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Heterogeneous Reaction of N@ Characterization of Gas-Phase and Adsorbed Products
from the Reaction, 2NOy(g) + H20(a) — HONO(g) + HNO3(a) on Hydrated Silica Particles
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This study provides the first in-situ characterization of the products in the heterogeneous reacti¢g) 2NO
H,O(a)— HONO(g) + HNOs(a). Transmission FT-IR spectroscopy and s spectroscopy were used to

probe the heterogeneous chemistry of gas-phase nitrogen dioxide on hydratedidales. At 298 K, gaseous
nitrogen dioxide reacts with adsorbed water on the surface of @@icles to form adsorbed nitric acid and
gas-phase nitrous acid. FT-IR spectroscopy of the hydrategsBiace following reaction with Ngprovides

definitive identification of the adsorbed nitric acid product. The reaction does not occur when gas-phase
nitrogen dioxide is reacted on dehydrated silica particles. The gas-phase product nitrous acid was detected
with both FT-IR and U\*~vis spectroscopy. Although homogeneous and heterogeneous reactions can contribute
to the observed HONO signal, flow cell measurements can be used to distinguish between heterogeneous and
homogeneous reaction pathways leading to HONO production.

Introduction environmental chambers containing Nénd HO, Sakamaki

et al. and Pitts et al. proposed that reaction 3 provides the best
model of the data for the heterogeneous formation of HONO,
although no HNQ@Qwas directly detecte®l® Therefore, without

Hydroxyl radical is the most important trace species in
atmospheric oxidation mechanis#®While it is clear that Q@
photolysis is the main source of OH radicals in the stratosphere, L .
mechanisms for OH radical formation in the troposphere are full c_haracterlzatlon_ of all of the reactants and products in
still being debated. One source of hydroxyl radical is from the reaction 3, the reaction has been considered somewhat specula-

photodissociation of nitrous acid (HONO), as HONO undergoes five-* The lack of any observable HNGn the gas phase has

photolysis at wavelengths between 330 and 3803 nm. been explained by the suggestion that it sticks to the walls of
the environmental chamber. This suggestion is supported in
HONO + hv — OH + NO (1) some recent experiments in which Hy@as detected via ex

situ measurementg:19

As mineral dust has been proposed to be an important reactive
surface in the global troposphei®®?? we have begun a
comprehensive study to probe potentially important heteroge-
Reous reactions of trace atmospheric gases such asoNO
mineral oxide particle32° In our previous work? it was

Although HONO concentrations up to 14 ppb have been
observed in polluted urban environments, HONO formation is
not well understood® Lee and Schwartz have shown that
reactions 2 and 3 are too slow in the gas and aqueous phases t
be relevant under atmospheric conditiéns.

NO. + NO + H.O — 2HONO ) shown that NQ reacts with dehydrated and hydrated,@d,
2 2 Fe0s, and TiQ particles to form surface nitrite at low NO
2NO, + H,0 — HONO + HNO, 3) exposures and surface nitrate at high N®posure3*—26 Gas-

phase NO is produced in the reaction as well. It is important to

Evidence suggests, however, that these reactions may occur ahote that adsorbed water is not needed for reaction of 8O
a faster rate by a heterogeneous or surface-catalyzed mechareccur on ApOs, F&0s, and TiQ particles.
ism.7~19 In fact, surface reactions may be responsible for as | this study, in-situ spectroscopic probes were used to
much as 95% of all the HONO found in the tropospHeré.A investigate the heterogeneous reaction of gas-phasewit®
recent review article discusses the evidence presented for,aier adsorbed on the surface of Si@articles at 298 K. As
heterogeneous reaction of M@ produce gas-phase HONO in - giscussed below, little reaction occurs between gaseous nitrogen
humid environment3? The reaction proceeds over a wide gjgyide and Si@particles that have been dehydrated. However,
variety of surfaces including those of glass, sodium halides, \o4ction of gas-phase NQuith water adsorbed on the SiO
metals, and metal oxides. articles results in the formation of gas-phase nitrous acid and

Several laboratory studies have reported that heterogeneougurface-bound nitric acid according to reaction 3. This study

HONO formation via reaction 3 is first order in both M@nd shows that spectroscopic techniques that probe the reactive

