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The heterogeneous reactions of N205 with HCl and HBr on ice have been studied in the temperature range 
180 to 200 K using a Knudsen flow reactor. 

The uptake of N20s on ice in the presence of HJ3r was found to be strongly dependent on the HBr concen- 
tration. For the highest Hl3r concentrations used a maximum uptake coefficient of N205 of g=O.11 has been 
determined. We observed Br2 and HONO in 80% yield as products with respect to N205 taken up. The up- 
take coefficient of N205 on ice in the presence of HCl was found to be 3.2.10-2 and increased with increas- 
ing HCI concentration. CIN02 was detected as the sole reaction product with a maximum yield of 63% with 
respect to N205 consumed. 

Hydrolysis of N205 resulting in HN03 was found to be competitive with the title reaction. For the case of 
the HBr reaction the branching ratio between Br2 and HONO formation, on the one hand, and hydrolysis of 
Nz05, on the other hand, has been detemined. Mechanistic aspects of the heterogeneous reaction of NzO5 

with HX have been discussed. 

1. Introduction 

It is now well recognized that the heterogeneous chem- 
istry of HC1, C10N02 and N2O5 on frozen substrates 
such as polar stratospheric clouds is important with re- 
spect to the destruction of ozone in the winter strato- 
sphere. Such processes are responsible for the formation 
of photoactive chlorine compounds [ I 4 1  as well as for 
the denitrification of the lower stratosphere [5]. 

N2O5 is a reservoir compound which converts NO, 
(NO, NOZ) and NO3 into the more stable reservoir spe- 
cies HN03 by undergoing heterogeneous hydrolysis on 
ice as well as on sulphate aerosols (reaction (1)) [6]. 

The solubility of HX (X=C1, Br) on or in ice is signifi- 
cant [7-91. Therefore, heterogeneous reactions between 
HX and N205 on ice may take place which convert these 
halogen species into photochemically active forms accord- 
ing to reactions (2) and (3). 

N205 + HCI + HN03 + ClN02 (2) 

N205 + HBr + HN03 + BrN02 (3) 

Previous studies of reactions (1) and (2) on ice at tem- 
peratures between 185 and 205 K resulted in an uptake 
coefficient of approximately 2 to 3-10-2 for either reaction 
[4, 10, 111. Only a slight increase in the uptake coeffi- 
cient has been observed with increasing amount of HCl. 
ClN02, the product of reaction (2), has been qualitatively 
detected whereas the yields of CNOZ had not been mea- 
sured in these studies. It remains unclear what the branch- 
ing ratio between reaction (2) and hydrolysis of N205 
(reaction (1)) is. The heterogeneous reaction of N205 with 
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HBr has been studied only once where H20 was adsorbed 
on cold glass and used as a substrate [8]. No product de- 
tection and identification had been attempted. 

Heterogeneous activation of HBr is thought to play a 
minor role so far owing to its small concentration in the 
atmosphere [ 121. Nevertheless, the general conclusion 
from previous studies involving HBr [8, 13-15] is that 
HJ3r reacts more efficiently on ice than the analogous 
HCl which may compensate somewhat for its low abun- 
dance. 

An important aspect of a heterogeneous reaction in- 
volving HX is its mechanism. Previous studies [I6181 
propose an ionic displacement mechanism at the solid-gas 
interface via a nucleophilic substitution. This implies that 
the pseudo first order rate constant for these reactions 
strongly depends on the amount of HX available at’ihe 
interface. 

In this study, experimental results on reactions (2) and 
(3) on ice at temperatures between 180 and 200 K are re- 
ported. Since not only the uptake of N205 but also the 
product yields of these reactions are quantified we are 
able to present branching ratios between the hydrolysis of 
N2O5 and the reaction of N205 with HX. Furthermore, 
some mechanistic aspects of the reactions are discussed. 

2. Experimental Setup 

The experiments were performed in a Teflon-coated 
Knudsen flow reactor operating in the molecular flow re- 
gime. This technique has been described in great detail in 
the literature [19]. Briefly, the gases under study were in- 
troduced into the Knudsen reactor h m  the gas handling 
system by using either a capillary for pressure reduction 
or a pulsed valve. The gases leave the Knudsen reactor 
through an escape orifice whose diameter (4, 8, 14mm) 
determines the residence time and the densities of the 
molecules inside the Knudsen reactor. The rate constant 
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Table 1 
Characteristic parameters and relevant kinetic expressions 

Definition Value 

Reactor volume V 

Reactor surface area AR (estimated) 

Sample surface area As 

Collision frequency for N205 
with As at room temperature 

Typical concentration range 
N=F/V.X;, F=flow into the reactor 

Orifice diameters 

Rate constant for effusive loss k,,, 
(theoretical value) 
(A~=surface area of the orifice) 

k, for N205 (experimental value) 

Rate constant for heterogeneous 
reaction from pulsed valve experiments 
(see text) 

Rate constant for heterogeneous 
reaction from steady state experiments 
Si (initial MS signal), 
S, (final MS signal) 

Uptake coefficient 

V= 2000 cm3 

AR = 1300 cmz 

As= 15.9 cm2 

w=51 s-' 

4, 8, 14 mm 

kc=(8RTIrcM)1".AH14 V 

0.39 s-I (4 mm), 1.08 s-I 
(8 mm), 3 s-I (14 mm) 

t n ,  = kdec-ksc 

for the effusive loss k,,, is given by the kinetic theory of 
gases and was routinely measured for each compound. 
The characteristic parameters and relevant kinetic expres- 
sions are given in Table 1. 

