chemistry in the troposphere. The role that heteroge-

. . ) chemistry involved is shown in Figure 1. PSC’s are mainly

neous chemistry on the surface of particles present in the . L . .
. . . - composed of ice and nitric acid trihydrate (NA9.The

troposphere remains an important question. It is known thatt h - trast. h h hiah ticle densit d
particulate matter can influence radiative transfer by absorption rOPOSPNETE, In contrast, has a much figher particie density an
and scattering of solar and terrestrial radiation, and by changinga much greater diversity in the types of part!cles present fe'a“"e
the optical properties of clouds through modification of the to the stratosph.ere. .SO”.‘e of the part_lcles found n the
distribution of cloud condensation nuclei (CCAyluch less is troposphere are listed in Figure 1 along with thg potential role
known regarding the role of particular matter as reactive surfacesth_at they may play. T_he heterogeneous_ chem|str_y of sea salt
in the troposphere. However, understanding the chemical With trace atmospheric gases has received a fair amount of
interactions between the gas and the aerosol phases is importarﬁ‘ttem'on because of the release of reactive chlo_nne-contammg
because these processes may result in a change in the gas_phaggmpounds that occurs with many of these reactlons. .The reader
chemical composition of the troposphere as well as a change!S referred to a recent Feature Article written by Elnlayson-
in aerosol composition and size distribution, and thus alter Pitts and Hemminger on the heterogeneous chemistry of sea
aerosol optical properties. salt and its components.

Because ozone is not directly emitted into the atmosphere The motivation for the studies described herein is the
but is instead formed by a complex set of photochemical recognition that the photochemical oxidant cycle can be altered
reactions involving nonlinear interactions of NONO, = NO through heterogeneous uptake and subsequent reactions of
+ NO,) and volatile organic compounds (VOCs), there is atmospheric gases on solid particle surfaces present in the global
increased interest in heterogeneous chemistry involving ozonetroposphere. Figure 2 depicts a portion of the photochemical
and its precursors on aerosol surfagé8An understanding of cycle and some potential reactions of trace atmospheric gases
all processes that control N@nd VOC concentrations is key  on solid aerosols that may be of importance in the chemical
to the development of atmospheric chemistry models that canbalance of the troposphere. A majority of the work in our
accurately describe tropospheric ozone formation. laboratory has focused on delineating the potential importance

As discussed by Ravishankardhe ability to accurately  of reactions of trace atmospheric gases on mineral aerosol.
predict the composition of the troposphere will depend on Mineral aerosol comes in the form of wind-blown soils and is
advances in understanding the role of particulate matter in thean important component of the earth-atmosphere system. It is
atmosphere and the extent to which heterogeneous reactions oestimated that 1000 to 3000 Tg of mineral aerosol are emitted
solids and multiphase reactions in liquid droplets contribute to annually into the atmosphetd&.he emissions of mineral aerosol
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With estimated annual emissions of 36€8D00 Tg of
particulate matter in the form of soil dust, sea salt, organics
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How do surface reactions involving atmospheric particles use associated with overgrazing, erosion, land salinization, and
affect the chemical balance of the atmosphere? mining/industrial activities! The importance of mineral dust

interactions on tropospheric chemistry has been the subject of

several modeling studiéd 15> Dentener et al. investigated the

«  Stratosphere

Ice and NAT particles (PSC’s) are known to play a role in . . . .
stratospheric ozone depletion by catalyzing the conversion of Impact of |rreve_r5|ble reactions of HNON>Os, NOs, HO,, Os,
chlorine inactive species to chlorine active species and SQ on mineral dust surfacéd. The results from the
modeling study indicate that mineral aerosol may have a
CIONO, + HCI> HNO, + Cl, | significant impact on the chemistry of the troposphere. However,

the surface chemistry of mineral aerosol is an area of research

2c that has yet to be fully explored. Mineral aerosols are composed,
in part, of metallic and nonmetallic oxides, namely silicates and
*  Troposphere aluminum silicates, as well as other oxides (e.g., hematite) and
Soot/Carbon black Role of these particles carbonates, to list a few examples. In our studies, we have used
Sea salt/NaCl, NaBr unknown 777 oxide and carbonate particles as laboratory models for mineral
Mineral dust HONO formation, dust found in the troposphei’@.
Organic aerosol NOJHNO; ... As discussed here, laboratory studies coupled with atmo-

spheric chemistry modeling analysis are vital to answering
Figure 1. Inthe stratosphere, photochemically inactive chlorine species questions regarding the reactive role of solid aerosol in the
such as chlorine nitrate and hydrogen chloride are converted to troposphere. Two examples a_re_dlsqussed f_lere. These include
photochemically active chlorine species, such as molecular chiorine, (€ heterogeneous uptake of nitric acid on oxide, carbonate, and
on the surface of polar stratospheric clouds (PSC's), such as ice andmineral dust particles and the heterogeneous formation of nitrous
nitric acid trihydrate (NAT). In the troposphere, there are many different acid on wetted-silica and soot particles. As will be shown, the
types of particles including sea salt, mineral dust, soot, and organic heterogeneous uptake of nitric acid by mineral dust provides
aerosol, yet little is known about their role in atmospheric chemistry. gp important sink for nitric acid and the heterogeneous conver-
It has b_een po;tulated that t_hese pa_rtlcles may_play a role in HONO sion of one gas-phase species into another; BIONO, may
production and in understanding the discrepancy in thg/tNiO; ratio - - . -

measured in field studies but poorly predicted in atmospheric chemistry P& the source of HONO buildup at night. Insights into these
models that 0n|y incorporate gas_phase processes. heterogeneous reactions gleaned from our WOfk are Summal’lzed
in this Feature Article.

2. Experimental Methods and Data Analysis

The laboratory studies discussed here are done on solid
particles in the powdered form and not suspended as aerosol.
Detailed information about the surface chemistry and the
adsorption process of trace atmospheric gases on atmospherically
relevant solids is derived from the laboratory measurements.
The experimental methods include transmission FT-IR spec-
troscopy, diffuse reflectance UWis spectroscopy and trans-
mission electron microscopy coupled with X-ray microanalysis.
Kinetic measurements have been made with several techniques.
A Knudsen cell reaction chamber coupled to a quadrupole mass
spectrometer is used to measure uptake on powdered samples
under dry conditions and to quantify reaction products. The rate
of formation of surface-bound products as a function of relative
humidity is measured using FT-IR spectroscopy in order to
delineate the role of adsorbed water in the heterogeneous
reaction kinetics. The experimental techniques used are quite
complementary and allow us to probe the solid and the gas
phase, so that a complete understanding of the reactants,
products and intermediates on the surface and in the gas phase
may be obtained. A very important consideration is the surface
area of the particles and this quantity is determined with a
multipoint-BET apparatus using molecular nitrogen as the
adsorbate. Surface areas of all powdered samples used in these
experiments, including authentic dust samples and freshly
prepared soot samples, have been measured in our laboratory.

A summary of the properties of the powders used in these studies
o is given in Table 1. The details of the laboratory experiments

Figure 2. Portion of the photochemical cycle is depicted with known and data analysis are described below.
gas-phase chemistry and includes potential reactions of trace atmo- Transmission FT-IR Spectroscopy of the Solid Surface

spheric gases on solid aerosol surfaces (represented by shade@nd the Gas Phaseln the studies described herein, transmission
circles): PA, peroxy acetyl radical; PAN, peroxyacetyl nitrate; PP, infrared spectroscopy is used to probe the surface of solid
peroxypropionyl radical; PPN, peroxypropionyl nitrate. particles including oxides, carbonate, and soot samples after
adsorption and reaction of trace atmospheric gases. The infrared
may be increasing substantially as the arid and semiarid areascell used in these studies is designed such that spectroscopic
expand due to shifting precipitation patterns and changes in landmeasurements could be made of both the gas phase and the

Particulate NO
v

Dissolved Oxidants Particulate SO,
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TABLE 1. Commercial Sources and Tabulated Values of and carbonaceous deposits such as adsorbed carbonate or
the Average Diameters and BET Surface Areas of Oxide hydrocarbon impurities from the sample.