9-12,18 ) N o o
H20, particle surface can be useful in providing mechanistic informa-
d[HONOJ/dt = KINO,J[H ,0] 4) tion gbout potentially important heterogeneous tropospheric
reactions.
with the rate-limiting step being adsorption of NQUsing In addition, a flow reactor coupled to a quadrupole mass
spectrometer, operated both at pressures above and in the
*To whom correspondence should be addressed. molecular flow regime, was used to investigate contributions
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to HONO production due to homogeneous reaction o N@ the bottom of the sample holder was covered evenly with the
the molecular flow regime there are essentially no collisions silica powder {100 mg). The sample was then pressed down
between gas-phase molecules and, therefore, only heterogeneous form a flat surface within the sample holder. The powdered
reactions can contribute to the production of HONO. At sample was covered by a blank flange attached to a linear
pressures above the molecular flow regime, collisions betweentranslator. The seal between the sample holder and the cover
gas-phase molecules are more likely and thus there is thewas made with a viton O-ring. Prior to each experiment, the
possibility that a homogeneous reaction pathway can contributereactor was passivated by flowing NGhrough for ap-
to the formation of gas-phase HONO. In cases where homo- proximately 90 min. During passivation the Sigarticles were
geneous and heterogeneous chemistry occurred, HONO pro-sealed with the blank flange.
duced from homogeneous reactions could be accounted for. NO, (Matheson, 99.95% purity) was used as supplied.
Distilled H,O (Milli-Q) was degassed prior to use,O (Alfa
Experimental Section Aesar, 99.8% isotopic) was used as supplied. GaseouszsHNO
acid was taken from a 1:3 mixture of concentrated HNID.6%

Commercially available SigXAerosil 200, Degussa) particles HNOs, Mallinckrodt) and HSQx (95.9% HSQy, Mallinckrodt).

were used in this study. The particles are nearly spherical with
an average particle diameter of 20 nm as measured with
transmission electron microscopy and have a surface area oiReS
226 nf/g as measured by BET analysis. For FT-IR measure-  Transmission FT-IR Spectroscopy of SiQ Particles with
ments, Si@ samples were prepared by spraying a water slurry Different Amounts of Adsorbed H,O. Reaction of gaseous
of the oxide powder onto one-half of a tungsten grid (Buckbee NO, on SiQ; particles with varying amounts of adsorbed water
Mears, 100 lines per inch tungsten mesh wire widths of 0.0015 was investigated using transmission FT-IR spectroscopy (vide
and thickness of 0.002. The other half of the tungsten grid  infra). For experiments on samples labeled dehydrated, SiO
was left blank for gas-phase measurements. Approximately 33the particles were heated to 673 K to remove all adsorbed water
mg of SiQ; was sprayed onta 3 cmx 1 cm area of the grid  and some surface hydroxyl groups as determined by FT-IR
giving a sample thickness of0.5 mm. The tungsten grid  spectroscopy. For experiments on samples labeled hydrated
containing the oxide sample was held in place by a set of Ni SjO,, the particles were exposed to at least 10 Torr gddnd
jaws inside of the IR cell. The sample can be resistively heated subsequently evacuated to pressures on the orderofl@ 4
to desired temperatures. Torr. By pumping out the water vapor, the only source of water

The IR cell is made of a stainless steel cube with BaF for reaction 3 is that which is adsorbed on the surface of the
windows and is attached to a gas manifold through a bellows SiO, particles.
hose. The total volume of the IR cell and bellows hose is 400  Representative FT-IR spectra in the spectral region extending
mL. The manifold consists of a turbomolecular pump, absolute from 1300 to 4000 cmt of SiO; particles with varying amounts
pressure transducer (range 0.001 to 10.000 Torr), and a portof adsorbed water on the surface of the particles are shown in
for gas introduction. After the tungsten grid supporting the silica Figure 1. These absorbance spectra were made by referencing
was placed into the IR cell, the system was evacuated from the SiQ spectrum to that of the blank grid. Assignments of the
atmosphere te-10~° Torr. spectral features present in the Si€pectrum are indicated in

