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Heterogeneous Reaction of Nitric Acid with Nitric Oxide on Glass Surfaces under
Simulated Atmospheric Conditions
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The heterogeneous reaction of nitric acid (H)\@ith nitric oxide (NO) on borosilicate glass surfaces was
studied in a flow system at relative humidity levels in the range @3%. Reactant concentrations were kept
closer to ambient atmospheric levels as compared to all previous studies of this reaction. Within experimental
error, no formation of the proposed reaction products nitrous acid (HONQO) and nitrogen dioxigewB
observed. Upper limits of the reactive uptake coefficients of NO on borosilicate glass surfaces, covered with
~1 monolayer of HNG, were determinedy(NO—HONO) < 4.0 x 10 andy(NO—NQO,) < 2.5 x 107°.

These values are significantly lower than previously reported values, which were determined at higher reactant
concentrations. Results obtained upon investigation of the secondary heterogeneous reaction of the proposed
product HONO with HNQ under identical experimental conditions show that HONO should be observed in
the study of the reaction HNOt+ NO, if it is formed. Thus, the obtained upper limi{NO—HONO) is
representative for the reaction HY& NO — HONO + NO,. Under the assumption that the glass surfaces,
typically used in laboratory studies of this reaction, are representative for environmental surfaces, the latter
reaction is unimportant for atmospheric HONO formation and for a “renoxification” of the atmosphere.

1. Introduction From recent laboratory studies, the heterogeneous reaction

. . . . of HNO3 with NO
Heterogeneous reactions of nitrogen oxides play an important

role in atmospheric chemistry. For example, the heterogeneous HNO,(ads)+ NO(g)— HONO + NO, )
hydrolysis of NOs is a significant sink of NQin both the
stratosphereand troposphere strongly affecting ozone con- was proposed as a source of HONO in the atmosphéfdn

centration and acid rain formation, respectively. Another ,qgition, it was suggested that reaction 2 followed by reaction
example is the heterogeneous reaction ob®humid surfaces 5

2NQ, + H,O —~ HONG+ HNO;, (1) HNO,(ads)+ HONO(ads)~ H,O0 + 2NO,  (3)

which is proposed to be an important source of nitrous acid is of importance for a “renoxification” of the boundary layé#>
(HONO), in both laboratory systems and the atmospFfetén Reaction 2 has been the subject of several other stétii#st
several recent studies it was demonstrated that the photolysisvas reported that the reaction rate is proportional to the FINO
of HONO can contribute significantly to OH radical formation and NO concentration and to the surface-to-volume ratio,
during daytime-®-13 demonstrating the heterogeneous nature of the reaction. How-
The sources of nitrous acid in the atmosphere are still not ever, it was also shown that the kinetics of reaction 2 is more
completely understood. In addition to direct emissiah, complicated than the stoichiometry implies. For example, in the
heterogeneous pathways are most probably responsible fordetailed study of Smif¥ the author concluded that the reaction
HONO formation in the atmosphere. Besides HONO formation is autocatalytic in N@ In addition, a positive water vapor
by reaction 1, other heterogeneous pathways have been prodependence and a negative temperature dependence in the range
posed. For example, it has been suggested that HONO is formed273—-303 K was observed. A water vapor dependence of
by the heterogeneous conversion of Nfh soot surface¥:16 reaction 2 was also recently reported by Saliba &t atho
However, recent studies demonstrated that this noncatalyticconcluded that the reaction rate reached a maximum at
reaction cannot explain current HONO levels in the atmo- intermediate humidity levels corresponding to a surface water
spheret”280n the basis of correlation studies, it was proposed coverage of approximately three monolayers.
that the heterogeneous reaction of NO and,N&@ N,Os) on In all studies reported up to now, reaction 2 was investigated
humid surfaces explains atmospheric HONO formatfon. at NQ, concentrations, which were orders of magnitude higher
However, field studie®-2! and a laboratory investigation in  than those prevailing in the atmosphere. In addition, most studies
which the reaction was studied under humidity levels angg NO on reaction 2 were carried out at low relative humidity (RH).
concentrations prevailing in the atmosphéiedicate that this Due to the complex reaction kinetics, an extrapolation of these

reaction is unimportant. results to atmospheric conditions is highly uncertain.
In the present study, reaction 2 was investigated in a flow
*To whom correspondence should be addressed. Fel9-202-439- system in the presence of atmospheric relative humidity levels
3534. Fax: +49-202-439-2505. E-mail: kleffman@uni-wuppertal.de. and NQ concentrations that were much lower compared to all
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Figure 1. Experimental setup for investigation of reactions 2 and 3 and the adsorption of biN@lass surfaces.