Particles and Authentic Dust Samples Used in These Studies The IR cell and gas-handling system described above can be

) Seer used for experiments involving nitrogen dioxide. Nitric acid

sample source diameter (cm) _ (cm¥/mg) decomposes on the walls of the stainless steel reactor so for
a-Al20; Aesar 1.0x 10* 140 these studies, the stainless steel cube and the jaws are both
7-Al0s Degussa 1.& 102 1010 Teflon coated. The Teflon-coated jaws are attached directly to
;}_’Eggj ﬁledg;h 62'9?; ige 5(2)(3) the top flange of the cube so that the grid cannot be heated or
Tio, Degussa 2.5 10°6 500 cooled (see Figure 3). The gas handling system for the nitric
Sio, Degussa 4. 106 500 acid experiments is completely made from glass and Teflon
MgO Aesar 1.0x 104 150 tubing. Infrared windows made of germanium are found to be
CaO Aesar 1.3 10" 39 less reactive with nitric acid and are used in place of the,BaF
CaCQ Aldrich 35x10* 6 windows.
Gobi Dust a 4.0x 1074 110 .
Saharan Sand ~ © 25y 102 31 Knudsen Cell Measurements: Experimental Apparatus
Hexane Soot c 3.9x 107 760 and Data Analysis. The use of the Knudsen cell, a very low-

aNishikawa M., National Institute for Environmental Studies, pressure flow n_eaCtor’ to o_bta_in kinet_ic informat_ion for hetero-
Tsukuba, Ibaraki, Japan. Chemical composition from X-ray microanaly- 9€N€0US gassolid and gas liquid reactions was pioneered over
sis (excluding carbon and oxygen): 48% Si, 22% Ca, 10% Fe, 10% 30 years ago by Golden, Spokes, and Beridorhe general
Al, 7% K, 2% Mg, and 1% Ti°Galy-Lacaux C., Laboratory of  design of Knudsen cell reactors for the study of heterogeneous
Aerology, Observatory Midi-Pyrenes, Toulouse, France. Chemical reactions has been described in detail in the literatté.
composition from X-ray microanalysis (excluding carbon and oxygen): Typically, the reactor consists of a chamber with an isolated
80% Si, 1% Ca, 7% Fe, 8% Al, 2% K, 1% Mg, and 1% THexane g3 e ‘compartment and a small aperture through which gas-
soot was prepared from a flame. .

phase reactant and product species can escape to be detected,

usually by mass spectrometry. Choice of the size of the aperture
C(or hole), A,, and the volume of the reactdv, determine the
escape constarkes, (i.€., the first-order rate constant), through
the cell, as shown in eq 1

surface (Figure 3) and thus can provide a complete spectroscopi
picture of the two important phases under investigation. This
is accomplished by coating the powder onto half of a tungsten
grid leaving the other half of the grid blank so that gas-phase
measurements can be made. Depending on the size, the chemical
composition, or the porosity of the powder, samples are coated
onto the grid in slightly different ways. The powder can be
evenly coated by spraying a water slurry of the particles with
an atomizer onto a slightly heated tungsten grid, by painting a wheret is the average molecular speed of the gas molecules.
paste of the powder onto the grid, or by pressing the powder The residence time of the gas-phase molecules in the Knudsen
into the holes of the grid. In the case of freshly prepared hexane-cell reactor,z, is defined as the inverse &fse
soot, the soot is directly deposited from the flame onto the grid.  For many of the experiments done in our laboratory, a multi-

The tungsten grid, half-covered with the sample, is then sample Knudsen cell reactor is used to measure heterogeneous
mounted in the IR cell. A schematic of the IR cell is shown in reaction kinetics. A schematic of the reaction chamber of the
Figure 3. The cell consists of a stainless steel cube with two multi-sample Knudsen cell is shown in Figure 4. A stainless
differentially pumped infrared windows made of Ba&nd a steel reducing cross (6"2.75") has four individual sample
set of Ni jaws attached to a Ni feedthrough. The tungsten grid holders attached to a platform that rests on the bottom of a 6”
is held in place by the Ni jaws and can be resistively heated or flange. All exposed interior surfaces are coated with Teflon to
cooled by flowing a coolant through the dewar to which the Ni provide a chemically inert surface. Four Teflon-coated aluminum
feedthrough is attached. The temperature of the sample isdisks attached to four linear translators serve as covers for each
monitored by spot welding thermocouple wires to the center of of the powdered samples. The geometric area of each of the
the grid. four sample holdershs, is 5.07 cm. Since the volume of the

The IR cell is seated on a linear translator inside the FT-IR sample holder is only about 2.5 érand the total volume is
spectrometer so that both halves of the grid could be measuredhear 1500 cif) no corrections are needed to account for volume
by simply moving the IR cell through the infrared beam path. change upon opening the sample compartment. The seal between
The positions of the linear translator and the size of the infrared the sample holders and the cover is made with viton o-rings.
beam (via a computer-controlled variable iris) are adjusted such With this setup, four different samples are analyzed in a single
that the beam only interrogates each half of the grid. Infrared run. Escape constants between 0.05 and 0:3(aee used in
spectra are recorded with a Mattson RS-10000 spectrometerthese experiments.
equipped with a narrowband MCT detector and water-cooled  The multi-sample Knudsen cell reactor is also coupled to a
infrared source. Typically, 250 or 500 scans are acquired at anquadrupole mass spectrometer (UTI, DetecTorr 1I). The mass
instrument resolution of 4 cm. The low-frequency cutoff of spectrometer is housed in a vacuum chamber equipped with a
the spectrometer is near 750 chuue to the detector window. 400 L/s ion pump and an ion gauge (both from Varian). The

The entire IR cell is attached to a vacuum chamber through region between the quadrupole mass spectrometer and the
a bellows hose. The vacuum chamber consists of a turbo-Knudsen cell reactor is pumped by a 150 L/s turbomolecular
molecular pump, 80 L § ion pump, two absolute pressure pump (Leybold) for differential pumping of the mass spectrom-
transducers for accurate pressure measurements in the 0.001 teter. For all Knudsen cell experiments, flowing the reactive gas
1000 Torr range and a manifold for gas introduction. After the through the reactor for at least ninety minutes prior to the
tungsten grid is placed into the IR cell, the system is evacuated experiment passivated the walls of the reactor. The gas was
to a pressure of Xk 1076 Torr. In some cases, it is necessary introduced through a leak valve to the desired pressure as
to heat the particles under vacuum to remove adsorbed watemmeasured with an absolute pressure transducer (MKS 690A.1TRC

e ot (1)
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Figure 3. Schematic of the FT-IR cell and other components used to measure the infrared spectrum of surface-bound and gas-phase species. For
experiments with nitric acid, a Teflon-coated FT-IR cell was used.

range 108—0.1 Torr). During passivation, the powdered o o ment

samples were sealed with the Teflon-coated covers. 7 Vy Viton
Samples for the Knudsen cell were prepared in one of two E // O-Ring

ways depending on how much sample was required for the //

experiment. For relatively large amounts of sample, typically " Top View

0.5-2.0 g, the powdered sample was spread evenly across the s

sample holder then lightly pressed down to form a flat surface. | .cvane Ve ==

When much less sample, approximatetyl0 mg, was nee_ded, % — o

the powder was sprayed onto the sample holder. It is very I_J

important for thin samples that the powdered sample be evenly O = l

applied and it must cover the entire geometric area of the sample  pressure e 7 To400Ls

holder; otherwise the initial uptake coefficient may reflect the =~ Transdueer  |f i

amount of uncovered/unreactive surface in the sample holder

as well as the sample mass. Both of these concerns are addressed

by using an atomizer to spray an aqueous slurry of the sample T 7]

onto a heated sample holder. This spraying procedure ensured

very even coverages of the powdered sample across the bottom

of the sample holder, as determined with an optical MiCroscope. g ,re 4. Schematic of the multi-sample Knudsen cell reactor used

It is useful to determine a heterogeneous uptake coefficient to measure heterogeneous uptake kinetics of &A@ HNQ on oxide
with a Knudsen cell reactor. The heterogeneous uptake coef-particles and authentic dust samples.
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ficient, y, is simply a measure of how likely the molecule will A
be taken up by the surface, through either adsorption or reaction,
on a per collision basis

Y v
the number of molecules taken up on the surface per second @6@ @@@@8 <«——— First Layer

the total number of gas - surface collisions per second OOO O O
@
Underlying
Knudsen cells can be designed so that there is minimal volume C%gOO OO OO Layers
change when the sample compartment is opened. In addition, O O O O
because the flow of molecules into the cell does not change
when the sample compartment is opened, the number of theholder compartment. External and internal contributiong/d@ are

reactant molecules that are “lost” to the surface is equal to the . jicated byye andy,, respectively. Because the sample holder is of

change in flow out of the cell,F, — F), whereF, and F fixed geometry, increasing the mass of the sample increases the sample
represent the gas-phase flow out of the cell with the powdered thickness and thus the number of layers of particles.

sample covered and exposed, respectively. It is possible to show - _ )

that the heterogeneous uptake coefficient, derived under steadythe observed uptake coefficientns by the following equation

state conditiond?~19 is defined by eq 3

Figure 5. Graphical representation of a powdered sample in the sample

[t S
A, [F,— F Yobs— Vit T ()
r ATS'( F ) )
where
whereA,, andAs are defined as the geometric area of the escape 1
hole or aperature and the sample holder, respectively. Because 7 = —tarh (¢)
the measured quantity is usually the mass spectral intensity of ¢
the reactant gas and this value is directly proportional to the gpq
flow out of the cell, eq 3 usually appears as
m 3'pb 1/2
I - I = . . 3.1—.
y = Q( 0 I ) (4) ¢ (Pb'As'd) (2'(Pt - Pb)) ()

) N _ The parenthetic term is a correction factor for the effect of gas-
Here,l, and| are the mass spectral intensities measured with phase diffusion into the underlying layer§.and S are the
the sample covered and exposed, respectively. For reasongnternal and external surface areasjs the geometric area of
described below, the uptake coefficient calculated using eqds 4the sample holder, anglis a calculated ‘effectiveness factor’.
and 5 will be referred to as the observed uptake coefficient, The effectiveness factor is the fraction of the internal area that
Vobs ) o contributes to the measured value of the uptake coefficient. Its