The modulated effusive beam leaving the Knudsen cell 
is analysed by a quadrupole mass spectrometer (MS). The 
mass Spectrometer settings were chosen to yield a sensi- 
tivity of approximately 10" molecule/cm3 at a signal to 
noise ratio greater than 2. The mass spectra of all ob- 
served compounds are listed in Table2. In addition, the 
apparatus was equipped with laser induced fluorescence 
detection. In the present work this technique was used to 
unambiguously detect NOz after excitation at 403 nm and 

broad band detection to the red of 500 nrn with a detec- 
tion limit of lo9 molecule/cm3. Details may be found in 
Ref. [19]. 
An isolation plunger allows the separation of the reac- 

tive surface from the reactor volume. Steady state expen- 
ments are performed by introducing into the reactor a 
constant flow of molecules across a capillary. By analysis 
of the change of the MS signal levels of the correspond- 
ing compounds upon opening and closing the sample 
chamber a value for the net uptake coefficient y may be 
calculated. Real time experiments have been performed 
by introducing a pulse of N205 of 2 ms duration across a 
solenoid valve into the reactor and observing its decay. 
Comparison is made with a reference pulse while the 
reactive surface is isolated from the reactor volume. The 
rate constant for effusive loss %, is determined by fitting 
an exponential decay function to the experimental MS 
signal trace in the absence of reaction. Repeating the 
same procedure with the plunger lifted, thus with the sam- 
ple exposed, a reactive pulse is obtained. The observed 
single exponential decay in the presence of a reactive sur- 
face is characterised by a new rate constant, kde, defined 
by kdec = kuni+ke,, (Table 1). 

We used a low temperature sample support in which 
the sample could be cooled down to 150K. A program- 
mable temperature controller maintained the final tem- 
perature to d . 5  K at an accuracy of *2 K. The absolute 
calibration of the low temperature support was performed 
using the literature values of the vapor pressure over ice 
in that temperature range. For p r e p d g  the ice samples 
approximately 5 ml of distilled water were poured into 
the sample support at ambient temperature and cooled 
down to the desired temperature in about 15 min and sub- 
sequently evacuated. Alternatively, the mounted sample 
support was cooled down to the desired temperature of 
typically 200K followed by condensation of water from 
the gas phase ( F =  10" molecule/s). Recent studies 
showed that ice samples prepared by condensation have a 
higher porosity than bulk ice samples [20]. Nevertheless, 
uptake experiments of NzO5 in the presence or absence of 
HBr performed on these two different surfaces obtained 
identical results within experimental error. Also, no sys- 
tematic difference in the uptake of HBr and HCI using 

Table 2 
Mass spectral data 

Species Parent peaka) Fragment ") Fra,pent ") Fragment ") Fragment ") 

N205 46 (100) 30 (55) 
HBr 80, 82 (100) 79, 81 (40) 
HCI 36 (100) 35 (14) 
BrNOz 93, 95 (1) 46 (100) 30 (80) 79 (10) 
CM02 49 (1) 46 (100) 30 (50) 35 (10) 
Br2 160 (100) 79, 81 (17) 
HONO 47 (12) 30 (100) 
BrNO 109, 111 (12) 93, 95 (1.2) 79. 81 (10) 30 (100) 

") Ion mass with peak intensity in parentheses, given as percent of the most intense peak. The numbers in italics indicate the mass fragments 
which were used to monitor the species by MS. 
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the two different types of ice surfaces have been ob- 
served. The measured uptake coefficients agree well with 
previous studies [15, 211. In some experiments we sup- 
plied an external flow of H20  vapor to the Knudsen reac- 
tor in order to balance the water evaporating from the 
sample upon opening the sample volume. No differences, 
neither in the uptake coefficients nor in the rate of prod- 
uct formation, could be observed upon supplying an ex- 
ternal flow of H20 compared to no flow. 

N2O5 is prepared by oxidizing NO2 with ozone as de- 
scribed by Fenter et al. [22]. After distillation of the raw 
product the impurities such as NO2 and HN03 were mea- 
sured to be less than 2%. The flow rate into the Knudsen 
reactor and thus the gas densities were determined by 
measuring the pressure change in a calibrated volume as a 
function of time. 

3. Experimental Results 

3.1 Heterogeneous Reaction of Nz05 in the Presence 

The uptake kinetics of N205 in the presence of HBr on 
ice have been studied at temperatures of 180 to 200 K. 
Flow rates of N2O5 have been chosen to be between 
3.1014 and 3.1015 molecule/s corresponding to densities of 
5.10'0 to 2.5.10'2 molecule/cm3. Flow rates of HBr have 
been chosen to be between l.1014 and 4.10'5molecule/s 
corresponding to densities of 2.10'' to 22~ .10 '~  molecule/ 
cm3. In a typical experiment, displayed in Fig. 1, the ice 
surface is doped with HBr prior to reaction. Upon expos- 
ing the ice surface to N2O5 the formation of Br2 (mle 
160) and HONO (mle 47) is observed. Due to the waning 
supply of HBr at the interface the rate of reaction (3) 
is decreasing. By adding a continuous flow of HBr at 

of HBr 

Reaction ON 
c 

- *IoN -I 
I '  