studies reported so far. In addition, reaction 3 was studied usingof Taira and Kand& was modified by mixing diluted solutions
the same experimental setup to determine whether HONO, oneof sodium nitrite and KSOy in the temperature controlled

of the products of reaction 2, can be observed under the
experimental conditions or is rapidly converted to NO

2. Experimental Section

Reaction 2 was investigated in a flow system, which is
schematically shown in Figure 1. A calibrated mixture of NO
in N2 (Messer Griesheim, 80 pprflow meter: Tylan 6-30
mL/min) was diluted with synthetic air (flow controller: Brooks
0—500 mL/min) to achieve mixing ratios in the range 918
ppmV. The mixture was humidified (2186% RH) with
ultrapure water (Milli Pore) in a temperature controlled stripping
coil, which also removed impurities of nitrous acid (HONO)
from the NO mixture. The humidity was calculated under the
assumption that the gas phase was saturated at the temperatu
of the stripping coil. Errors of the relative humidity were
estimated from the accuracy of the temperature measuremen
to be <2%. Nitric acid (HNQ) was generated by bubbling a
small flow of synthetic air (flow controller: Brooks-010 mL/
min) through a mixture containing 1% vol HN@65%) in Hy-
SO, (70%). The impurities N@and HONO were found to be
<0.1% after the HN@ source was allowed to run for a day.
NO and HNQ were mixed in a PFA T-piece leading to a final
HNO; mixing ratio of ~600 ppbV at a total standard gas flow
rate of 406-450 mL/min T = 298 K, p = 760 Torr).

The PFA T-piece was directly attached to a glass caoil
(borosilicate glasd,= 160 cm, 0.2 cmi.d., S/¥ 19.6 cn1?),

stripping coil (see Figure 1). The HONO purity was higher
compared to that from a bubbler system similar to that reported
by Taira and Kand& which was also used earlier in our
laboratory. In addition, with the modified setup, the HONO
concentration could be varied much faster with a response time
(10—90%) of about~2 min, as a result of the higher liquid-
phase exchange rate of the HONO source. All liquid flows
within the two stripping coils were adjusted by peristaltic pumps
(Ismatec, Reglo 4).

The nitrite and nitrate concentrations in the effluent of the
second stripping coil were measured by ion chromatography
(Shimadzu, Model 6a) using UV detectionfat 209 nm after
preconcentration on a Dionex TAC LP1 column. The concentra-
H'aons of HONO and HN@were calculated using the measured
nitrite and nitrate concentrations and the measured liquid and
gas flow rates. The errors of the HONO and HN®@ncentra-
tions were calculated from the accuracy of the nitrite and nitrate
measurements and the errors of the liquid and gas flow rate
determination.

In contrast to HONO and HN$)the concentrations of NO
and NQ were found to be almost unaffected by the stripping
coils, due to the much lower solubilities and low reactivities of
these compounds. Accordingly, the Bl@oncentration was
measured downstream of the second stripping coil by a Luminol
NOy monitor (Unisearch, LMA-3D). The instrument was
calibrated at N@ mixing ratios of G-20 ppbV during blank

which was used as the reactive surface. It was cleaned prior to€XPeriments under the same conditions, i.e., [NO] and RH, as
each experiment. The glass coil was connected to a second" the experiments with HNO+ NO. NO, was obtained from

stripping coil in which soluble compounds, e.g., HONO and
HNOs;, were removed by ultrapure water. The sampling ef-
ficiencies of the stripping coil for HONO and HNOmeasured

by an additional stripping coil, were found to b€97% and
>99.9%, respectively, under the experimental conditions ap-
plied. For the investigation of reaction 3 also a different
borosilicate glass coil &58 cm, 0.2 cm i.d., S/\=20.0 cnm?)