Itis important to note that in the derivation of eq 3, the total ya|ye is mass (sample thickness) dependent and is determined

number of gassurface collisions is taken as the number of fom the relative rates of surface adsorption and diffusion into
collisions that occur with the geometric area of the sample the underlying layers. Because of inhomogenieties in the
holder. Thus, itis assumed that as the gas molecule approachegterparticle voids, however, the effective diffusion constant is
the sample, it collides only once and only with the top layer. If |ess than it would be if calculated assuming diffusion through
the sample were a liquid or a single crystal or even a porous |ong straight capillaries. This effect is accounted for by
sample with an uptake coefficient approaching unity, this incorporating a tortuosity factor, Porous solids have predicted
assumption probably would not introduce any substantial error. ; yajues in the range of-18. However most porous solids,
For powdered samples with uptake coefficients much less thanespecially powders, are not characterized well enough for an
unity, both of these assumptions are clearly oversimplifications accurate calculation of to be made, thus; must be experi-
whose effects must be carefully considered if true uptake mentally determined. The mass, geometric area, particle
coefficients are to be extracted from the data. However, gigmeter,d, the true density of the materigk, and the bulk

correcting the observed uptake coefficient, in particular the initial gensity of the powderpy, also contribute to the calculated
uptake coefficient, for this increased surface area requires aneffectiveness factor.

understanding as to how much of the powdered sample is probed The form of the equation that we use in our studies is

by the gas phase during the time scale of the measurement. somewnhat modified from the work by others in that we do not
In 1991, Keyser, Moore, and Leu (KML) adapted a model a5sume either simple cubic or hexagonal close-packing spheres.
from the heterogeneous catalysis literattite explain hetero- |nstead, the experimentally measured bulk density was used in
geneous reactions of atmospheric relevafidée model takes  the calculations. In addition, the specific BET surface area was
into account gas diffusion into the underlying layers of a porous measured rather than calculated. Rewriting eq 5 in terms of

sample by considering the surface area contribution from both weasured bulk density and BET surface area yields
the first layer (external) and underlying layers (internal) of

particles in determining uptake coefficients. As the earlier work Yobs= Yt Pp Seer (he + 171) (6)
includes a complete set of justifications and derivatiéf&hat
has been summarized in other publicatiéh’'the details will whereSser is the specific BET surface arélay is the height of

not be presented here. The premise of the model is that the truethe first layer, andh; is the height of all the internal layers
uptake coefficienty;, can be thought of in terms of external calculated from the total mass, the measured bulk density and
and internal components (see Figure 5), which are related tothe particle mass. Computer simulations of the KML model
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Figure 6. Computer simulations of thg,ps versus mass (or sample thickess) expected for powdered samples. The KML model is used to simulate

the yqsversus mass curves. The simulations show the expected changes in the shape of these curves as a function of gamma, surface area, tortuosity
and powder density. Unless otherwise noted, the following parameters are used in the simulation: true initial uptake coefficien 1074

tortuosity,r = 2; the bulk densityp, = 0.96 g cn3; the true densityp; = 2.93 g cnT?; the particle diameted = 3.5 x 104 cm; and the specific

BET surface area of the powdeé&ker = 5.9 cn? mg™.

shown in Figure 6 demonstrate the effect that these different for which this linear mass regime can be measured. The second
parameters have on the mass dependence of the observed uptakegime occurs at higher masses and is termed the plateau regime.
coefficient. Because of the fixed geometry of the sample holder, In the plateau regime, the value@j,sis independent of sample
increasing the mass of the sample increases the sample thicknessiass. This independence of sample mass arises because in the
and thus the number of layers of particles. It can be seen thatplateau regime the gas molecules only diffuse through a portion
Yobs IS @ function of sample mass (i.e., number of layers of of the powder on the time scale of the measurement. It is obvious
particles) in each of the simulations and its value depends onfrom these curves that when no mass dependence is reported
the true uptake coefficient, the size and BET area of the powder, in these types of experiments, it is because the experiments are
the powder density, and the tortuosity. The parameters used inbeing done in the plateau region. It can be seen in the
the model are given in the figure caption. simulations that the extent of the linear regime depends on the
It is important to note the two regimes evident in these curves. value of the true uptake coefficient, the particle size and BET
The first regime is seen at low masses. In this regime, the area, powder density, and the tortuosity, whereas the slope of
observed initial uptake coefficients has a linear dependence onthe linear regime depends only on the true uptake coefficient
the sample mass and the number of particle layers. This linearand the size and surface area of the particles. These two regimes
dependence arises because, for very thin samples, the probe dnave been observed in kinetic measurements of the heteroge-
interrogation depth of the reactant gas molecules is greater thameous uptake coefficient measured for nitrogen dioxide, nitric
the depth of the powdered sample and the entire sample can becid, sulfur dioxide, and carbonyl compounds on oxide, carbon-
accessed on the time scale of the measurement. This time scalate, soot, and authentic dust samples.
is on the order of seconds, as defined by the residence time. In  There is a simple way to determine the true uptake coefficient
this situation, the entire sample area contributes to the observedising a simple correction factor that will work for any gas/
uptake coefficient, and extracting the true uptake coefficient powder system in which the linear mass regime can be
from the observed uptake coefficient requires consideration of measured. In the linear region, the incoming molecules can
both the entire reactive area and the resultant increase in theaccess all of the particles and a correction for the “internal”
number of collisions a molecule makes within the depth of the collisions in the lower layers of the powdered sample must also
powdered sample. As shown below, this leads to a very simple be found. Equation 7 gives a simple correction factor with which
correction factor that will work for any adsorbate/powder system the true uptake coefficient, corrected for multiple collisions with
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the entire BET sample area, can be extracted from the observedscales during high dust periods, where surface areas of the
value, which assumes no diffusion into the underlying layers mineral aerosol can be an order of magnitude higher than the
monthly averaged values calculated by the global métkl.
A, {Io — A The model calculations discussed above, whereas extremely
Y= ABET\ | = Ager *Vobs () valuable in assessing the potential role of heterogeneous
reactions on aerosol, remain highly uncertain due to the fact
that there is little information on heterogeneous reaction
mechanisms and reaction raf@sTherefore, it is essential to
determine the heterogeneous reaction chemistry of particles
resent in the troposphere. The heterogeneous reactivity of nitric
cid on particles of atmospheric relevance is discussed below.
Spectroscopic and kinetic measurements have been made in
order to develop a molecular-level understanding of the
" heterogeneous chemistry of HY@n oxide, carbonate, and
mineral dust particles, and the details of the laboratory
investigation are then incorporated into an atmospheric chem-
. _1 A (sz) istry box model for further analysis.
Vor ™ slope (mg ).SB (cmzmg_l) ©) Knudsen Cell Reactor Measurements of HN@ Uptake
ET on Oxide, Carbonate, and Mineral Dust. Heterogeneous
reaction kinetics of HN@have been measured on Saharan sand,
Gobian dust, and six different oxide samples including ;SiO
Al,O3, F&0s, TiO,, Ca0, and MgO. The heterogeneous uptake
kinetics for the uptake of HN@on oxides and authentic dust
amples was also measured. As discussed above, reaction of
INO; at 295 K on most of the oxides appears to be simple
adsorption with no detectable gas-phase products. However,
reaction with both MgO and CaO appears to produce water.
One possible explanation for this is the neutralization reaction

The correction factor, like the number of collisions, scales with
the BET areaAget.

Typically, the initial uptake coefficient is reported. In most
cases, a plot of the initial observed uptake versus mass is use
to determine the true uptake coefficient. This is done by
determining the slope of the best fit line through thepsversus
mass data and then calculating the true initial uptake coefficient
Yo as follows

There are some additional complications in measuring hetero-
geneous reaction kinetics with a Knudsen cell reactor that should
be mentioned her®. First, the analysis assumes steady-state

uptake. As will be shown, the uptake coefficient is not constant

but in fact decreases with time as the surface becomes saturate
When surface saturation occurs on the time scale of the
measurement, the measured initial uptake coefficient determined
using egs 7 and 8 may in fact be a lower limit. Saturation effects

will be important wheny is greater than~1074, at high gas

pressures and when there are a small number of surfaces sites. MO -+ 2HNO, — M(NO,), + H,0 ©)

3. Heterogeneous Uptake of HN@on Carbonate, Oxide,

L n
and Mineral Dust Surfaces where M is either M§" or Ca*.

The observed initial uptake coefficients for HhQvere
As discussed in the Introduction section, heterogeneousmeasured as a function of sample mass and the true initial uptake

reactions that affect the concentration of gas-phase nitrogencoefficients were then determined. Representative Knudsen cell
oxides have important implications for tropospheric chemistry. data using the multi-sample holder cell is shown in Figure 7,
Consequently, an understanding of processes that contrpl NO and both the raw data (a) and the observed uptake as a function
concentrations is key to the development of models that can Of time (b) are plotted. The initial uptake is plotted as a function
accurately describe tropospheric ozone. One problem encoun-of sample mass in (c). The plot shows that the observed initial
tered by present modeling efforts that rely on gas-phase chemicatptake coefficient for HN@on a-Al;Os is linearly dependent
processes alone, is that the calculated HN@®NO ratio is on mass for small amounts of theAl;03 powder. Plots of
typically over-predicted by a factor of 5 to 20:28 Therefore, ~ Yo,0bs determined via eq 4, as a function of sample mass were
heterogeneous processes that preferentially removesHO  determined for several oxides and the authentic dust samples.
recycle NQ from HNO; more efficiently than HN@photolysis For thin sample masseg, obs VErsus mass was found to be
or reactions with OH, could potentially reconcile the predictions linear. The slopes of these plots and valuegfsdetermined

and the observations. using eq 8 are presented in Table 2.