0.0 

Fig. 1 
Steady state experiment at 200K of the uptake of N2O5 on ice 
doped with HBr prior to reaction. At 50 s the ice surface is exposed 
to Nz05 resulting in an uptake of N2O5 (mle 46, upper black w e ) .  
At the same time the products HONO (mle 47, lower gray trace) and 
Brz (mle 160, upper gray trace) appear. Due to the waning amount of 
HBr on the ice surface the rate of reaction decreases with time. At 
270s the HBr flow is turned on (m/e 80, lower black trace). The 
product signals increase whereas the N205 signal decreases indicat- 
ing an increasing reaction rate 

r=270 s the uptake rate of N2O5 is increasing again to a 
constant value. The expected primary product BrN02 (re- 
action (3)) or products of its decomposition such as NO2 
were not observed. The MS signal at mle 95 (BrN'), 
when observed, was always accompanied by the MS sig- 
nal at mle 109 indicating that BrNO was formed. The MS 
signal at mle 79 always equaled the sum of the contribu- 
tions of HBr, Br2 and BrNO to the MS fragment inten- 
sity. Furthermore, NO2, which is the expected decomposi- 
tion product of BrN02, was not detected, a result which 
was verified by means of LIF detection of NO;?. How- 
ever, BrN02 is known to undergo rapid secondary reac- 
tions in the presence of Br- [23, 241 which likely explains 
the fact that it was not observed. The reaction of BrNO;? 
with HBr results in the observed products HONO and Br2 
(reaction (4)). Further reaction of HONO with excess HBr 
produces BrNO (reaction (5)) [15]. 

BrN02 + HBr -+ Br2 + HONO (4) 

H O N O + H B r  -+ BrNO+H20  ( 5 )  

The determination of the uptake coefficient of N2O5 was 
performed using the change in the MS signal at mle 46 
without further corrections. This method is applicable 
since N2O5 is the only compound contributing to this 
mass. Impurities of NO2 and HN03 in the N2O5 sample 
were vanishingly small. Neither BrN02 nor NO2 could be 
detected during the uptake of N205 and HONO has no 
detectable fragment at mle 46. The rate of formation of 
HN03, product of reaction 3 and the hydrolysis of NzO5 
(reaction (1)) was monitored at mle 63. Under our experi- 
mental conditions no evaporation of HN03 was detected 
during the uptake experiments. However, upon annealing 
the ice surface to 220K after an uptake experiment de- 
sorption of HN03 from the surface was observed. The up- 
take of HN03 on ice at 200 K was studied in independent 
experiments. An uptake coefficient y of 0.3 was measured 
in agreement with the literature [25-271. 

The measured initial uptake coefficients of N205 on ice 
strongly depend on the HBr content of the surface. An 
example is presented in Fig. 2a and b. The left panel 
(Fig. 2a) shows an uptake experiment under concurrent 
flow conditions of HBr and N2O5 performed at a low 
flow rate of Hl3r (F= 1.5.10'4 molecule/s). Upon exposing 
a concurrent flow of HBr and N2O5 to the ice surface the 
formation of molecular bromine (rnle 160) and HONO 
(mle 47) is observed. By halting the HBr flow the prod- 
ucts gradually disappear while the amount of N205 taken 
up decreases slightly. The measurement of the uptake 
coefficient of N205 yielded a value of y=2.2.10-' which 
is close to the one obtained on a pure ice surface. The 
yields of Br2 and HONO are 17 and 29%, respectively, in 
relation to the amount of N205 taken up and 25 and 45%, 
respectively, in relation to the amount of HBr taken up by 
the ice surface. Neither Br2 nor HONO [17] interact with 
the ice surface which was confirmed in additional experi- 
ments. A reference experiment of the uptake of Br2 on a 
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Fig. 2 
Steady state experiment of the uptake of N2O5 and HBr on an ice 
surface. The MS signals are converted in flow rates using the calibra- 
tion factors determined in ancillary experiments. a) Left panel: ice 
surface exposed to a concurrent flow of HBr (1.5.10'4 molec/s) and 
Nz05 (F=6.7.10I4 moleds) at 200 K. At 30 s the plunger is lifted 
thus exposing the ice surface to the flow of reactants. At 170s the 
HBr flow is halted resulting in a decrease of the MS signals of the 
products and of HBr. At 300s the ice surface is isolated from the 
reactant flow. b) Right panel: same experiments as under a) but at 
higher HBr flow (F=9.10'4molec/s). The plunger is lifted at 750s 
and lowered at 920 s 

HBr-doped ice surface resulted in an uptake coefficient of 
5-10-' for Br2 at 200 K which may explain the slightly 
lower yield of Br2 compared to HONO. Although N2O5 
is in excess with respect to HBr, not all HBr is consumed 
during the reaction. Furthermore, 71 to 83% of the N2O5 
is lost by other processes, presumably hydrolysis reaction 
(1). 

The right panel (Fig. 2 b) displays an uptake experiment 
of N2O5 using a higher flow rate of HBr ( F = 9  

molecule/s) and the same flow rate of N2O5 as 
in the experiment presented in Fig. 2a (F=6.7 
.loL4 molecule/s). The amount of ~ 2 0 5  taken up is twice 
as large as for the experiment displayed in Fig. 2a and 
the yields of Br2 and HONO are 59 and 87% respec- 
tively, in relation to NzO5 taken up. Therefore, the reac- 
tion rate of reaction (3) has doubled when the HBr flow 
rate has been increased by a factor of 6. 