The IR cell is mounted on a linear translator inside the FT- Figure 126 Changes in the OH stretching mode region are clearly
IR spectrometer (Mattson Instruments) so that both halves of observed for dehydrated Si@articles, hydrated Siparticles,
the grid can be measured by simply moving the cell through and SiQ particles in the presence of gas-phase water corre-
the IR beam path. Typically, 250 scans were acquired at ansponding to 4% RH. As can be seen in the spectra, there is
instrument resolution of 4 cm. The low-frequency cutoff of  enhanced intensity in the region corresponding to the OH
the SiQ spectra near 1300 crhis due to strong lattice oxide  stretching motion of associated (hydrogen bonded) hydroxyl
absorptions. groups and adsorbed water for the hydrated,$i&rticles and

A UV -—vis spectrometer (PE Lambda 20) was used to for SiO; particles in the presence of gas-phas®©tompared
measure gas-phase spectra in a quartz cuvette with a path lengtto the spectrum of dehydrated SiQarticles. Also shown in
of 1 cm. Transmittance spectra % T/Tp) were recorded, Figure 1 is the spectrum of a deuterated Sgample where
using the evacuated cuvette as the backgrolnand a cuvette  surface hydroxyl groups and adsorbed water were exchanged
containing reactant gases and6 mg of SiQ powder placed with deuterated water.
on the bottom of the cuvette as the samfle, The SiQ particles labeled dehydrated, hydrated, and 4% RH

A flow cell reactor coupled to a quadrupole mass spectrometer correspond to particles with surfaces that have different amounts
(UTI, DetecTorr II) that could be operated at both pressures of adsorbed water. To quantify the coverage of water on these
above and in the molecular flow regime was used to investigate particle surfaces, a calibration was done using the adsorption/
homogeneous and heterogeneous contributions to gas-phasdesorption data of Sneh et al. fop® on a fully hydroxylated
product formation. The mass spectrometer is housed in a vacuunsiO, surface?” In that work, it was determined that at ambient
chamber equipped with a 400 L/s ion pump and an ion gauge temperatures (298 K) the SiGurface would be completely
(both from Varian). The region between the quadrupole mass covered with one layer of adsorbed water at 10% RH. Water
spectrometer and the flow reactor is pumped by a 100 L/s coverages in this study were then determined by assuming that
turbomolecular pump for differential pumping of the mass one layer of water covered the SiQarticle surface at 10%
spectrometer. relative humidity. FT-IR spectra were collected for jgarticles

The flow cell reactor consists of a stainless steel reducing at water pressures corresponding to 10% RH as well as other
cross with a sample holder attached to the bottom flange. Thewater pressures. Water coverages could then be scaled ap-
sample holder and the inside of the cover for the sample were propriately to the 10% RH data. Because the OH stretching
both coated with Halocarbon Wax series 1500 to provide a region contains contributions from associated hydroxyl groups
chemically inert surface. Samples for the Knudsen cell were whose contribution to the band cannot simply be subtracted out,
loaded onto the bottom of the sample holder and spread so thathe scaling factor was determined from a plot of the integrated

ults and Discussion
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Figure 2. Transmission FT-IR spectra of adsorbed products orp SiO
following reaction of gas-phase N©On SiQ. FT-IR spectra of adsorbed
products were recorded in the presence of the gas phase; however, gas-
phase absorptions were subtracted from each of the spectra: (a) FT-IR
spectrum of dehydrated Si@n the presence of N£(663 mTorr); (b)

FT-IR spectrum of hydrated Siin the presence of N&625 mTorr);

(c) FT-IR spectrum of hydrated SjOn the presence of NO(625
mTorr) and gas-phase B (4% RH). (d) FT-IR spectrum of an
authentic sample of HNQadsorbed on hydrated SiO
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Figure 1. Transmission FT-IR spectra of SiQarticles that differ in

H.O (DO) coverages. For samples labeled dehydrated,, Sie TABLE 1: Surface Product Characterization: Vibrational

particles were heated to 673 K to remove all adsorbed water and someAssignment of HNO; Adsorbed on Si0G

surface hydroxyl groups. For samples labeled hydrated,, Si@

: mode gas-phase adsorbebi
particles were exposed to at least 10 Torr ofOHand subsequently -
evacuated to pressures on the order ot L0 Torr. For samples description HNOs (DNO:) HNOs (DNO:)
labeled 4% RH Si@ the particles were in equilibrium with gas-phase v(OH) 355EF(2622) d
water corresponding to a relative humidity of 4%. For samples labeled va(NOy) 1708 (1687) 1677 (1632)
deuterated Sig) the hydroxyl groups and adsorbed water were 6(OH) 1331 (1014) 1399 (n 9.
exchanged with BD. v(NOy) 1325 (1308) 1315 (1320)

t(NOy) 879 (888) n.o.