and a borosilicate glass flow tubky{ = 65 cm, 1.7 cm i.d.)
with a much lower surface-to-volume ratio of 0.72 ©m

Messer Griesheim as a 2.09 ppmV premix-gas balanced with
N2. The error of the N@ concentration was calculated from
the accuracy of the Ngxalibration mixture, specified by Messer
Griesheim, and the statistical errors of the calibration curve.
For studying reaction 2 the glass coil was first flushed with
HNO; mixtures overnight. After determining the concentrations
of HNOs and the upper limits for the impurities of HONO and
NO, in the HNG; mixtures, different amounts of NO were
added. Because the NO contained about 0.5% N@all

including the transfer line to the second stripping coil, were amounts of HONO were formed by reaction 1 in the flow system
employed. For the generation of HONO, a source similar to behind the humidifier and in the second stripping coil. Accord-
that reported by Taira and Karidavas used. The HONO source ingly, the signals for HONO and NQwere also measured for
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5.0E+14 TABLE 1: Summary of Experimental Conditions and
1155210 ppbV Results for the Investigation of Reaction 3
4.0E+14 || #0600£100 ppbV i RH HNO; HONO ANO; 10K(3)het
= R22 20 ey (%) (ppbV)  (ppbV)  (ppbV)  (cmPstcm)
ﬁ 3.0E+14 ? 25.3 700 50 31 15.8-3.3
3 I 253 690 170 102 151238
& 2 OE+14 25.3 650 315 17.9 158 2.7
o i 33.9 1000 20 1.3 10.2 3.3
z 33.9 1020 58 4.1 11.F24
1.0E+14 33.9 1020 195 13.8 118 2.1
33.9 1045 385 25.2 10#1.8
Rioe o 49.3 735 87 25 6.217
' 0 20 40 60 80 100 49.3 740 290 10.0 7% 1.6
RH?** [%] 49.3 750 570 15.3 6.1 1.2
52.8* 2360 270 9.7 712
Figure 2. Adsorption of HNQ on the glass coil surface as a function 52.8 2410 270 27.2 721.0
of relative humidity T = 296 + 1 K). 52.8 2330 28 2.6 7814
53.9 630 595 13.5 6.6 1.3
pure humidified NO mixtures at the same NO mixing ratios as gg'g gég 38%) é'g g'i iz
in the experiments with HN§ for Whi;h the PFA T-piece with 54.9 150 97 0.5 6.4 37
the HNG; source and the glass coil were removed from the 549 160 315 1.6 5322
flow system. The amount of HONO and M@rmed by reaction 54.9 160 620 3.3 5420
2 was calculated after subtraction of the signals of the pure NO  57.2" 285 28 11 6.5+ 2.1
mixtures. The errors of the formed HONO and N@ere 57'2** 290 84 3.0 5811
Iculated from the errors of the HONO and Neédncentrations 272 295 280 101 >&09
ca _ _ _ 57.2% 305 550 19.7 5.6: 0.8
of both the reaction mixture and the pure NO mixture. 78.4 715 120 1.5 2910
In separate experiments, reaction 3 was also studied using 78.4 720 390 4.8 2907
the setup shown in Figure 1 with HONO and HMN®ixing 8. 730 770 7.6 2306
ratios in the range 306770 and 156-2400 ppbV, respectively. aRelative humidity (RH), initial HN@ and HONO mixing ratios,

In addition, the relative humidity was varied between 25 and amount of_l_\leormed, an_d heterogeneous rate constant for reaction 3
78%. The rate constant of reaction 3 was calculated from the in @ borosilicate glass coil € 160 cm, S/V=19.6 ¢, trn = 0.62
NO, formed after subtraction of the blank signal, when the glass S 1 = 296+ 1 K). (*): length of the glass coil: 58 cm (S/¥ 20.0

- cml tyn = 0.22 5, T = 296 + 1 K); (**): flow tube (Ixn = 65 cm,
coil was removed from the system. The error of the rate constantc,, 1 _ _

, SIV = 0.72 cnT?, tyn = 61 5, T = 295 + 1 K).