Fig. 3 presents the uptake coefficient of N205 as a 
function of the reactive flow of HBr whch is the flow of 
HBr retained by the surface, Fin-Fou'. The experiments 
were performed at 180 and 200 K using two different 
flows of N205. At low HBr flow conditions the uptake 
coefficients are close to the ones determined on a pure ice 
surface. The uptake coefficient linearly increases with in- 
creasing HBr flow rate taken up by the substrate. At HBr 
flows taken up higher than 2.1015 molecule/s a limiting 
value for the uptake coefficient of N2O5 of y=O.11 and 
y=0.15 at 200 and 180K, respectively, is obtained indi- 
cating pseudo first order conditions for reaction (3). It is 
remarkable that the limiting value is reached at more than 
3-fold excess of HBr with respect to NZ05 although the 
stoichiometry of reactions (3) and (4) predicts a value of 
2 for quantitative conversion of N2O5. Indeed, as is 
clearly shown below only 50% of the HBr taken up is 
available for reaction. This observation has already been 
made for other heterogeneous reactions involving HBr 
[15] and represents a distinct Merence between the reac- 
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0 1 lP 2 10" 3 10s 
reactive flow of HX [molec/s] 

Fig. 3 
Uptake coefficient of N2O5 versus the reactive flow of HX (X=Br 
or Cl) defined as F'"-F'"'. The experiments have been performed at 
a concurrent flow of HX and NzO5 at a residence time of N205 of 
0.33 s (14 mm orifice). HBr/ice: A: F (N205)=5.2~1014molec/s, 
180K 0: F (N~05)=5.0.1014molec/s, 200K 0: F ( N 2 0 5 )  
= 1.5~10'5molec/s, 200 K 0:  pure ice. 200 K .: ice doped with 
HN03, 200 K, x: HCYice: the arrow indicates the uptake coefficient 
of N2O5 on a frozen 0.1 M HBr aqueous solution at 200 K 

tivities of HBr and HC1. In the latter case all  HCl taken 
up is available for heterogeneous reaction [17, 181. 

An additional uptake experiment of N2O5 on 0.1 M 
aqueous HBr solution which should provide HBr in 
excess yielded an uptake coefficient of NzO5 of y=O.lO 
at 200 K close to the upper limit determined on an ice 
surface in the presence of an excesi'flow of B r .  The 
data displayed in Fig. 3 also point out the negative tem- 
perature dependence of the reaction. The uptake rate of 
HBr on ice is increasing with decreasing temperature. 
However, since the reactive flow of HBr, thus the flow of 
molecules to the surface is chosen as the independent 
variable the temperature dependence of the HBr uptake 
on ice is already taken into account. The uptake of N2O5 
on ice is nearly temperature independent [28] and there- 
fore the increasing uptake coefficient of N2O5 with de- 
creasing temperature may reflect the temperature depen- 
dence of reaction (3). 

No indications for surface saturation was found during 
the uptake of N2O5 on ice in the presence of HBr on the 
experimental timescale of several minutes. Repetitive ex- 
posure of the ice surface to N2O5 leads to identical results 
within experimental error. An uptake experiment of N2O5 
(flow rate of 4.5~10'4molecule/s) on HN03-doped ice 
performed at 200 K in the presence of a reactive flow of 
HBr of 9.1~1014molecule/s resulted in an uptake coeffi- 
cient of 5.9.10-2 for N2O5 (Fig. 3) indicating no inhibition 
of the reaction rate due to the presence of HNO3. How- 
ever, we observed a decrease of the uptake rate with 
increasing residence time thus increasing density of N2O5 
inside the reactor which we attribute to saturation effects. 
Preliminary results on the interaction of N2O5 on pure ice 
show that the decrease of the rate of uptake with resi- 
dence time is even stronger in the absence of HBr. These 
results point towards a complex uptake process of N2O5 
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Table 3 
Experimental results of steady state experiments for the uptake of N205 on ice in the presence of HBr 

200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
180 
180 
180 
180 
180 
180 
180 
200 
200 

6.5.1014 
6.5-10L4 
7.0.1014 
6.3.1014 

3.0*10'4 
4.4.1014 

4.7.1014 

5.3. 1014 
2.4.1014 
1.8-10'4 
1.3.1014 
1.0.10~~ 
1.5.10i4 
9.0.1014 
8.9.10L4 
8.4.1014 
7.3.1014 
1.9. 1015 
2.3.1014 
2.2. 1015 

1.1.10'~ 

1.1. 1015 
2.0. 1015 
2.1. loL5 
1.0.10~~ 

2.3.10" 

2.8.1015 
3.0. 1015 

9.2.10t4 
2.6.1015 

7.5.1014 
1 .4.10L5 

0.1 M HBr 
0.1 M HBr 

6.5.1014 
5.5.1014 
4.2.1014 
2.7.10J4 
3.7.1014 
4.8.1014 
1.8.1014 
1.5-1014 

9.0.1013 

6.9. 1014 
7.5.1014 
7.2.1014 
6.4. 1014 
1.6. 1015 
1 .6.1014 
1.9. 1015 

8.9.1014 
2.6-1015 
2.4.1015 
9.1. 1014 
1.9-10" 
1.7.10" 
7.8.1014 
8.6. loL4 
1.9.1015 