The impact of irreversible reactions of HNON,Os, NOg, Adsorbed water has also been shown to play an important
HO,, Os, and SQ on dust surfaces has been investigated through role in HNO; uptake on salt particle®:*3 Some investigations
modeling analysis. The results illustrated that mineral aerosol into the effect of surface water were done in the Knudsen cell
may have a significant impact on the chemistry of the reactor. It has been demonstrated by infrared spectroscopy that
tropospheré? In the case of sulfur, a significant fraction of even after pumping overnight, oxide powders can still retain
sulfate is predicted to be associated with mineral aerosol. An some adsorbed water. The reactivity of these comparatively
even larger fraction of gas-phase nitric acid may be neutralized “wet” samples were compared to samples which had been
by mineral aerosol. The regions where at least 40% of the total heated. The results for CaO and Gobi dust are plotted in Figure
nitrate is found on the mineral aerosol covers vast regions of 8 where it can be seen that even a small change in the amount
the Northern and Southern Hemispheres. During the months ofof water on the surface can have a significant effect in the uptake
February, March, and April, the region covers almost all of Asia coefficient, (a factor of 27 for CaO and 10 for Gobi dust), similar
and extends throughout the central and northern regions of theto what is observed in infrared experiments. The role of water
Pacific Ocean basin, and the tropical and sub-tropical Atlantic in the heterogeneous uptake of nitric acid on oxide and carbonate
and Indian Oceans. Only the regions of western and central particles is discussed in more detail in the next section.
Europe, the eastern parts of North and Central America, and Role of Water Vapor and Surface Adsorbed Water in the
the high latitude ¥ 60°) zones are predicted to have relatively Heterogeneous Uptake of HN@ on Oxide, Carbonate, and
small portions of HN@ associated with the mineral aerosol. Authentic Dust Particles. The role of adsorbed water in the
The effect of dust interactions can be intensified on regional- uptake of gases on solid aerosol surfaces is a focus of many
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8 removed by heating to 4C overnight under vacuum. From the slope
0011 of the lines, it is determined that there is a decrease of a factor of 27
and 10 for heated samples of CaO and Gobi dust, respectively.
0.005 1 —y=0.0026908x R= 0.99467
o You= 9:5x10° medium for the ionic dissociation of gases, i.e., inorganic and
0 1 2 3 4 5 6 7 organic acids can undergo dissociation in aqueous media as
Mass (mg) follows
Figure 7. Upper panel: (a) Typical Knudsen cell data for the uptake
of nitric acid on four different samples (St S4) of a-Al:03 HA (ag)— H+(aq)+ A~ (aq) (10)

represented in both QMS intensity/e = 63)_ (left axis_) and f_Iow (right
axis). The rectangular boxes denote the times during which the sampleThe ionic dissociation reaction will be greatly facilitated by

compartments were opened. (b) The l_thake coefﬁcients calculated for 5 ysorped water and a “liquid” water layer on the aerosol surface.
the data shown in the upper panel using eq 8 with an escape aperture.l_he hypothesis of a water layer or a quasi-liquid layer is

of Ay = 0.0484 cmM and A; = 5.07 cn?. The initial pressure in the . .
Knudsen cell is 4@ Torr (1.3 x 102 molecules/crd). (c) Initial uptake analogous to that discussed by Abbatt et'@nd Molin&® for

coefficient calculated using eq 4 forAl,O; as a function of sample ~ HCl on ice surfaces in which a “quasi liquid” hydrochloric acid

mass. solution with essentially the same chemical reactivity as that
. i . » of a true liquid HCI solution is formed. Vogt and Finlayson-
TABLE 2: Experimentally Determined True Initial Uptake Pitts also propose a similar picture involving a water layer for
Coefficients for the Reaction of HNG; with the Oxide . . &6
Particles and Authentic Dust Samples Used in These the reaction of HN@on NaCl particle surfaceS.When water
Experiments is present, the nitrate ions may be in a quasi-liquid state in which
sampl ab nitrate ions are mobile. Upon heating, the nitrate ions coalesce
ple Vot . .
. to form separate regions of NaNOn the NaCl surface. Davies
a-Al 205 9.7x 105 and Cox® also investigated the heterogeneous reactions of
SIO* 29x 10° ith Lin th f h d
a-Fe0; 53x% 105 HNOs with NaCl in the presence o jﬂ) vapor. They propose
MgO 4.0x 1074 a two-step process whereby adsorption of HNlecules on
CaO 6.1x 1073 the surface is followed by diffusion to the defect sites where
CaCQ 2.4x% 1(T‘5‘ water molecules were adsorbed. They also proposed that bulk
ggknai;r? Zisnd 52% 1&5 reactivity of the NaCl particle was possible as these defect sites
were regenerated. Other studies also support the importance of
2 Calculated using eq 8 (see textill data collected with sample  water in HNQ uptake on salt7—3°
holder area= 5.07 cnf. ©Larger SiQ pazrtlcles were used in these In our laboratory, we have investigated the role that water
experiments with a surface area of 500°mg. plays on the uptake of nitric acid on oxide particles, mineral

dust, and CaC® Our interest in calcium carbonate comes from
studies. Water can play a dual role acting as a reactant, as inthe suggestion that mineral aerosols containing Cagey be
the case of the hydrolysis of s to give HNG;, and as a especially effective in removing gas-phase HNftom the
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atmosphere, as shown in reactiort3%

CaCQys) + 2HNO,(g) — A - R V5 - Ca(NO3),
Ca(NQy,(s) + CO,(9) + H0(9) (11) b Jl:o.os : 81

. :

(o]

r

a. Gas-Phase Product
€Oe)

e
2500 2450 1400 33sh 3300 3350 320

This heterogeneous pathway may provide a significant chemical v, - Ca(NOy) Wevcmmpr
sink for HNO3, especially if the reaction is not limited to the oas ZT
surface of the CaCgparticle but can react into the bulk of the 2 | e
particle. Song and Carmichael modeled reaction 11 with aerosols ,
containing CaC@and found the HN@to NO ratio to decrease ¢
by a factor of 2 to 6 when compared to models containing only e
gas-phase processes. Even using the recently measured rate for 874
the oxidation of NQ by hydroxyl radicals which is 2630% V2 - CaCO;
lower than previously reportedl,it is found that heterogeneous — , — —————
loss of HNQ is still significant in the modeling resultd.*2 1100 1050 1000 950 200 850 800 750
Tabazadeh et al. have also suggested that heterogeneous Wavenumber (cm-)
reactions on biomass aerosols, as well as mineral dust containing
CaCQ, can irreversibly remove HNgfrom the gas phase and b. Ty ————
provide an important sink for HN§3® As discussed in detail
Vv(OH)- H,O (ads)
0.01 3530
3603 : 3280

increasing exposure
to HNO,

31‘35

3T0.....1M caiioy),
T\ ~——6M Ca(NOy),

below, surface adsorbed water, which is a function of the relative
humidity, greatly increases the extent and rate of reaction of
nitric acid on oxide, carbonate and mineral dust.

In Situ Spectroscopic Measurements of the Heterogeneous
Reaction of HNO; on CaCOs Particles in the Presence of
Water Vapor. The reaction of gaseous HNGn CaCQ
particles with varying amounts of J@ has been investigated
using FTIR spectroscopy at 295 K. Upon exposure of HK D
dry CaCQ particles, very little changes in the gas-phase
spectrum and that of the solid particle are observed. When
CaCQ is exposed to HN@in the presence of ¥D vapor ——————
corresponding to 20% relative humidity (RH), there are several 4000 3800 3600 3400 3200 3000 2800 2600
interesting changes in both the infrared spectrum of the gas Wavenumber (cm!)
phase and of the CaG@articles. First, in the spectral range Figure 9. (a) Transmission FT-IR difference spectra of adsorbed
extending between 1100 and 750 ¢rabsorption bands at 813 products on CaC@in the spectral range between 1100 and 750%cm
and 1045 cm! due to adsorbed Ca(N continuously grow FT-IR spectra of CaC@were recorded as a function of HN@&xposure

- - . . (mTorr pressure range) in the presence of gas-pha€e(20% RH).
in intensity as CaC®is exposed to HN@in the presence of  The negative features are due to the loss of calcium carbonate and the

H20O vapor (Figure 9a) and there is no evidence of surface positive features are due to the growth of calcium nitrate. The inset
saturation. Second, G@ppears in the gas-phase as shown in shows the growth of the absorption band due to the production of gas-
the inset of Figure 9a. Third, as Cag€acts with HNQ to phase CQas the reaction proceeds. (b) Transmission FT-IR difference
form Ca(NQ),, a broad band between 3000 and 3750 &tm  SPectra of adsorbed products on Ca@®the spectral range between
continuously grows in intensity (Figure 9b). This broad band 4000 and 2600 cri. FT-IR spectra of CaCOwere recorded as a

. : function of HNG; exposure (mTorr pressure range) in the presence of
is composed of three peaks at 3280, 3530, and 3608 wiich gas-phase D (20% RH). The infrared data show that as the reaction

are assigned to the OH stretching vibrations of water adsorbedproceeds there is growth in the infrared absorption band due to adsorbed
on the particle surface. As discussed below, this increase inwater on the particle surface. The inset shows the transmission FT-IR
water adsorption at a constant water vapor pressure can bespectra of concentrated solutions of Cagh@ water at concentrations
explained by the increase in the amount of Cag®n the of 1 and 6 M. There is similarity between the aqueous s_olutipn phase
particle surface. Calcium nitrate is approximately 100 times spectra anq the spectra of adsorbed water on the nitric acid reacted
more soluble than calcium carbonételherefore, as HN®is Caca particles.