area of the water bending mode (1624 &n Although the Z)((,L\lgf) g% ((éii)) rr]]'.g'_
bending mode region also contains $l&ltice overtone modes, o(NO,) 579 (541) n.o.
these can be subtracted out using a dehydrated §i€ctrum 7(HONO) 456 (342) n.o.

as these modes are not affectgd by.the presence of water on the ap10de description (Shimanouchi, 1977)This work. ¢ Frequencies
surface of the particle. Using this calibration procedure, the SiO i, ¢, ¢ Due to hydrogen bonding interactions between adsorbed nitric
particles labeled dehydrated, hydrated, and 4% RH were acid and water, the OH (OD) stretching region was quite broad and
determined to have water coverages<d3.01, 0.08, and 0.6 not easily assigned to a single band (see text for further discussion).
monolayers, respectively. ©n.o. = not observed, below SiQattice absorptions.

Transmission FT-IR Spectroscopy and UV-Vis Spectro-

scopy of Surface Reactions of N® on Si0. In these ot aqsorhed water, absorption bands appear in the silica spectrum

experiments, a "”OW." pressure of N@as admitted into the at 1677, 1399, and 1315 crh(Figure 2b). As discussed below,
IR cell containing SiQ particles. When the gas reached an ) L
o . these bands can be assigned to the vibrational modes of adsorbed

equilibrium pressure, two spectra were recorded; one of the gas ; -
phase and the other of the surface in the presence of the gas'._'NOS' In the presence of ggs-phase we_tter ata rgla_tlve hu_m|d|ty
Absorbance spectra of surface species only were first obtained(RH) 0f 4%, the bands assigned to Hhli@crease in intensity,
by referen(:lng a S|@Samp|e Spectrum after react|on to a ’5_5'0 and an Increase In IntenSIty Of the bendlng mOde Of adsorbed
spectrum prior to reaction. This gave a spectrum that showedwater at 1624 cm* (Figure 2c) is also observed. The assignment
changes that occur to the silica surface and the gas phase afteof the bands to adsorbed HN@ confirmed by the spectrum
reaction. Gas-phase absorption bands measured through thef an authentic sample of HN@dsorbed on Sig(Figure 1d).
blank grid that contained no SjCcould then be spectrally  The three bands in the spectrum can be assigned(O,),
subtracted in order to obtain a spectrum of surface species only.1677 cnt; §(OH), 1399 cn’; andv{NO5), 1315 cnt! modes

Upon exposure of dehydrated Si@ NO,, two weak bands  f adsorbed HN@(Table 1). As seen in Table 1, these bands

with frequencies of 1653 and 1572 C_i‘ﬂappear in the Si® are shifted by 1668 cnt from the gas-phase HNGrequen-
spectra (Figure 2a). These bands are in the expected region forcies?s but compare well to the infrared spectrum of HNI@

oxide-coordinated surface nitrate. Similar, but much more . ) ) }
intense, bands are observed whenN@cts with metal oxides highly concentrated aqueous solution which has absorptions at
: 1670 and 1300 cmi that are assigned to the(NO,) and

such as AJOs; and TiQ to form surface nitraté3=25 The ° ) z
intensity of these bands are quite weak in the Sipectrum  vs(NO2) modes, respective?. The OH stretching region (not
and show that formation of oxide-coordinated nitrate occurs Shown) is complicated and showed an intense broad absorption
much less readily on SiOas compared to AD; and TiO. band extending from 3700 to as low as 2700 énThis broad
When NQ is added to the infrared cell containing hydrated band is most likely due to hydrogen bonding interaction between
silica with a surface coverage of approximately 0.08 monolayers HNO3; and HO. Further studies are currently underway to more
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Heterogencous Reaction of NO, on Hydrated SiO,
to form Adsorbed Nitric Acid
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Figure 3. (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 3.417
Torr). (b) FT-IR spectrum recorded following reaction of NQ.318
Torr) on SiQ in which adsorbed kD had been exchanged with©.

clearly understand the adsorption of HNGn hydrated Si@
and other hydrated oxide patrticles.