was calculated from the accuracy of the concentrations of
HONO, HNG; and NG and the errors ofn and S/V; see eq The adsorption was also studied for different HN®@ixing
. To demonstrate that reaction 3 is a heterogeneous processyatios at~50% RH. Upon increasing the HNOnixing ratio
the surface-to-volume ratio of the reactive surface was changedfrom 145 to 2250 ppbV, the amount of adsorbed HNO
by a factor of~30 by using a flow tube with a larger inner increased only by a factor of 2 (cf. Figure 2).
diameter made of the same type of glass as used before. In summary, for the experimental conditions applied in the

In additional experiments, the amount of Hy&lsorbed on study of reactions 2 ah3 a surface coverage of HNOf ~1

the glass coil was measured by ion chromatography at differentmonolayer was determined.

humidities (0.5-83% RH) and different HN@mixing ratios 3.2. Investigation of Reaction 3In several previous studies

(145-2250 ppbV) by flushing the coil several times with it was concluded that only small steady-state concentrations of

ultrapure water. HONO were observed for reaction 2 due to the much faster
secondary reaction 3 leading to N&s the final product?—2530

3. Results and Discussion To examine whether the small upper limit for HONO formation

by reaction 2 (see section 3.3) was influenced by secondary
3.1. HNO; Adsorption on the Glass Coil.Because reactions  chemistry, reaction 3 was also investigated. Because reaction 3
2 and 3 are proposed to be heterogeneous processes, the amouwias found to be heterogeneous and thus dependent on the
of HNOs adsorbed on the surface is of potential importance for surface propertie¥,the same experimental setup as for the study
a mechanistic interpretation of the reactions. For this reason, of reaction 2 was used.

the adsorption of HN@was studied for the same glass coil, During the experiments significant amounts of N®ere
which was used for studying reactions 2 and 3 for different formed (see Table 1). The rate of N@rmation increased
humidities and HN@ concentrations. linearly with the HONO and the HN§concentration as well
With ~600 ppbV HNQ present at relative humidity levels —as with the surface-to-volume ratio (S/V), which is in good
of 0.5-78% a surface coverage of(2—3) x 10" cm 2 was agreement with the study of Kaiser and Wurhus, for the

determined, which corresponds to approximately one monolayerdata evaluation, reaction 3 was treated as a second-order surface
of HNO; on the surfacé® Under these conditions the amount reaction. The rate constak{3).e: was calculated using eq |

of HNO; adsorbed on the surface does not significantly depend

on the relative humidity in the range 6:80% (cf. Figure 2). 3 = 1 [HNOgJ{HONO], 1 1

Only for higher relative humidities was an increase of the surface (Shet [HNO,], — [HONO], ""[H,\|03]O[|_|O,\|o]t t., SIV
coverage observed, which is readily explained using the results (
reported by Saliba et &".The authors demonstrated that below

~50% RH HNQ remains undissociated on the surface and The measured concentrations [H&and [HONO}, which
ionizes at higher relative humidity levels, leading to the observed were determined during the blank experiments when the glass
higher adsorption. coil was removed, were not used here, because the changes
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2.0E-16 0.20
© glass coil S/V = 20 cm”
O flowtube S/V = 0.7 cm’' 0.15
= 1.5E-16
E £ 0.10
:u & 0.05
E 1.0E-16 Q-
F g
B T 0.00
s
* S5.0E-17 -0.05 @ NO (blank)
W HNO,+NO
K(3)net = 3.39x107" x exp(-0.0319 x RH) -0.10
0.0E+00 0 1000 2000 3000 4000 5000 6000
0 20 40 60 80 100 NO [ppbV]
RH [%] Figure 4. Typical plot of the HONO mixing ratio as a function of the
Figure 3. Humidity dependence of the heterogeneous rate constant NO mixing ratio for pure NO (blank) and for reacting HN@ NO
k3het (T = 296 + 1 K). mixtures. ([HNQ] = 750 ppbV, RH= 30%, T = 298 £+ 1 K).
caused by reaction 3 were smaller than the precision of the 028 2
HNO3; and HONO measurements. The values of the initial 0.20 4
concentrations [HNg)o and [HONOJ}, were calculated from the S 015 .
measured concentrations [HN@and [HONO], after reaction 2 - g
time tixn in the glass coil, and from the amount of Nfdrmed % 0.10 . 2 B
at txn, taking into account the stoichiometry of reaction 3. In g Bl ;8
Table 1, all experimental results for reaction 3 are summarized. % ' . e e 5
Within experimental error the rate constant of reaction 3 is T 000 0=
independent of the concentrations of HONO and HN@d of 0,05 ¢ HONO 4
the surface-to-volume ratio at constant humidity. In contrast, m NO2
for increasing relative humidity a significant decrease of the -0.10 2