& nhamonomTy
&

ELTOER
Wavenumber (cm')

OB T RO wn TP

ncreased exposure
to HNO,

reacted with CaCe® in the presence of water, CagQs monolayers, they found that Nand CI ions incorporate into
converted to Ca(Ng), allowing more water to adsorb onto the the water layer, although the water layer does not yet have
surface. properties of a bulk salt solution. At coverages greater than three

The spectrum of water adsorbed on Ca@articles reacted  monolayers, the water film has properties of a bulk brine
with HNOg is distinctly different from the spectrum of adsorbed solution. This observation is consistent with the work of
water on CaC@ particles not exposed to nitric acid. For Barraclough and Haf® who showed that after adsorption of
example, in the early stages of the reaction when GaCO the first two water layers on NacCl, the,8—NaCl isotherms
particles are exposed to HNG@n the presence of 40 vapor, behaved as if a saturated solution of NaCl were present. Other
the surface water band is first detected as a single asymmetricstudies provide additional details concerning the interaction of
broad band centered at 3500 ¢mAs the reaction progresses, H,O and salt surface’$:-4°
three distinct peaks at 3605, 3530, and 3280 twmithin the The water adsorption spectra shown here on nitric acid reacted
broad band between 3750 and 3000 érmecome apparent. CaCQ can be interpreted in a similar manner. FT-IR spectra

Peters and Ewing (1997) have investigated water adsorptionof 1 and 6 M Ca(N@), solutions in the spectral range extending
on NaCl(100) under ambient conditioffsn their studies, they ~ from 2600 to 4000 cm! are shown in the inset of Figure 9b.
found that at coverages less than two monolayers, waterIn these spectra there is a broad absorption band between 3000
absorbed on NaCl(100) surfaces behaves similarly to that of and 3800 cm! with two bands at 3270 and 3535 chon top
condensed water. However, as coverage increases above twof the broad spectrum. Although there is some shift in the
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Figure 10. Transmission electron micrographs of calcium carbonate 7,
particles that have not been exposed to nitric acid vapor compared to
calcium carbonate particles that have been exposed to nitric acid vapor
in the presence of water vapor. The particles that have not been exposed o 0 £
are nearly spherical with smooth edges, and the particle surface appears % RH
smooth on the one micron length scale (ba0.5 um). In contrast, Figure 11. (a) Transmission FT-IR spectra of HNOptake oro-Al:03
particles that have been exposed become irregularly shaped with roughefnd CaO particles as a function of time. For clarity, only every tenth
surfaces. spectrum collected is shown. (b) The integrated absorbance (or peak
. height) for the absorption bands of adsorbed nitric acid is plotted as a

frequency of the bands, the spectra of the Caff¥®olutions function of time in the inset. The integrated absorbance of every
look very similar to the spectra obtained by exposingdHo spectrum collected is plotted. (c) Enhancement of the reactive uptake
CaCQ particles that were reacted with HNOThe solution- as a function of relative humidity for HNQuptake ono-Al,Oz. Open
phase data support that £aand NQ~ ions are being c_ircles representuerary as a functi(_)n of relati_ve humidity. The s_olid
incorporated into the water film on the Cag@articles and lines represent the modified BET isotherm fit for water adsorption on
are perturbing the hydrogen-bonding network of the water film. 0-AlZOs (see text for further details).

Transmission electron microscopy (TEM) measurements of significant water layer will be involved in the subsequent
the CaCQ particles after reaction of HN{and CaCQ in the reactivity of the particle.
presence of D also provided insight about the particle In Situ Spectroscopic Measurements of the Heterogeneous
reactivity. A comparison of the electron micrographs of reacted Reaction of HNO; on Oxide Particles in the Presence of
CaCQ particles and unreacted Cag@articles are shown in ~ Water Vapor. Similar to the irreversible uptake of nitric acid
Figure 10. The unreacted Cagg@articles, on the length scale on calcium carbonate particles, nitric acid also irreversibly
shown in the image, have smooth edges. Ca@ticles reacted  adsorbs at 295 K on nearly all of the oxides investigategOAl
with HNOs at a RH of 20% are irregular in shape and have FeQs;, TiO,, CaO, and MgO, with the exception of Si€
jagged edges. These images show that the smooth edges of th8urface limited reactions are observed fop@d, Fe0s3;, and
CaCQ particles become highly irregular in shape after reaction TiO,, whereas for the basic oxides, CaO and MgO, surface and
with HNO3 and thus increase the surface area of the GACO bulk reactivity, similar to that found for CaGQare found to
particles. These results are similar to that found for nitric acid occur in the presence of water vapor. The rate of HNftake
uptake on NaCl where microcrystallites of Napl@re formed on oxide particles as a function of relative humidity was
giving rise to changes in particle morpholog??® In light of determined by time course FT-IR experiments.
the similarities between the NaCl and the CaCgarticle Representative spectra collected for HN@take or-Al ;03
morphology changes upon exposure to HiNiBe jagged edges  under dry conditions as a function of time are shown in Figure
observed in the CaC{nicrographs are most likely of Ca(NiR 11a. Theo-Al,O3 particles were exposed to 9 mTorr of HNO
microcrystallites. corresponding to 2.% 10 molecules cm?® and spectra were

Several important findings come from the TEM and IR then recorded as a function of time. The extent of nitric acid
measurements along with gravimetric analysis that has beenuptake ona-Al,O3 was determined by integrating the absorp-
previously describeéf First, these experiments show that the tions in the region 11891822 cntl. A plot of the integrated
nitric acid reaction on CaCgs not limited to the surface but  absorbance as a function of time is shown in Figure 11b. Under
can react with the bulk of the particles. This is important as the dry conditions, absorptions in this region correspond to absorp-
reactivity is not limited to one layer and a surface coverage of tions bands of oxide-coordinated nitrate on the surface. At higher
-5 x 10" molecules cm?. Second, the uptake of nitric acid on  relative humidity, the spectrum changes with the appearance
CaCQ is found to be irreversible. Third, the ability of the of two broad absorptions near 1390 and 1300 tindicative
particle to adsorb water is greatly enhanced and suggests that avater-solvated nitrate on the particle surface.
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The rate of HNQ uptake ona-Al,O3 particles has been Inclusion of Heterogeneous Uptake of HN@ in an
investigated in the presence of adsorbed water which was variedAtmospheric Chemistry Box-Model. To study the interactions
by doing experiments at different relative humidity. The same between aerosols and the photochemical oxidant cycle, it is
experimental procedure described above was followed exceptnecessary to treat particles and the gas-phase chemistry processes
that the oxide particles in the infrared cell were exposed to in a coupled fashion. Carmichael and co-workers have developed
mixtures of HNQ and HO vapor. The kinetic data collected a combined aerosol/gas-phase chemistry model for this purpose,
under dry and wet conditions were analyzed according to the in which the detailed multicomponent aerosol dynamics and
procedure described in Goodman et’alhe integrated absor-  heterogeneous chemistry on the aerosol surface are explicitly
bances (or peak heights) were calibrated to surface coveragdncluded in the model formulatiot:32 It is their model and
(molecules cm?) using volumetric methods. Along with the  modeling analysis that are described here. In the model, aerosol
calibration, the linear portion of the integrated absorbance versusinteractions with the photochemical oxidant cycle arise through
time curves is used to calculate the rate of adsorptidéy/¢it). the sorption of trace species and the gas-to-particle conversions
The gas flux is calculated from the kinetic theory of gases. And of nitrogen and sulfur species during the aerosol growth and
the uptake coefficient, as defined in eq 2, is just the ratio of the surface heterogeneous reaction processes. Gas-to-particle con-
rate of adsorption to the gas flux. For the experiments with water version, coagulation and deposition are important dynamic
vapor present, it was necessary to increase the $tfé@centra- processes that are also treated. Box-model simulations were
tion as some of the gas-phase HN@as lost in the water layer  performed using the gas-phase mechanism that is in the STEM-
on the reaction vessel walls. The increased uptake on the wallsll model 53 The gas-phase chemical mechanism is based on that
was determined in separate experiments. Therefore, the meaeof Lurmann et aP* but has been modified to include low NO
sured uptake is a lower limit as the gas flux to the surface is conditions and an explicit treatment of isoprene. It consists of
overestimated in the analysis of 83 chemical species and 185 gas-phase reactions. The effect of

The increase in the uptake coefficient on the wetted surface aerosol on the actinic flux is also included in the analysis through
as a function of relative humidity is shown in Figure 11c. The the use of a 2-stream radiation mo&e$®
open circles represent the enhancement in the reactive uptake The interactions between the gas and aerosol phases were
coefficient,ywefyary, of HNOs ona-Al20s particles as a function  modeled using the kinetics approach. This approach has been
of relative humidity. The data are collected only up to 17% taken by several investigators for the purpose of modeling the
RH because the rate of adsorption became too fast to measurejnteraction between the gas-phase species and the dust/aerosol
The solid line represents the 3-parameter BET isotherm fit for particles!31457.58For the calculation of @ /dt, whereG; is the
water adsorption ow-Al>0s, in which the parametev, the adsorbed species concentration, the following equations are
volume of adsorbed water on the oxide particles corresponding jsed457-59
to a coverage of one monolayer, was replacegythe uptake
coefficient measured at a water coverage of one monolayer, as 9C. . dn
suggested in a recent paper by Davis and Cox for nitric acid — = f *Aer2F(r)—-dr (13)
uptake on NaC# This equation can be written as ot & dr