5.0.10" 

1.0.10'~ 

1.2.10'~ 

2.0.10'~ 

1.0. 1015 

2.5.1014 

3.8.1014 
4.2.1014 
4.4. 1014 
3.4. 1014 
5.1. loL4 
8.2.1014 

2.2.10~~ 

6.9.1014 
6. 1-10L4 
4.6.1014 
5.3.10L4 
1.8. 1014 
3.2.1014 
4.7.1014 
1.6.1014 
2.8.1UI4 
3.3~10'~ 
3.3. 1014 
4.7.1014 
4.9.10i4 
6.8.10L4 
4.6.10i4 
3.5.1014 
2.3.1014 
3.3~10'~ 
2.3.1014 
3.8.1014 
3.9. lot4 
3.9.1014 
3.3.1014 
2.4.1014 
3.0. loi4 
4.1.1014 

1.7.1014 
1.5.1014 

6.3.10" 

1.5.1014 

9.3.1013 
5.9.1013 
6.2.1013 

1.9.1014 
3.0-1014 
1.3.1014 
1.8.1014 
1 .9.10L4 

1.1.10~~ 

1.3.10L4 

1.1. 1014 

3.0.1013 

3.0.1014 
3.4. loi4 

3.3.1014 

1.9.1014 
8.O.1OL3 
9.5.1013 
2.6.1014 

2.2.10~~ 

1.8.1014 

1.2.10'~ 
3.8.1014 

1.4. 1014 
2.8.1014 

1.2.10'~ 
4.7.10'' 

1.5.10L4 
1.9. loi4 
1.2.10'~ 

1 .o. 1 014 
1.1. 1014 

1.0. 1014 

7.9. loi3 

1.4. 1014 
1.6. loL4 

7.9.1 013 
5.3.1013 

3.8.1014 
1.7.1014 
2.3.1014 

2.8.1014 

2.8.10L4 

3.3-10L4 
4. 1.10'4 
2.3.1014 
1.9.1014 
2.0.10~~ 
2.0. 1014 
1.6. loL4 
2.6.1014 
3.3-1014 
1.8.1014 
4.9.10L4 
3.3.1014 
8.6.10" 
1 .9.1014 
3.1.1014 

4.4.10-2 
5.5.1 0-2 
3.4. 
1.3.1 0-2 
5.5. 

3.3-10-2 
7.8.10-3 
2.5.10-2 
9.1.1 O-) 
2.0. 
3.3.10-3 

7.0.10-~ 

2.2. lo-2 
5.3.10T2 
4.3-10T2 
5.0.1 0-' 

9.6*10-2 
6.8. 
5.9.10-2 
6.8. 

4.7.10-2 

4.8.10-2 
3.1.109 
1.0.10-I 
5.9.1 0-2 

1 510-l 
6.3.10-2 

1.5.10-' 

5.4.10-2 

3.8- loT2 

5.2.10-2 

1.1.10-2 

1.1.10-1 

1.0.10-I 

14 
14 
14 
8 
4 
4 

14 
4 

14 
8 

14 
4 

14 
14 
8 

14 
8 

14 
8 
8 
8 

14 
4 

14 
14') 
4 

14 
14 
4 

14 
14 
14 
14 b, 

4 b, 
~~ 

F': Continuous flow into the Knudsen cell [moleculefs], F': Flow to the surface defined by Fi-FoU[ [molecule/s], orifice: diameter of escape 
orifice [mm] 
*) Ice surface previously exposed to HN03 
b, Frozen aqueous 0.1 M HBr solution 

at higher densities andor longer residence times which 
cannot simply be explained by saturation of the ice sur- 
face [28]. Experiments are underway to resolve this issue. 
In this work we focus on the results obtained at short resi- 
dence times (0.3 s) resulting in a consistent picture. We 
will present the results for longer residence times only for 
the sake of completeness. All experiments are summa- 
rized in Table 3. 

Pulsed valve experiments performed at 190 K resulted 
in an uptake coefficient of y=0.15d.04 independent of 
the Nz05 density. The results are presented in Table 4 and 
typical experimental data are displayed in Fig. 4a. We 
again observed Brz (mle 160) and HONO ( d e  47) as 
products. The decay of the product pulse of HONO 
agrees well With the calculated value of &. Nitrous acid 
appeared without delay indicating a fast rate of reaction 
(4) (Fig. 4b). However, the decay of the product pulse of 
Br2 expected to be the product of the same reaction is 
found not to be of single exponential type (Fig. 4b). The 
fact that Br2 is taken UP by the ice surface (see above) 

Table 4 
Results of pulsed valve experiments for the uptake of NzO5 on ice in 
the presence of HBr at 190 K 

F' D D' D D Y Orifice 
(N205) ( N 2 0 5 )  (Br2) (HONO) ( N 2 0 5 )  

Doped 4.1.10'' 2.5.1015 9.6.10-2 14 
Doped 4.7.10L5 3.9.1015 1.1-lo-' 4 

Doped 5.6.1015 4.8.1015 1.0.10-1 4 

1.4.1015 4.4.1015 2.9.1015 1.4.10'5 1.6.1015 1.7.10-1 14 
2.3.10" 4.7.1015 2.8.10'' 9.6.1014 9.6.10-2 14 
Doped 5.6.1015 4.9.10'' 1.2.10-' 14 