The reaction of N@on hydrated Si@was investigated as a
function of NG, pressure (Figure 3a). Npressures ranged
from 58 mTorr to 3.4 Torr. At the lower pressures, absorptions
at 1677, 1399, and 1315 crhdue to adsorbed HN§row as

the pressure increases. At the higher pressures, bands at 174

and 1265 cm! are apparent in the spectrum and are assigned
to the asymmetric and symmetric stretch, respectively, of the
NO, dimer, NNO4. The symmetric stretch of XD, at 1265 cnt

is not shown in Figure 3a because this band coincides with the
steep background in this region due to gli&itice absorptions.

At equilibrium, the NO4/NO; ratio is 5% at 3.4 Torr and the
frequencies of the vibrational modes of adsorbe®Nbands

Goodman et al.
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Figure 4. (a) FT-IR spectrum of the gas phase after reaction of NO
(3.404 Torr) with hydrated Si©in the presence of ¥ vapor (24%
RH). (b) FT-IR spectrum of gas-phase® (c) Difference spectrum
(a— b) to remove HO bands from spectrum a is shown. Absorptions
due totransHONO, NG, and NO are present in the spectrum (3591,
1703, and 1264 cm, HONO; 1617 cm?, NO,; 1876 cml, NO).

(vide supra), these bands can be assigned to the formation of
small amounts of oxide-coordinated surface niffate the silica
aarticle.

According to reaction 3, the production of gas-phase HONO
is also expected from the heterogeneous reaction of diO
hydrated SiQ@ particles. The gas-phase spectrum obtained by
reacting NQ on hydrated Si@followed by the addition of gas-
phase water at a relative humidity (RH) of 24% is shown in
Figure 4a. Because absorption bands of water overlap the region
where HONO bands are expected, a water spectrum, as shown
in Figure 4b, was subtracted from the spectrum shown in Figure

are in close agreement to the gas-phase values of 1758 and 1264, |n the difference spectrum, Figure 4c, bands at 3591, 1703,
cm 130 Therefore, it is reasonable to assign these bands at 1744504 1264 cm® became apparent. On the basis of literature

and 1265 cm? to adsorbed pDs.

In another experiment done to confirm that gas-phase NO
reacts with surface adsorbed water, N@as reacted on a SiO
sample in which surface hydroxyls and adsorbed water were
exchanged with BO. FT-IR spectroscopy was used to monitor
the depletion of the OH and @ absorptions (32663600 cnt?)
concurrent with the growth of OD and,D absorptions (2400
2750 cn1?) during the exchange process. The infrared spectrum
recorded after Si@particles with adsorbed J® were exposed
to NO; is shown in Figure 3b. Only two bands were apparent
in the spectrum, these two bands are assigned to{NO,)
mode at 1632 cmt andvs(NO,) mode at 1320 crt of adsorbed
DNOs. As expected, these two modes shifted only slightly in
frequency from HNQ, whereas the frequency of the bending
mode,d(OD), of DNG; is significantly shifted from the 1399
cm1 6(OH) mode of HNQ.28 On the basis of the isotope effect,
the frequency of the ©D bending mode is expected to be near
990 cnt! but is not observed because of strong Siéitice
absorptions below 1300 crh (see Table 1). Thus, the infrared

data clearly demonstrate that in the presence of gas-phase NO

water adsorbed on the silica particles can react to form adsorbe
HNO:s.

The FT-IR spectra shown for surface-bound species were

assignments, the bands at 3591, 1703, and 1264' are
assigned to the(OH), »(N=0), andd(HON) modes, respec-
tively, of gas-phaséransHONO3! In these experiments, NO

is also present in the spectrum at 1876 énBakamaki et al.

and Pitts et al. also reported NO production and suggested that
NO may come from wall reactions of HON%. In other
experiments, we have observed some NO production from wall
reactions of NQ@ as well.