= pP\n p\n+1 D,(C — C)Ir
Vwetmc(s) 1-(n+ 1)(5) + n(_) F(r) = M (14)
— 0, 0, 0, 12 1+ f(Kn,)/)Kn
Y wet P P P \n+1 ( )
ek 4
o 0 0 1.333+ 0.7IK, ' 4(1—y)
f(Kyy) = -t (15)
where 1+K, 3y
AH,° — AH,° whereC; is the gas-phase concentration of the absorbing species,
C=exXp~|—fRr7 Cieis the equilibrium gas-phase concentration of species j that

would be in equilibrium with the surface adsorbed species (this

AH1° is the standard enthalpy of adsorption of the first layer, term can be related to surface coverage and surface saturation
AH?is the standard enthalpy of adsorption on subsequent layerseffects),D; is the gas-phase diffusion coefficient in €81, K,

and is taken as the standard entha]py of Condenséﬁmthe is the dimensionless Knudsen numbeﬂ(r), A is the effective
gas constant is the temperature in KP is the pressure?, is free path of a gas molecule in airjs the particle radius=(r)

the saturation pressure, ands the limiting number of water is the flux of the trace species to the surface of the aerosol
layers at high pressures. particle with radiusr in molecules cm? s™1, drdr is the

The BET parameters for the isotherm curve for water uptake number-size distribution of aerosol particles, apdis the
on a-Al,0; particles becomgyerm= 1.82x 10¢ at 16% RH accommodation or uptake coefficient (sometimes denoted as
with ¢ = 25.2 anch = 8. In the case of CaO, the BET isotherm ). Though it is formally possible to separate the uptake
curve for water uptake on nitrate-covered CaO particles was coefficient into an adsorption component and a reaction
used to model ther dependence. Similar to CaGQhe CaO component, no such distinction is made here andpresents
water uptake capacity increased after reaction with nitric acid. the net loss to the sample as it does in the laboratory
The parameters for CaO apetm = 9.90 x 1076 at 13% RH measurements.
with ¢ = 39.7 andn = 4.1. The ratio ofywedyary @s a function These equations show that the molecular flux onto free
of relative humidity and the calculated.edyqry from the water molecular regime particlesK( > 10) is proportional to the
isotherm curve shows that the HN@ptake rate on oxide  second moment of the size distribution, whereas the molecular
particles is enhanced in the presence water vapor and that thidlux onto continuum regime particle&{ < 0.1) is proportional
enhancement can be understood in terms of the increasedo the first moment. Because the aerosol size-distributions used
adsorbed water layers on the oxide particles. in this modeling study range from free molecular to continuum
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TABLE 3: Summary of the Initial Physical and Chemical 2
Conditions Used in the Box-Model Simulation 2
initial conditions = 15
S
species concentration (ppb) = .
NO 15 g
NO, 0.5 S sl
HNO3 0.0005 o
NH3 1.0 z
aOZS o g g s 20 40 60 80 100 120
2 .
80
Cr 2843 z o
CsHg 1.379 % ] i-- ’1(HNO§)= 104]
ALKANE 2 1.233 g 60 - yamoy=107)
CoHa 3.461 B 50l Ty (HNOg = 107
ALKENE®P 0.692 |
AROMATIC 6.290 g 40
Csz 0.895 [ 130
H,0, 2.0 o} E
ISOPRENE 5.0 20 , . .
Dimethyl sulfide 0.005 0 20 40 60 80 100 120
H.S 0.001 !
CcO 150.0 2
& 084
meteorological and other factors: §
<
T (K) 300K £
R. H. 80% g
dry deposition included S
VHNO3 {104,103, 1072, 101} o
mass loading 160 to 4Qay/m? &
a ALKANE denotes higher alkane than propaR&LKENE denotes )
higher alkene than ethene. Time (hours)

Figure 12. Effect of heterogeneous uptake of Hil@n G;, NOy, and
regimes, the actual molecular flux onto aerosol particles falls HNOs concentrations. Simulation details are given in Table 3.
between these two limits. ] . .

To assess the importance of the heterogeneous reaction O_After thls_ coverage, the heterogeneous reactivity for that particle
HNO; on mineral oxides and dust, a box-model analysis was IS Z&ro, i.e.;y is set equal to zero. . ,
performed for various chemical regimes. Conditions representa- 1€ impact of the heterogeneous reaction of H@mineral
tive of Cheju, Korea were considered. Cheju is an island located Surfaces was simulated and the results are shown in Figure 12.
in the East China Sea, which is impacted by anthropogenic The box-model calculations show a comparison between a
pollution and mineral aerosol during the frequent continental Simulation done with gas-phase only processes to simulations
outflow events in the spring. The values used for emission ratesWhere heterogeneous uptake of HN® also included. Box-
and dry deposition rates were taken from Sander and Créitzen, Model simulations showed thatinos must be greater than 18
Other conditions used in the simulation are given in Table 3. for these processes to be important under the cpno_lltlons studied.

Heterogeneous uptake rate constants for the specified sizeOn the basis of this, the Knudsen cell results indicate that the
distribution were calculated using a log-normal distribution was Nitric acid reaction is clearly significant. As expected, the

utilized for the aerosol number-size distributitff° The log- heterogeneous loss of HNGOesults in a large decrease in
normal number-size distribution is expressed in the following Predicted HN@ concentrations and HNOto NG ratios.
manner However, the effect of a pure heterogeneous loss of kIO

Oz and NQ levels is small. Foyuno, = 1073, no effect is found

_ 2 in the calculated mixing ratios of £or NO, whereas that of
dN(r) _ : i ex (logr/R) 16) HNOs is reduced by 30%. The conclusions based on the models
d(loar £ \2 are for NQ limited regimes as most regions are Ni@nited.
(logr) logov 27 2(log o) The Knudsen cell results should be viewed as a lower limit

estimate for a variety of reasons. One important consideration
wherer is the particle radius imm, N(r) is the cumulative is that these experimental results represent very dry conditions.
particle number distribution in cnd for particles larger than, As discussed hereyuno, is greatly enhanced by surface
R is the mean particle radius igam, n is the integral of the adsorbed water. Under conditions that more closely simulate
normal function, and lo@ is a measure of particle polydisper- the atmosphere, i.e., 200% RH, it is is shown next tha#no,
sity. The parameters for the Cheju simulation were taken from is significantly increased. In addition, at high RH, the nitrate
Zhang et al. (1994) :n = 7.98,r = 0.88um, ando = 0.23. coating formed on mineral dust from heterogeneous BNO
For these parameters, the geometric surface area is G683.m  participates in the hygroscopic deliquescence and efflorescence
Although the laboratory data show that there are some differ- cycles. These cycles are influenced by the presence of mineral
ences in the uptake coefficients determined for different oxides dusté2-64 A second important consideration is that the maximum
and dust samples, the current model only takes into account aparticle surface coverage allowed in the simulation was 5
size distribution and does not take into account chemical 10"* molecules cm? After this coverage is reached, the
heterogeneity of the mineral dust particles. A maximum surface heterogeneous reactivity for that particle is zero. For mineral
coverage for nitric acid is taken as>5 10 molecules cm?. dust particles containing CaGQCaO, and MgO, this coverage
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is probably too small as these particles have reactivity that produce HONO. It has been proposed that this reaction on soot
extends into the bulk of the particle under conditions of RH may account for the high concentration of HONO observed
relevant to the troposphere. Other studies done at lower pressureduring night time when the homogeneous reaction is insignifi-
that only take into account the geometric area of the sample cant. The reaction involves adsorbed hydrogen on the soot
holder have suggested that the initial uptake is higher than thosesurface with gas-phase N@ccording to reaction 21.

reported heré>6 A study on a single-crystal surface @fAl ,O3

reported® an initial uptake of 1x 103 was shown to be an NO, (g) + H (a)—~HONO (g) (21)

experimental artifact®
However, there is a range of values reported for the heteroge-

4. Heterogeneous Conversion of N©to HONO on neous uptake coefficient of N@n soot, from 0.095 to 16, a
Wetted-SiO, and Soot Particles range that spans nearly 5 orders of magnitude. This discrepancy
in the values of the uptake coefficient arises in part because
soot samples are often from different sources. Commercial soot
differs from freshly prepared soot, and even the later can be
prepared in different ways using different hydrocarbons. This
means that from study to study soot particles can have different

Hydroxyl radical is the most important trace species in
atmospheric oxidation mechanisfi$8Although it is clear that
O3 photolysis is the main source of OH radicals in the
stratosphere, mechanisms for OH radical formation in the
troposphere are still being debated. One source of hydroxyl ) o ; - .
radical is from the photodissociation of nitrous acid (HONO), chemical composition, different sizes, different BET surface

as HONO undergoes photolysis at wavelengths between 3308reas, and, therefore, different reactivities. I_Experlmental condi-
and 380 nrf® tions such as temperature, relative humidity, and pressure of