F': Continuous flow into the Knudsen cell [molecule/s], D number 
of molecules (dose) obtained by integration of the corresponding 
pulse, Dr: number of molecules (dose) lost at the surface, orifice: di- 
ameter of escape orifice [mm] 

may explain the non-exponential behaviour of the signal 
decay of Br2. The importance of this result will be dis- 
cussed below. 
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f 

0 1 2 3 4 5 

Time (s) 

Fig. 4 
Pulse of NzO5 exposed to an ice surface doped with HBr using the 
4mm orifice (residence time of N2O5 of 2.6s) at 190K. a) shows 
the reference and the reactive pulse of N2O5 indicating a rate con- 
stant for the loss at the surface of 5.9 s-' resulting in an uptake coef- 
ficient of y=0.12. b) shows the product pulses of HONO (mle 47) 
and Br2 (mle 160) 

In order to obtain more mechanistic details on the reac- 
tion system HBr/N20dice we have undertaken some addi- 
tional experiments. By doping the ice surface with HBr 
previous to the uptake of N2O5 and subsequently expos- 
ing it to a flow of N205 a high initial uptake on the order 
of y=O.1 is observed. It decreased within a few minutes 
to the value of the uptake of N2O5 on a pure ice surface. 
The doping of the ice surface with HBr prior to reaction 
in a concurrent flow experiment only affects the initial 
uptake kinetics of N2O5. Whereas on an undoped ice sur- 
face it takes a few seconds until the new steady state sig- 
nal of N2O5 is established at a simultaneous flow of HBr 
and N2O5, the steady state value of y is observed at once 
on an ice surface doped with HBr. This was already 
observed in previous studies of heterogeneous reactions 
involving HBr [15] and points towards a complex adsorp- 
tion process for HBr. 

On an ice surface doped with N2O5 and subsequently 
exposed to HBr no product formation is observed indicat- 
ing that N2O5 is readily hydrolysed into products that are 
not reactive towards HBr. Whether the hydrolysis of 
N2O5 yielded HN03 or nitric acid hydrates under our ex- 
perimental conditions cannot be answered in the present 
experiments. HN03, the product of reaction (1) and (3), is 
unreactive towards HBr. This was confirmed in an uptake 
experiment of HN03 onto a 0.1 M frozen HBr solution. 

In Fig. 5 the yields of Br2 and HONO with respect to 
HBr taken up on the ice substrate are displayed. For the 

3 lo1' 
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110'~ 

0 L 

0 i 0 0  

, , , , , , j, , i , ,  
0 1 1015 2 1015 3 10" 4 1015 

reactive flow of HX [molec/s] 
Fig. 5 
Absolute yield of HONO and Brz vs reactive flow of HBr during the 
uptake experiments of NzO5 and HBr onto ice at 200K and flow 
rates of NIOs between 4.1014 and 3~10'5molec/s. For experimental 
details see Table 3. The solid line represents a yield of 25% of both 
HONO and Br2 with respect to HBr consumed. By comparison, 
x represents the yield of CW02 with respect to HCI consumed 
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reactive flow of HX /reactive flow of N205 

Fig. 6 
Yield of HONO and Brz relative to N2O5 taken up onto the ice SLU- 
face as a function of the ratio of the reactive flows of HBr and NzO5 
at 200K. For experimental details see Table3. By comparison, 
xrepresents the yields of CWOz relative to Nz05 taken up as a 
function of the ratio of the reactive flows of HCI and Nz05 

sake of simplicity the HONO yield always represents the 
sum of HONO and BrNO detected during the experiment. 
Both products, Br2 and HONO, are formed at a 25% effi- 
ciency at low HBr flows indicating that even under ex- 
cess N2O5 only 50% of the HBr is available for reaction 
following reactions (3) and (4) as already discussed 
above. At reactive HBr flows higher than l.1015 mole- 
culds the yields of Br2 and HONO become independent 
of HBr indicating conditions where HBr is in excess. 

The fractional yields of Br2 and HONO with respect to 
N2O5 reacted according to the reaction sequence (3) to 
(5) as a function of the ratio of HBr and N2O5 taken up 
on the ice surface are displayed in Fig. 6. At low ratios, 
thus for excess N2O5 in relation to HBr, the yields of 
HONO and Br2 are on the order of 20% with respect to 
N205 consumed. Fig. 6 underlines the fact that under all 
accessible experimental conditions the relative yields of 
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both HONO and Br2 are roughly equal with respect to 
N205 reacted. The relative yield of HONO and Br2 in- 
creases linearly with increasing reactive HBrN2O5 ratio 
which corresponds to increasing HBr concentrations at 
the surface. At HBr contents on the ice surface 2 to 3 
times higher than N205 limiting yields of 75 and 80% of 
Br2 and HONO, respectively, are obtained, which are 
however identical within experimental error. The average 
non unity yield of Br2 and HONO even at excess HBr on 
the surface reflects the fact that hydrolysis of N2O5 on the 
ice is competitive with reaction of N2O5 with HBr. 