0 1000 2000 3000 4000 5000 6000
NO [ppbV]

Figure 5. HONO and NQ mixing ratios in the reaction HN9O+ NO
296+1K _ —16 = —2 corrected for the blank signals of pure NO as a function of the NO
K(3het =3.39x 10 "exp(=3.19x 10 "RH) mixing ratio. (HNQj = 750 ppbV, RH= 30%, T = 298 + 1 K).

(cm®s tcm) (1)

rate constark(3)netWas observed (cf. Figure 3). An exponential
fit of the data points yields eq Il fok(3)het

0.5 and 10 ppmV was added to HM@ixtures of 356-750

Under the experimental conditions applied when studying PPbV at constant relative humidity. In addition, blank experi-
reaction 2, i.e., the reaction surface, relative humidity, [HNO ~ ments with NO present but in the absence of HN@ere
and reaction time, the rate constant of reaction 3 is determinedperformed at the same humidity and NO mixing ratios. As an
to be in the rang&(3)net = (2—15) x 1077 cm3 s~1 cm (85— example, the HONO formation for an experiment at 30% relative
21% RH). For comparison, the second-order gas-phase ratehumidity is shown in Figure 4. The HONO concentration
constants reported earlier in the studies of Kaiser and®®Wu, increases linearly with the NO concentration for both pure NO
Streit et al28 England and Cocora?, and Wallington and ~ and the HNQ + NO mixture.

Japaf® were converted to heterogeneous rate constants using After subtraction of the blank signals, i.e., HONO and NO
the corresponding surface-to-volume ratio. Value&(8jne; of in pure NO mixtures, from signals obtained with the reacting
(2.5-8.6) x 10717274.8 x 107,28 2.7 x 1071732 and 5.0x HNOs; + NO mixtures, mixing ratios in the range0.15 ppbV
1071833 ¢cmd s cm were determined. Kaiser and Wueported for HONO and+4 ppbV for NG, were determined. Figure 5
that the rate of reaction 3 depended on the surface propertiesshows the results from an experiment conducted at 30% RH.
For example, a 3.5 times higher rate constant was observed wherf he experimental uncertainty was significantly larger than the
a new untreated reactor was ugédVith the exception of the ~ detection limits of the instruments 6f0.05 and 0.2:0.6 ppbV
study of Wallington and Japé&?,all literature values are in ~ for HONO and NQ, respectively. This was caused by the
excellent agreement within the range of rate constants obtainedsubtraction of relatively large signals obtained for HONO and
in the present study, which confirms that reaction 3 is indeed a NOz from the pure NO mixtures. Within the experimental
heterogeneous process. Wallington and Jiphetermined the ~ accuracy the corrected HONO and N@vels were almost
rate constant from the observed decay of HONO. However, the independent of the NO concentration present (cf. Figure 5).
authors reported a much faster decay of HN®hich could From the data shown in Figure 5 reactive uptake coefficients
not be explained by the HNOwall loss. Because possible ¥mn Can be calculated. The reactive uptake coefficient is the
HONO formation processes, for example, by reaction 1, were ratio between the reactive collisions of N@f,) divided by

not taken into consideration, the value determined in this study the total number of wall collisions of NQu(askineid Per unit

appears to be too low. surface and time

It is concluded that only a minor fraction of the HONO
formed by reaction 2 is converted into MBy reaction 3 using - Do _ [NOJ 1 Veoi 4 (i
identical experimental conditions as applied in the study of PN Ogaskinetic \ SoiDtxn J\INOliniZno

reaction 2; see below for details.