Further evidence for the formation of gas-phase HONO in
the presence of hydrated SiQs presented in Figure 5.
Transmission UV-vis spectroscopy was used to further cor-
roborate the FT-IR results for HONO formation because HONO
absorbs strongly in the UV between 310 and 390'Aithough
NO; absorbs in the same region as HONO, the HONO features
can be easily discerned. The two spectra shown in Figure 5
were obtained by reacting NGand HO in a quartz cuvette
that did not contain Si@and in a quartz cuvette containing
approximately 16 mg of Si© Absorptions due to HONO are
seen in both cases; however, in the case whereg iSifresent,
there is significantly more HONO produced. Without the silica

resent, reaction 3 is most likely catalyzed by the walls of the

uvette. However, as discussed below, there may also be
contributions from homogeneous gas-phase reactions to HONO
formation.

recorded in the presence of the gas phase. Upon evacuation of Flow Cell Measurements of the NQ + H,O Reaction.

the gas-phase, however, the FT-IR spectrum shows thatHNO
slowly desorbs from the surface. However, the two weak bands
at 1653 and 1572 cm remain in the spectrum, as discussed

Flow cell measurements provided additional insight into the
reaction of NQ and HO. In these experiments, gas-phase
pressures of reactants were measured with an absolute pressure
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Figure 5. UV—uvis spectra following reaction of N&and HO shows
absorptions due to gas-phase HONO. The wall-catalyzed spectrum was
obtained by reacting N£X3.0 Torr) with HO (10.0 Torr). The silica

+ wall catalyzed spectrum was obtained by reacting. N®©0 Torr)

with H,O (10.0 Torr) in the presence of 16 mg of hydrated SiO

transducer that could read down tox11078 Torr. The SiQ
particles were covered with a lid while a steady-state flow of
NO; through a 0.0204 cfaperture to the mass spectrometer 0 1000 2000 3000 4000
was established. With this experimental arrangement, the escape Ti
; . ime (s)
rate constantkes, for a gas of molecular weighl, is equal to
3.2 x 10714 kg2 s71 [M] Y2 Once steady-state flow was Figure 6. Flow cell reactor mass spectral data for reaction oLNO
reached, the lid was then opened to expose the particles to théhe absence of Sitparticles. In these experiments, steady-state flow
gas. The design of the flow cell is such that the volume of the f NO2 of ~1 x 10 molecules s' was established. Water was then
. N . . introduced into the flow cell at various pressures. The flow, corre-
cell changes very little,<0.5%, when the Sipparticles are sponding to a total pressurg, in the reactor is plotted in the figure
exposed. Therefore, no volume corrections need to be made tOyng is approximated to be the sum of N&hd HO in the reactor. The
the data. molecular flow regime, where there are no gas-phase collisions, is below
Flow cell measurements were first carried out in the absence 1.2 x 10" molecules s'. The water flow varied from % 10'to 3 x
of SiO, particles. In this case, the stainless steel walls of the 10 molecules s; that ifs, conditions in the reactor were above and in
reactor provided a surface for heterogeneous chemistry. Initially, "€ molecular flow regime. Gas-phase products, H@d HONO,
5 1 were detected and show contributions from both homogeneous and
a steady-state flqw of NEof ~1 x 10t mOIeC_L“eS Stwas _es' heterogeneous reaction pathways (see text for details).
tablished (see Figure 6). Water was then introduced into the
reactor at various pressures. The total pressure in the reactor isuggest that gas-phase HMN® produced from a homogeneous
the sum of the partial pressures of reactants and products whichreaction and that heterogeneous and homogeneous reactions
can be approximated to be the sum of the,N@d HO pres- contribute to HONO formation in the gas phase. Alternatively,
sures. Therefore, the total pressure in the reactor is predomi-gas-phase HN®may be due to desorption from the walls as
nantly due to gas-phase water, and the flow of water varied the wall surface saturates with HN@t the higher pressures
from 7 x 10 to 3 x 10'® molecules st. The molecular flow and thus higher reaction rates.
regime, where gas-phase collisions are negligible is indicated Flow cell measurements were then carried out on,SiO
in the figure. Thus, conditions in the flow cell varied such that particles that contained different amounts of adsorbed water.
both heterogeneous and homogeneous chemistry could occusSiO, particles evacuated overnight to a pressurecbfx 1076
for conditions above the molecular flow regime, whereas only Torr (labeled dehydrated SiDshowed no measurable loss of
heterogeneous chemistry dominates in the molecular flow NO, from the gas phase, as seen in Figure 7.,J@rticles
regime. evacuated for shorter periods of time did show a measurable
Gas-phase product formati&#® shows contributions from  amount of NQ uptake. Data are presented in Figure 7 for SiO
both homogeneous and heterogeneous reaction pathways. It caparticles that were exposed to 10 Torr of water at 298 K
be seen from the data presented in Figure 6 that gas-phasdollowed by evacuation for 20 min. There was a decrease in
HONO is produced under all conditions, i.e., when the pressure NO, flow rate and reaction on hydrated SiQarticles when
in the reactor is both above and in the molecular flow regime. the lid was open. There is an initial spike in the Ni@w rate,
In contrast, gas-phase HN@ only produced when the total  but then the flow rate approaches the steady-state value. The
pressure is above the molecular flow regime. The two double- lid was closed again for 300 s, and subsequently the oxide
headed arrows in Figure 6 point to conditions in the reactor particles were exposed. The second time the lid was open there
corresponding to the molecular flow regime. It can be seen thatwas less of a decrease in the N€ignal.
gas-phase HONO is produced under these conditions, whereas The HO flow rate for the two Si@samples, dehydrated and
gas-phase HN@is not. These data show that gas-phase HONO hydrated, is also shown in Figure 7. TheHsignal increases
is formed from heterogeneous reaction of Nédd HO on the when the lid is open, indicating that water is outgassing from
stainless steel walls of the reactor whereas HNE@mains the SiQ sample. There are several points that can be made
adsorbed on the walls, in agreement with the FT-IR data concerning the KD desorption from the SiOsamples. First,
presented here. At pressures above the molecular flow regimethe amount of water coming from the SiGample labeled
both gas-phase HONO and HN@re produced. These data dehydrated is a factor of 100 times less than the,Si@nple