3.2 Heterogeneouns Reaction of Nz05 
in the Presence of HCl 

The heterogeneous reaction of N2O5 in the presence of 
HCl has been studied before [4, 10, 111. However, in or- 
der to directly compare the results for the heterogeneous 
reaction of N205 with HC1 and HBr, we studied the sys- 
tem HCVN205/ice, reaction (2),  under the same experi- 
mental conditions as the reaction of N2O5 and HBr, reac- 
tion (3). 

As recently shown by Fluckiger et al. [21], a liquid 
layer is formed upon exposing HCI to an ice surface 
above a temperature-dependent threshold concentration. 
The experiments reported here have been performed at 
200 K and HCI flows have been chosen to be either well 
below or above the threshold for the formation of a liquid 
layer. Table 5 summarizes the experimental data. Again, a 
dependence of the uptake coefficient of N2O5 on the 
N2O5 density is observed. At a HCl flow below threshold 
for the formation of a liquid layer the uptake coefficient 
of N2O5 is only slightly enhanced compared to the uptake 
on a pure ice surface (Fig. 3) in analogy to the results ob- 
tained at low flow rates of HBr. In the case where the in- 
terface consisted of a liquid layer of HCl/H20 both the 
yield of ClN02 with respect to N205 and the uptake coef- 
ficient were enhanced. Due to the 3ature of our experi- 
ment the rate of evaporation of HC1 from the ice surface 
is larger at short residence times (14 mm orifice) com- 
pared to long residence times (4 mm orifice). Therefore 
less HCl is available on the ice surface for shorter resi- 
dence times compared to longer ones. This fact is re- 
flected in the lower reactive flows of HC1 for short resi- 
dence times (Table 5 )  leading to a lower enhancement of 
the uptake coefficient of N2O5. 

No abrupt change in reactivity has been observed in 
going from a quasi liquid layer (low HC1 flow, first two 
entries in Table3 to a liquid layer (high HC1 flow, last 
two entries in T a b l e 9  The uptake kinetics follow the 
same trend as the heterogeneous reactions of C1ONO2 
+HC1 [181 or N205+HBr on ice, as presented above. 
These results indicate that the actual state of the surface 
(liquid or quasi-liquid state of HC1) is less important of a 
parameter for the rate of a bimolecular heterogeneous re- 
action involving HCL compared to the actual concentra- 
tion of HCl at the interface. Were the reactive uptake 

Table 5 
Experimental results for the uptake of N2OS on ice in the presence 
of HCl at T=200 K 

F' F' F' F' F Y Orifice 
(HCU (Nzod (HCU ( N 2 0 5 )  (CwOz) (NzO5) 

7.6.1014 l.l.lOI5 1.6.10'4 4.1.1014 2.4.1013 3.5.10-* 14 
6.9.1014 l.0.10'5 4.0-10'4 4.2.1014 2.0.1014 4.8.10-3 4 
2.1-10'5 6.6.1014 2.4,1OL4 2.3.1014 7.8.10L3 3.2.10-2 14 
2.0.10L5 6.6.1014 1.5~10" 4.6.10L4 2.9.1014 1.7.10-2 4 

F': Continuous flow into the Knudsen cell [moleculds], F': flow to 
the surface defined by F'-FoU' [moleculds], orifice: diameter of 
escape orifice [mm] 

rates sensitive to a phase change an abrupt change of y 
with HC1 density would have been expected. 

4. Discussion 

The experimental results presented here deal with the 
heterogeneous reaction of N2O5 with HBr and HCl on 
ice. We have clearly shown that the rate constant for both 
reactions depended on the HX concentration present on 
the ice surface and that hydrolysis of N205 is a competi- 
tive process. The reaction of N2O5 with HCI has been 
studied before and our results on the uptake coefficient of 
N205 agree well with literature data [4, 10, 111. The reac- 
tion of N2O5 with HBr has been studied by Hanson and 
Ravishankara [8] using water adsorbed on cold walls as a 
substrate. Using a fast-flow reactor they found an uptake 
coefficient of 5-10-3 which is 5 times lower than the low- 
est value we have found. However, their experimental 
conditions are completely different from ours so that a 
comparison may not be appropriate. Since we measured 
the heterogeneous reaction of N2O5 with HBr over a wide 
range of concentrations and experimental procedures we 
are able to draw some conclusions concerning the mecha- 
nism and the nature of the heterogeneous interaction 
which we will discuss below. 

As already mentioned in the previous section the pri- 
mary product of reaction (3), BrN02 has not been ob- 
served. We only detected secondary reaction products, 
namely HONO and Br2 which have been produced by the 
reaction of BrN02 with excess HBr according to reaction 
(4). The stoichiometry of the suggested mechanism, reac- 
tion (3) and (4), is supported by the mass balance shown 
in Fig. 5. On an ice surface hydrolysis may also be an ef- 
ficient loss process for BrN02, reaction (6) [24]. How- 
ever, HOBr was not detected because it undergoes a rapid 
reaction with HBr forming Br2, reaction (7) [29]. 