3.3. Investigation of Reaction 2Reaction 2 was investigated Vi and Sy denote the volume and surface of the glass coil,
in different experiments at relative humidities in the range-21  respectively Atn is the reaction time of a gas molecule in the
86%. In each set of experiments, NO at mixing ratios between glass coil andno is the mean velocity of NO molecules. Due



Reaction of Nitric Acid with Nitric Oxide on Glass J. Phys. Chem. A, Vol. 108, No. 27, 2008797

TABLE 2: Summary of Experimental Conditions and -5

Results for the Investigation of Reaction 2 ! 5 ﬁxl ;ﬁfm P

RH T HNO; rangeNO 10 (NO—  10Y%(NO— f ;:::":f:j E‘I;';;WQ o8

(%) (K) (ppbV) (ppbV) HONO) NO,) 5 -7 | % Swensson ;nd Ljungstrém, 1988

21.3 303 710 12569600 —-5.1+7.7 0.4+5.0 £ W/ Thia study upperirdt

30.3 298 760 6265050 5.7£45 44 26 ; -8

43.3 303 615 14569500 34+45 —105+8.6 2

495 299 550 6405100 —2.9+3.8 —11+43 i

541 297 350 5164350 1.9+ 6.0 o

61.3 297 550 6365100 —15+35 —34+17 i

789 301 550 140689200  0.2£83 2.1+6.7 Y i bl Sl

85.9 299 560 6265000 —3.1+12.8 42+57 12 13 14 15 16 a 18

2 Relative humidity (RH), temperature, HN@nixing ratio, range log HNO; [em]

of NO mixing ratios, and reactive uptake coefficients of NO for reaction  Figure 7. Comparison of literature data for uptake coefficients of NO
2 in a borosilicate glass coil & 160 cm, S/V= 19.6 cm*, tyy = on surfaces saturated with HN@s function of the HN@concentration

0.5-0.7 s). The error limits for the uptake coefficients represent the wjith the upper limit obtained in the present study.

statistical precision (@ of the linear least-squares fits as shown in

Figure 5. for NO, formation is caused by the lower sensitivity of the NO
instrument and the higher blank values for NO

s (o (NOSHONO) | ke From the values of the rate constant of reaction 3 (see section
.-F(NO—>NO) 3.2) itis calculated that only 0:%4% of the HONO (86-21%
1.0E-10 r : 5.0E-00 RH) possibly formed in reaction 2 is converted into Ny

reaction 3. Thus, the much lower valuey)gNO — HONO) <
4 x 10711 is representative for reaction 2 and not significantly
influenced by secondary chemistry.

Reaction 2 was investigated in several other stufie® The
1.0E-10 _5.0E-09 rate of the reaction was found to be proportional to [HINO
and [NOF630 and to the surface-to-volume ra&®?’In addition,
the reaction was reported to be dependent on the relative
-2.0E-10 -1.0E-08 humidity?*2% and on the N@ concentratio®® Due to the

L . it e il L complex reaction kinetics any extrapolation of laboratory results
[%] - o A .
to atmospheric conditioA$ 2530 is highly uncertain. In the

Figure 6. Reactive uptake coefficienty(NO—HONO) and y- :
(NO—NO,) as a function of relative humidity. The errors bars represent present Work’. much lower NQ:oncentratlon_s as Cqmpared _tq
all other studies were used at atmospheric relative humidity

the statistical precision ) of the linear least-squares fits as shown in o . o
Figure 5. (HNQ mixing ratio = 350—750 ppbV,T = 300+ 3 K). levels. An upper limit of the reactive uptake coefficient)of
(NO—HONO) < 4 x 10 is derived for reaction 2. For

to the small uptake coefficients (see below), limitation by gas- comparison with literature data, the available rate constants were

phase diffusion to the walls was not considered here. Reactiveconverted to reactive uptake coefficients using the corresponding
uptake coefficientsy(NO—HONO) and y(NO—NO,) were surface-to-volume ratios and under the assumption of a first-
determined corresponding to the stoichiometry of reaction 2, order NO dependence of reaction 2. With the exception of the
i.e., formation of one molecule of HONO and bi@er reacted ~ €xperiments of Saliba et &.and Rivera-Figueroa et &.in

NO molecule. To obtain a higher accuragyiNO—HONO) and which the gas phase concentrations of nitric acid were not
¥(NO—NO,) on saturated glass surfaces at [Hijl© 600 ppbV explicitly specified, most studies were performed under equi-