NO; are also varied from one study to another. Another source
HONO + hy — OH + NO (17) of discrepancy is that the accessible surface area for reaction

must be accurately accounted for when calculating uptake
A|th0ugh HONO concentrations up to 14 ppb have been coefficients. NQ is thOUght to diffuse to the pores of soot
observed in polluted urban environments, HONO formation is samples and access underlying layers of particles in bulk
not well understood®”! Lee and Schwarf? have shown that ~ sampleg™However, in some of the above studfég/-**only
reactions 18 and 19 are too slow in the gas and aqueous phasegptake on the first layer of soot was considered, and thus the

to be relevant under atmospheric conditions exposed geometric area of soot was used in calculgtifidnis
may explain the very higly-values reported in some studies
NO, + NO + H,0 — 2HONO (18) compared to others. In addition, in all of the studies discussed
above, surface areas were not measured for the soot samples
2NO, + H,0 — HONO + HNO, (29) under investigation. This is usually done using the BET method

and N as the adsorbent molecules. Instead, values were taken
Evidence suggests, however, that these reactions may occur atrom the literature, which may or may not accurately represent
a faster rateby a heterogeneous or surface-catalyzed mechathe true values because of differences in sample preparation.
nism./3-86 |n fact, surface reactions may be responsible for as The fractal nature of soot also makes the characterization of
much as 95% of all the HONO found in the troposph@r&.78 the available surface area difficult. As noted by Longfellow et
A recent review article discusses the evidence presented foral. 2 in order to apply laboratory measurements of the hetero-
heterogeneous reaction of N® produce gas-phase HONO in  geneous uptake measurements to the atmosphere, the surface
humid environment& The reaction proceeds over a wide area of the soot must be considered. One other difference in
variety of surfaces including those of glass, sodium halides, the literature values is that the initial uptake coefficients are

metals, and metal oxides. reported in some cases, whereas a steady-state or an average
Several laboratory studies have reported that heterogeneousalue is reported in others. This means that the reactivity of a
HONO formation via reaction 20 is first order in both Nénd surface covered with adsorbed molecules is compared to the
H,Q75-78.84 reactivity of the unreacted surface. Because of site-blocking,
adsorbate-adsorbate interactions, and electronic effects, uptake
d[HONOJ/dt = k [NO,][H,0] (20) coefficients are typically coverage dependent and usually

decrease as a function of coverdge.

with the rate-limiting step being adsorption of NCUsing To have a greater understanding of heterogeneous formation

environmental chambers containing Nénd HO, Sakamaki of HONO in the global troposphere, FT-IR, Knudsen cell and
et al’* and Pitts et al® proposed that reaction 19 provides the aerosol chamber experiments have been conducted for the NO
best model for the heterogeneous formation of HONO although reaction on wetted-silica particles, to investigate reaction 19,
no HNG; was directly detected. Therefore, without full char- and soot, to investigate reaction 21. These experiments are
acterization of all of the reactants and products in reaction 19, described in the following sections.
the reaction has been considered somewhat speculéfies Spectroscopic Measurements of the Heterogeneous Reac-
lack of any observable HNOin the gas phase has been tion of NO, on Soot and Wetted SiQ Patrticles. In contrast
explained by the suggestion that it sticks to the walls of the to other oxides investigated, includingAl,0s, o-Fe03, and
environmental chamber. This suggestion is supported in someTiO,,1011%there is little change in the spectrum of Si@articles
recent experiments in which HNQvas detected via ex-situ  upon exposure of N&to dehydrated samples. However, when
measurements:85 NO; is added to the infrared cell containing hydrated SiO
Heterogeneous reactions on carbonaceous aerosol may alsparticles with a surface coverage of approximately 0.08 mono-
provide a reactive surface for formation of HONO in the layers of adsorbed water, absorption bands appear in the silica
atmosphere. The heterogeneous reaction of nitrogen oxides, inspectrum at 1677, 1399, and 1315 ¢n(Figure 13a). As
particular NG, on carbonaceous aerosol has been studied by discussed below, these bands can be assigned to the vibrational
several groups using a variety of experimental technigé&s? modes of adsorbed HNOThe assignment of the bands to
It has been shown that NCzan react with soot particles to  adsorbed HN@is confirmed by the spectrum of an authentic
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Figure 13. (a) FT-IR spectra of hydrated Si@ecorded as a function
of NO; pressure (0.058, 0.117, 0.237, 0.625, 1.318, 2.011, and 3.417gpectra are shown in both Figures 13 and 14 are recorded after
Tom). (b) FT-IR spectrum recorded following reaction of NQ.318 the surface becomes equilibrated with the gas phase, as is evident

Torr) on SiQ in which adsorbed kO had been exchanged with®. by the f hat th . d th
The UV-Vis transmission spectrum of HONO produced from reaction PY the fact that the pressure remains constant and the spectra

of NO, with in the presence of 16 mg of hydrated $i®shown in the are no longer changing. The spectra showing only surface-bound
inset. products show bands at 1281, 1323, 1531, 1565, and 1653 cm

that increase as the coverage of N®increased. These bands
sample of HNQ@ adsorbed on Si© The three bands in the are associated with the following functional groups; 1281 &m

Figure 14. FT-IR spectra of the hexane soot surface recorded as a
function of NG exposure. The assignment of these peaks are as follows;
1281 cn! —R—ONO, 1323 cm* —R—NO,, 1413 cn! —COs?7, 1531
cm ! —R—NO,, 1565 cnt! —R—N—NO,, 1653 cnmt! —R—ONO, and
1777 cm* -lactone and alkyl carbonyl groups.

spectrum can be assigneditgNO,) — 1677 cn1?, 6(OH) — —R—0ONO, 1323 cm® —R—NO,, 1413 cm* —COs?", 1531
1399 cm?, and v(NO,) — 1315 cm! modes of adsorbed cm™* —R—NO,, 1565 cm! —R—N—NO,, and 1653 cm!
HNOs. These bands are shifted by-168 cnt* from the gas- —R—ONO and are in agreement with other FT-IR studie¥.
phase HNQ frequencies? but compare well to the infrared There is a decrease in the intensity of the band at 1777 cm

spectrum of HNQ in highly concentrated aqueous solution suggesting the loss of=€0 group from the carbonyl surface,
which has absorptions at 1670 chand 1300 cm! that are presumably due to the formation of gas-phase, ®OCO as
assigned to the, (NO,) andvs (NO,) modes, respectiveRp? has been observed in other studies done at high pressures of
The OH stretching region (not shown) is complicated and NO,.%3 Upon evacuation of the gas phase, the infrared spectrum
showed an intense broad absorption band extending from 37000f the surface remains nearly identical with only a small decrease
to as low as 2700 cmt. This broadband is most likely due to  (<5%) in intensity of the bands between 1400 and 1675%m

a hydrogen bonding interaction between HN@nd HO. Knudsen Cell Measurements for the Heterogeneous Up-
Experiments done with adsorbed@®confirm these assignments  tgke of NO, on Wetted SiO, and Soot. Knudsen cell
(Figure 13b)y:9>:100 measurements provided additional insight into the reaction of

According to reaction 19, the production of gas-phase HONO NO, and HO. In these experiments, the SiQarticles were
is also expected from the heterogeneous reaction of 8O  covered with a lid, while a steady-state flow of N@as
hydrated SiQ particles. The gas-phase UWis spectrum  established. Once steady-state flow was reached, the lid was
obtained by reacting Non hydrated Si@is shown in the  then opened to expose the particles to the gas. These measure-
inset of Figure 13. ments were carried out on Siarticles that contained different

Previous to our studif®a full in-situ characterization of the ~ amounts of adsorbed water. Siarticles evacuated overnight
products of the reaction, 2Ndg) + H»,O(a) —~ HONO(g) + to a pressure ok 1 x 1076 Torr (labeled dehydrated Sip
HNO; (a), has not been made. This is the first direct evidence showed no measurable loss of Nftom the gas phase, as seen
for the surface reaction between gas-phase Bl adsorbed  in Figure 15. SiQ particles evacuated for shorter periods of
H.O to yield both adsorbed and gas-phase products. Barney andime did show a measurable amount of N@ptake. Data are
Finlayson-Pitts have confirmed these results in an analogouspresented in Figure 15 for Si(articles that were exposed to
study of NQ adsorption on porous silica gla&¥. 10 Torr of water at 298 K followed by evacuation for twenty