© 5000
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5.4 1016 2.0 1018 of mo_lecules reacted. _Because the pressure is h_igh in th@_SiO
o (s experiments, i.e., outside the molecular flow regime, contribu-
d . .
5.2 101 tions due to homoge_neo_us cherr_nstry have been _subtracted from
_ < 15 1018 = the data presented in Figure 8 in order to quantify the amount
Tg) 5.0 10 —— hydrated $i0, particles s of HONO produced dug to .hetgrogeneous chemlstry. The
E | e amount of NQ reacted, given in Figure 8, was obtglned from
Sagiolel 0 U dehydrated Si0, particles " the raw data presented in Figure 7 after subtraction of losses
E [1.010% due to homogeneous chemistry. The amount of HONO formed
g 46 1016' b % is a factor of 2 less than the amount of Nf@acted (HONO/
& 1 £ NO, = 2.0) and is consisted with the stoichiometry of reaction
S 44109 (501078 3.
Atmospheric Relevance Heterogeneous reactions of atmo-
42 10'9— spheric gases on solid particles play an important role in
I 0.0 atmospheric chemistd#3 The role of surface adsorbed water
4.0 10t]_L Open_ .[ I ! O } I in these reactions is important to our understanding of hetero-
0 200 400 600 800 1000 1200 geneous reaction mechanisms. For example, the chlorine activa-
Time (s) tion reaction, CION@ + HCI — HNOs + Cl,, on the surface
Figure 7. Flow cell reactor mass spectral data for reaction ohN® of a-Al,O3 particles has been proposed to have a relatively high
SiO,. The flow rate in molecules per second is shown for two gas- reaction probability of 0.02 because of a liquid water layer on
phase molecules, Ndscale for NQ flow is shown on they-axis on the a-Al,Os particles?” Similarly the heterogeneous reaction

the left) and HO (scale for HO flow is shown on they-axis on the
right), during reaction on dehydrated and hydrated,S& time t =
100 s, the sample holder is opened and there is a drop in thdldi®

of HNO3; on dried NaCl and synthetic sea salt involves the
dissolution of HNQ in strongly adsorbed water, which is present

rate as NQ reacts on the surface of hydrated Siparticles (i.e., at d.efect sites and as salt hydrates on the surface of these
particles exposed to 1_0 Tor_rze oyernight and evacuated for 20 min) particles383°
but not dehydrated Siparticles (i.e., particles evacuated overnight). In this study, we have demonstrated that surface adsorbed