0.0E+00 0.0E+00

y(NO>HONO)
¥(NO->NO2)

were calculated from the slopesi{ono = A[HONOJ/A[NO] librium Cond_itions?_ﬁ_%‘_J ie., _high gas-phase concentrations of
andmyo, = A[NO,]/A[NQ]) of the least-squares fits shown as HNO3; were in equmbrl_um with the adsorbed HNOnN the_ two
an example in Figure 5 former studieg?25 a different approach was used: First, the
reaction surfaces were dosed with HN\& very high gas-phase
Myono(Muo )4V concentrations of about 10molecules cm?®, and then some
y(NO—~HONO(NQ,)) = _ (IV) of the adsorbed HN@was removed by evacuating the reactors.
AteadnoSoi Because the gas-phase concentrations of kFIM@re not

specified, both studies could not be included in the comparison.
Equation IV is applicable under the assumption that reaction 2  In Figure 7, the reactive uptake coefficients from previous
is first order in NO, which has been observed in most previous Studies are plotted in double logarithmic format as functions of
studies of this reaction. The obtained reactive uptake coefficientsthe HNQ; concentration. In addition, the upper limit determined
for all experiments are listed in Table 2 and plotted in Figure in the present study is given. Clearly, the reactive uptake

6 as a function of the relative humidity. coefficient of NO is decreasing with decreasing H\foncen-
Mean values of the uptake coefficients of tration in accordance with the first-order HN@ependence of
reaction 2, as observed in most studies. All data are reasonably
»(NO—~HONO) = (—0.2 + 3.7) x 1071 and well described by a linear fit yielding a slope of 1.810.07

9 (cf. Figure 7). In the study of Streit et &P significantly smaller
7(NO—NO,) = (0.24+ 2.3) x 10 uptake coefficients compared to all other values are calculated.
This discrepancy was already discussed in the paper of Svensson
(error limit 10) are determined, leading to upper limits pf and Ljungstion® and remains to be resolved. However, because
(NO—HONO) < 4 x 10 andy(NO—NO,) < 2.5 x 1079 the reaction was reported to be dependent on the relative
for the experimental conditions applied. Both coefficients are humidity 2426 autocatalytic in [NQ]2¢ and heterogeneod&?’
independent of the relative humidity. The much higher value deviations from the fit shown in Figure 7 may be explained by
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the experimental conditions applied in the Streit eatudy, 4.2. Reaction 3.For the heterogeneous reaction 3 rate
e.g., different surface properties and relative humidities. constants in the rangg3)net = (2—15) x 1077 cm® s cm

. L have been determined in the humidity range-2%2% RH for
4. Atmospheric Implication HONO and HNQ@ mixing ratios in the range 30770 and 156

4.1. Reaction 2Due to the dependence of the reactive uptake 2400 ppbV, respectively. It follows that reaction 3 is an
coefficient of NO for reaction 2 on the HN@oncentration as  unimportant HONO sink in the atmosphere under the assumption
shown in Figure 7, it is concluded that the upper limit)of that borosilicate glass is a representative proxy for environmental
(NO—HONO) < 4 x 10, determined in this study at the surfaces. Even for an upper limit &3)net = 15 x 1077 cm?
lowest NG concentrations reported so far, is representative for s-1 ¢m, a boundary layer height of 100 m, and a maximum
reaction 2 under atmospheric conditions. The value should be HNO; mixing ratio of 50 ppb\24 only 0.05% of the HONO
strictly considered as an upper limit, because even in the presenpresent will be converted by reaction 3 during &h night.
study, the N@concentrations used were still much higher than
values typically observed in the urban atmosptétefollows 5. Conclusion

that reaction 2 is insignificant for both heterogeneous HONO . . .
! 'S Insign 9 " The heterogeneous reaction of HN®@ith NO was studied

formation and possible “renoxification” processes in the atmo- b flicate ol ¢ inaf " tvari lati

sphere, in good agreement with the conclusion of Svensson anﬂn (_)dr_o_5| |caz(i_gsgos/s ;u:i acezln aflow system al various refative

Ljungstran.3° However, this conclusion is only valid under the "™ lities ( 6 RH) and concentrations closer to atmo-
[spherlc levels as compared to all previous studies reported in

assumption that the glass surfaces, which were used in mos literat A limit of th i tak Hicient
studies are representative for environmental surfaces, as has beetlli1e Itérature. An upper fimit of the réactive uptake coetricien

roposed, e.g., in the studies of Finlayson-Pitts €t ahd of NO on glass surfaces, covere_dwiﬂl mqnolayer OfHNQ’
givgra-Figue?oa ot & y of y(NO—HONO) < 4.0 x 10~ is determined for reaction 2.