The NQy/soot reaction was also examined by FT-IR spec- Minutes. There is a decrease in N@w rate and reaction on
troscopy% The FT-IR data show that adsorbed products remain hydrated SiQparticles when the lid was open. There is an initial
on the surface for the N&oot reaction as well. Figure 14 shows  spike in the NQ flow rate, but then the flow rate approaches
the FT-IR spectra of hexane soot (1 mg) as a function of NO the steady-state value. The lid was closed again for 300 s and
exposure. The infrared spectra recorded as a function of Subsequently the oxide particles were exposed. The second time
increasing exposure of Ny increasing the pressure from 5 the lid was open there was less of a decrease in thedigDal
to 100 mTorr are shown in Figure 14. These spectra were and the reaction, as indicated by the Nslgnal ends quickly.
recorded in the presence of gas-phase,Nd the unreacted The HO flow rate for the two Si@samples, dehydrated and
soot surface is taken as the reference background spectrum. Alhydrated, is also shown in Figure 15. Theg(Hsignal increases
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5.4 1016 2.0 1018 “dehydrated” is a factor of 100 times less than the &@mples
’ ] i labeled “hydrated”. Second, the amount of adsorbed water on
1 the hydrated sample significantly decreases as the water
5.2 10'% - outgassed from the sample. Third, there is a concomitant
% ] r1.5 108 oz decrease in the NfQuptake with the decrease in the amount of
E 5.0 10'¢ ———hydrated $iO, particles | o adsorbed ED. It was difficult to determine an uptake coefficient
3 ] ' . . = for this reaction as it is not clear how water is distributed through
Sas10 0 U dehydrated SiO, particles .- the sample in these experiments, thus, the coverage of adsorbed
£ (1,010 ? water is unknown.
Z 4.6 101 |5 g As described here, it is much easier to quantify theAd@ot
EN I £ reaction. In these experiments, soot is directly deposited onto
S 4410 F5.0 107 & the Knudsen cell sample holder that is 11.95 amarea. Initial
' 1 [ uptake coefficient for the reaction of N@ith hexane soot was
16‘_J ! measured as a function of sample mass (and thus sample
4.2 10° g thickness). Representative Knudsen cell data are shown in Figure
i 0.0 16. The QMS intensity of N@(nve = 46) was monitored during
4.0 10161 ?l.)efl. . r?ﬁpe?ﬁ - I the experiment (Figure 16a). When the sample lid is open and
0 200 400 600 800 1000 1200 the soot particles are exposed to the reactive gas, there is a
Time (s) decrease in the QMS intensity. The QMS intensity of N®

Figure 15. Flow cell reactor mass spectral data for reaction o,NO then converted to the observed uptake coefficient via eq 8 as
on SiG:. The flow rate in molecules per second is shown for two gas- shown in Figure 16b. The initial observed uptake coefficient,
phase molecules, NGscale for NQ flow is shown on they-axis on YoobsiS taken as the maximum value forand found to be

the left) and HO (scale for HO flow is shown on thg-axis on the (5 418 from the data shown in Figure 16b. It can be seen from
right) during reaction on dehydrated and hydrated,S& time t = ’ N, )

100 s, the sample holder is opened and there is a drop in theloi® the data pIotFe_d in Figure 16b that over tlmfe the value of the_
rate as NQ reacts on the surface of hydrated Siarticles (i.e., uptake coefficient decreases as the reaction proceeds. This
particles exposed to 10 Torr,8 overnight and evacuated for 20 min)  decrease occurs because the surface becomes less reactive with

but not dehydrated Siparticles (i.e. particles evacuated overnight). continued reaction of NQand is interpreted as a coverage
The sample holder is then closed and the,N@nal returns to its dependent uptake coefficient.

baseline value. The process of exposing the surface toNd® repeated . . . . .
once again. The plot also shows that there is a significant amount of ~ Nitrous acid is detected as a product in thezaN€action with

water outgassing from the hydrated but not the dehydrated sample. Soot. The QMS intensity for the parent ions of Nahd HONO,

m/e = 46 and 47, respectively, were calibrated and converted
when the lid is open indicating that water is outgassing from to molecular flow through the Knudsen cell. These data are
the SiQ sample. There are several points that can be madeshown in Figure 16c. The flow of NOhas been offset and
concerning the bD desorption from the SiOsamples. First, inverted to show the amount of NQhat reacts per second.
the amount of water coming from the SiG@ample labeled Because than/e = 47 signal from the mass spectrometer
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Figure 16. (a) Knudsen cell data for the heterogeneous reaction of dwGsoot (15.1 mg sample). The QMS intensity fiole = 46 is shown. (b)
Observed uptake coefficient calculated via eq 8 from the data shown in a. Calibrated flow, oé&tled and HONO produced (7.7 mg sample).
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contains two contributions, the parent ions of HONO and the 0.025

natural abundanc®N labeled NQ, calibration of them/e = a. i

47 signal for HONO production was done according to the 0.0201 ] I Y0

procedure outlined previousk®> From the calibrated data ! .

presented in Figure 16¢, the amount of HONO produced per L

NO; reacted is determined to be 365%. The remaining N© YOYObsoms-

taken to the surface may correspond to the formation of surface-

bound products (vide infra) and other gas products such as NO. 0.0107

The percentage of HONO produced in this study is lower than

that reported in another Knudsen cell stddyrhis may be a 0.0051

result of using different hydrocarbon as a soot generator and

collecting soot at different heights from the flame b&s¥. 0.000 ——————r——
From the calibrated data it is also possible to determine the 0.0 50 100 150 200 250 30.0 35.0

absolute number of NOmnolecules reacted per unit surface area Mass of hexane soot (mg)

(or unit mass of soot). For small masses of soetl mg),

complete saturation of the surface can be obtained by continuing 0.023 b

the reaction until no further uptake of N@ observed. This ’

means that over time the uptake coefficient goes to zero. The 0.0207

data in Figure 16¢ can be used to determine the total amount 5
of NO, reacted per unit surface area. For thin or low mass 0.0157 ¢ Yave=1x10
samples, complete saturation occurs over the time period of the Yave.obs '

experiment. For thicker samples with larger mass, the data are 0.0101

fit to a double exponential form and the fit is then extrapolated

to the limit of no further uptake of N®corresponding to a 0.005- {

saturated surface. From all of the data, it is determined that the .

total amount of NQ that can react at a pressure neari®rr 0.000 N

is determined to be 1.4 0.5 x 10" molecules cm? or 1.1+ 00 50 100 150 200 25.0 300 35.0
0.4 x 10% molecules mg* of soot. This value is used as the Mass of hexane soot (mg)

saturation coverage for N@n soot at 295 K and a pressure of - gjgyre 17. (a) The mass dependence (thickness dependence) of the
8 uTorr and is lower than the value obtained for studies 05NO initial uptake coefficient for the reaction of N@ith hexane soot. Filled
on soot measured at higher pressipes. circles @) represent experimental data, the solid lirg {s the result

The value of the observed initial uptake coefficient is found %f %gﬂbg'éfc;fgigﬁam ‘ixge{'rgngﬁi" ;‘”E lettcl)ng fnaTr?rge_teésgused

= 0U. , Pt = Z. , = 0o.

_to_qlepend on the n_ur_nber of layers of soot present. The observedx 10-5cm, Sser = 760 cn? mg-Y, 7 = 1, andyo, = 7 x 10°5. (b) The
initial uptake coefficient measured as a function of the sample mass dependence of the average uptake coefficient, averaged over 120
mass is plotted in Figure 17a. Because the sample holder is as. Filled circles @) represent experimental data and the solid ling (
fixed area, 11.95 chyincreasing the sample mass increases the represent a linear least-squares fit to the data of the formmx The

number of layers of soot. The line through the data is determined slope of the fit is 7.7x 10™* mg™* with an R factor of 0.986.
from the KML gas-diffusion model discussed in the Experi- Also shown in Figure 17 is an average observed uptake

mental Methods and Data Analysis Section. The parameterseficients calculated over a 120 s time period. The data plotted
I|_sted_ in the figure caption were usgd as input data in the j, Figure 17b showyave obsas @ function of mass of-hexane
diffusion model for the reaction qf N@wt_h hexane soot. _There soot. It is seen thatave obsis a linear function of sample mass
are two parameters that are adjusted in order to obtain a goodyyer the entire range. The average uptake coefficient can be
fit, the true initial uptake coefficient;o, that takes into account  ¢qrrected for the accessible BET area using a linear least-squares
the accessible surface area of the underlying layers and thejt of the line through the data points. This correction is then
tortuosity,z, which is related to the diffusion of the molecules  gptained from eq 8. The value calculated fgye opds 1 x 1075,
through the sample. This is a factor of 6 times lower than the initial value of the
There are two regions in the plot shown in Figure 17a. The uptake coefficient. Although the application of the diffusion
region that extends from 0 to approximately 8 mg shows that model in Figure 17a predicts a nearly linear mass regime to be
the observed initial uptake coefficient has a nearly linear in the range from 0 to 8 mg for the initial uptake coefficient,
dependence on sample mass. The portion of the plot above 8he dependence of the average uptake coefficient on the mass
mg shows the observed initial uptake coefficient is in the plateau is still linear up to 19 mg.
region and shows much less of a dependence on the sample Heterogeneous Conversion of N@ to HONO in the
mass. The region above 8 mg shows that the probe depth ofTroposphere and Other Potentially Important Heteroge-
the gas-phase molecules measured during this initial time is neous Reactions Involved in HONO Formation.The hetero-
constant and equivalent to the probe depth reached for a samplgyeneous conversion of NGo HONO can occur on wetted-
of mass of 8 mg. In other words, on the time-scale of the SiO, and soot aerosol. Two questions that can be asked, do
measurement of the initial uptake coefficient, N@olecules these reactions contribute to the formation of HONO in the
are diffusing into only a portion of the soot sample estimated global troposphere and do they contribute to NGss. The
to be on the order of one thousand layers. For thin samples, thereaction probability measured for the heterogeneous reaction
time-scale for the observed uptake coefficient to reach its of NO, and HO, according to reaction 19 has been investigated
maximum value is on the order of the residence time (ap- and discussed. According to Saliba et!&this reaction could
proximately 2 s). For a sample mass of 7.7 mg, this time-scale account for 0.9 ppb of HONO over an 8-h period. For the;NO
is slightly longer, on the order of 3.5 s for the molecules to reaction with soot, reaction 21, it has been estimated that it could
diffuse through all of the underlying layers. generate over 10 times more HONO than that due to the
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