The sample holder is then closed and the Nf@nal returns to its ; ; ; .
baseline value. The process of exposing the surface toNd© repeated water present on Siparticles can react in the presence of gas

once again. The plot also shows that there is a significant amount of phase NQto yield surface-bound HN¢and gas-phase HONO

water outgassing from the hydrated but not the dehydrated sample. according to reaction 3. Although the pressures used in this study
are higher than those found in atmospheric environments, these

110! studies clearly demonstrate that adsorbed water can participate
Gas Phase HONO Produced in surface reactions and that adsorbed water is not just a medium
from Heterogeneous Reaction for the adsorption and reaction of ionic species. This reaction

810%1 of NO, on Hydrated Silica can potentially occur on any particle surface containing surface-

= adsorbed water. Mineral dust particles in the atmosphere
%’ 6 1014_' especially mineral oxide particles should have adsorbed water
E T Integrated Areas on the surface of these particles under atmospheric conditions
= ] NO,= 2.0x10" molecules and can therefore provide a reactive surface for HONO
é 4104 HONO = 1.0x10" molecules formation.

E An important issue is whether HONO formation by hetero-
= T geneous reactions of NOand adsorbed water sufficiently

2104 contributes to HONO concentrations found in the atmosphere.

1 The reaction probability of the heterogeneous reaction of NO
OQW‘ . and HO has been previously investigated and discussed. It has
i pen |

Open | M0 Open j 11T been concluded that the mass accommodation coefficient is the
0 200 400 600 800 1000 1200 1400 rate-limiting parameter for NQuptake. The uptake coefficient

Time (s) of NO, reacting with sulfuric acid aerosols and thin films of

6 5
Figure 8. Flow cell reactor mass spectral data for HONO production water were ;neas_ured to be neab<7_1_0 and <1 x 10—4;'
due to heterogeneous reaction of Néh hydrated Si@ The flow rate respectively:” A higher uptake coefficient for NPnear 10

is shown for two gas-phase product molecules, HONO and Hige has been measured on water dropféts.

total amount of NQre;acted and HONO.produced from heterogenepus Other studies showed that significant amounts of HONO

reaction was determined, after correcting for homogeneous_ ch(_emlstry,formed from heterogeneous reactions of N@th soi*! and

rom the negrate fow e o NGusing e dataresented n LIS gl Croplerds However, Lammel and Cape have concluded

that the heterogeneous rate of reaction 3 is not fast enough to

labeled hydrated. Second, the amount of adsorbed water on theexplain the highest observed rates of HONO productfon.

hydrated sample significantly decreases as the water outgasseslowever, a faster reaction has been observed for the hetero-

from the sample. Third, there is a concomitant decrease in thegeneous reaction of Nn soot particle43-4® The reaction of

NO- uptake with the decrease in the amount of adsorbgd. H  NO, on different types of soot particles has been determined.
The flow rate of HONO produced in the reaction is plotted Reaction probabilities from each study were determined to be

in Figure 8 as a function of the reaction time. The data in Figure between 1.1x 1072 and 3.3x 10743 and 0.12 to 0.03% It

8 show that HONO is immediately produced when the sample should be noted that a full characterization of the products has

is exposed to N@ The amount of HONO decreases as the;NO  not been made, and there is some question as to the mechanism

uptake decreases. HN® also observed in the gas phase; this of the soot reaction. However, a reaction is proposed that

is indicative of homogeneous chemistry. The integrated areasinvolves the production of gas-phase HONO as the sole product,

of the molecular flow of NQand HONO give the total number i.e.,




Heterogeneous Reaction of NO
NO,(g) + H(a) ~ HONO(9) ®)

indicating that the mechanism is different from the reaction
studied here.

Conclusions
Although mechanisms for HONO formation in the tropo-
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catalyzed reaction of N£Ois thought to be an important if not
dominant source of HONO. Previous to this study, a full in
situ characterization of the products of the reaction, 20§D
+ H,O(a) — HONO(g) + HNOs(a), had not been made. In

this study, we have presented spectroscopic data that showg

reaction between Nfand water adsorbed on a SiQarticle
surface yields surface-bound HN@nd gas-phase HONO. This

is the first direct evidence for the surface reaction between gas-
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