In contrast hereto, reaction 2 was recently proposed to be ofThiS_ value i; significar_]tly lower compared to studies performed
potential importance for atmospheric HONO formaffotiand at higher nitrogen oxide con_centratlons. In _the presen_t study
for a “renoxification” of the atmosphefé:2° In the studies of also the hetgrogeneous_ reaction of HONO with HiN@action
Saliba et aP* and Rivera-Figueroa et &, reactive uptake 3, was studied under |denF|caI expe.nmenltal'condltl'ons. Th.e
coefficients of NO in the range 18to 10-° were obtained at second-order rate constant is decreasing with increasing humid-

higher reactant concentrations. However, even these values ar ty and is found to be in good agreement with literature values.

1 order of magnitude lower than the reactive uptake coefficients rom the measqre_d rate constants of.reactlon 3itis (:1c1)r)cluded
of NO, of 108 to 10°® for reaction 1 as obtained in the (hat the upper limit for HONO formation 0f4.0 x 10~ is

laboratory for atmospheric humidity levet§57 In the study representative for reaction 2 and that this value is not signifi-

of Rivera-Figueroa et afs it was speculated that uptake cantly influenced by s_econ_dary chemistry, i.e., reaction 3. In_
coefficients of 10° to 10-8 for reaction 2 could be of the case thatthe reaction kinetics observed for glass surfaces is

importance, due to a high BET surface of the ground. However, similar to .that on environmental surfaces, reaction 2 appears to
this argument would also hold for reaction 1, turning the latter be“not Of. |_mp(_)rta,1’nce for aimospheric HONO formation and for
into a much stronger HONO source. This argument is supported a “renoxification” of the atmosphere.

by field measurements in which significant HONO formation
was observed in the atmosphere in the absence of®dn
addition, in a study by Kleffmann et alheterogeneous HONO
formation by reaction 1 was not affected when high concentra-
tions of NO were added to NOnixtures in a quartz glass reactor
under relative humidity and N{zoncentration levels prevailing

in the atmosphere. Because it can be expected that high amounts (1) Brasseur, G. P.; Granier, C.; Walters,Nature 1990 348 626.

of HNO; formed by reaction 1 from several prior experiments _ (2) Calvert, J. G Lazrus, A Kok, G. L.; Heikes, B. G.; Walega, J.
were adsc_)rped on this reactor surf_ace, as observed by othef" '(é?dh;'r’rigagt_revlvl’_;Cé:r’?e?f”\;\?_lgéi?wifgr'y A. M.: Pitts, J. N., Jr.:
groups®? it is concluded that reaction 2 represents a much piatt, U.; Perner, DEnviron. Sci. Technol1982 16, 414.

smaller atmospheric HONO source as compared to reaction 1.  (4) Sakamaki, F.; Hatakeyama, S.; Akimoto, IHt. J. Chem. Kinet.

In the study of Rivera-Figueroa et &% reaction 2 was 198315 1013. ~ " , o
postulated to be also of importance for a “renoxification” of 5 ,\2_5;)HF;g?S’fGN'\,d_r;’,f]ﬁmuce_zﬁ]ﬁt'_’ JA_ﬂg;;%]_’ Eihgﬁggz \i\g F;'l'g_’ Winer,
the atmosphere. However, uptake coefficients<dfo—8 will (6) Svensson, R.; Ljungstny, E.; Lindgvist, O Atmos. Eniron. 1987,
result in insignificant NQ@ formation in the atmosphere. For 21, 1529.
example from the measured HONO formation in the atmospheric __ (7)_Kleffmann, J.; Becker, K. H.; Wiesen, Rtmos. Eniron. 1998
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