BrN02 + H20 -+ HOBr + HONO (6)  

HOBr+HBr  + BrZ+H20 (7) 

The sum of reactions (6) and (7) is the same as reaction 
(4) and from the present experiments we can not deter- 
mine whether Br2 is formed in reaction (4) directly or 
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stepwise via reaction (6)  and (7). The slow formation of 
Br2 in the steady state experiments (Fig. 2) and its non- 
exponential decay in the pulsed valve experiment com- 
pared to that of HONO (Fig. 4) may be an argument in 
favor of reactions (6) and (7). On the other hand, during 
the pulsed valve experiments Br2 is produced without sig- 
nificant delay (Fig. 4) compared to HONO which may 
indicate simultaneous formation of the two products. 
Furthermore, we observed a non-negligible rate of uptake 
of Br2 on ice in the presence of HBr whch may also ex- 
plain its complex behaviour. This result is surprising be- 
cause Br2 does not interact at all with a pure ice surface. 
One possible explanation may be that in the presence of 
bromide Br; is formed on the ice surface. The observed 
interaction of Br2 with ice/HBr may perhaps explain the 
slightly lower average yield of Br2 (75%) compared to 
HONO (80%) according to Fig. 6 .  The interaction of 
HONO with a HBr-doped ice surface resulted in the for- 
mation of BrNO (reaction (5)) which does not interact 
with the ice surface [15]. This reaction, however, only oc- 
curs at excess HBr as it is a secondary reaction involving 
HONO. By taking the sum of the yields of HONO and 
BrNO we make sure that we detect the total amount of 
HONO generated. Based on the yields of HONO and Br2 
with respect to N2O5 taken up we are able to obtain a 
branching ratio for reaction (1) and (3). 

For a steady state experiment the flow of N205 to the 
surface (reactive flow, F'=F'O-FoU') may be expressed 

S .  Seisel et al.: The Heterogeneous 

as 

Reaction of N70s  with HBr on Ice 

F'(N205) = (k:[HBr] + k;). [N205] 
V 

and the product flows as: 

V V = k:[HBr] . "2051 (11) 
F(Br2) F (HON0)  -- - 

Vrepresents the volume of the Knudsen reactor (Table l), 
k: the rate constant for reaction (3) and k ;  the pseudo 
first order rate constant for hydrolysis (reaction (1); 
k;=kl.[H20]. The term (k; [HBr]+k;) corresponds to the 
measured loss rate constant k- (Table 1) of N205 in the 
presence of HBr within our simple reaction scheme stat- 
ing the competition between reaction (1) and (3). Com- 
bining equation I and II yields expression III: 

The calculated values for the pseudo first order rate con- 
stants k; and k: [HBr] are displayed in Fig. 7. The rate 
constant for hydrolysis of N2O5 (reaction (1)) can be 
calculated using the simple algebraic expression 
L - k :  [HBr]. A mean value of k;=1&.5 s-* which cor- 
responds to a reaction probability of y=(2*1).10-' for the 
hydrolysis of N20s on ice at 200 K is obtained in excel- 
lent agreement with literature data [4, 10, 111. The fact 

0 

0 I 1015 2 1015 3 1015 4 1015 

reactive flow of HBr [rnolec/s] 

Fig. 7 
Rate constant for the reaction of NzOs with HBr on an ice surface 
and the rate constant for the hydrolysis of N205 vs the reactive flow 
of HBr at 200 K. The rate constante k: m r ]  has been determined 
by applying Q. (IU) to the experimentally obtained overall rate con- 
stant kuni. The term k,*-&: [ H B ~ I  corresponds to the rate constant 
for hydrolysis of N205 on ice, k: [H20] 

that the rate constant for hydrolysis stays constant regard- 
less of the HBr concentration on the ice surface leads us 
to conclude that hydrolysis and reaction with HBr are 
completely independent of each other and thus competi- 
tive. The pseudo first order rate constant for reaction (3), 
k; wr], is linearly increasing with the HBr reactive flow 
and reaches a limiting value of 5.6 s-l which corresponds 
to a reaction probability of y = O . l l  at 200 K. This upper 
limit of kufi correspond to the point where the HBr con- 
centration on the ice surface is high enough to ensure 
pseudo first order conditions. 

The uptake of HBr on ice leads to ionic dissociation [30]. 
Therefore we propose a nucleophilic substitution mecha- 
nism for the reaction of HBr with N2O5, reaction (3), with 
Br- reacting as the nucleophile (reaction (8)). It seems un- 
likely that N2O5 dissociates prior to reaction with Br- into 
NO; and NO; as suggested in the literature [31]. On ice 
N2O5 is readily hydrolyzed at temperatures above 170K 
and no evidence for the formation of crystalline ionic 
N2O5 was found [32]. Therefore we propose a concerted 
SN2-type nucleophilic attack of Br- on covalent N205. 

Br- + N205 + [Br 1 . 1  NO2 ... N03]- + BrN02 + NO; 

BrN02 undergoes a fast subsequent reaction with HBr 
adsorbed at the surface according to reaction (4) or (6) 
followed by reaction (7). The nitrate ion NO; is hydrated 
perhaps forming nitric acid hydrates. This substitution 
mechanism has already been discussed for other reactions 
involving HX [16-181. The fact that we have to apply a 
concurrent flow of HBr and N205 in order to obtain the 
highest uptake rates for N2O5 points towards an efficient 
interfacial reaction at the solid-gas interface. 

The heterogeneous reaction of N205 with HCl is very 
similar to the one involving HBr. AS shown in the pre- 
vious chapter, both uptake rates are enhanced relative to 

(8) 
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the uptake on pure ice by a factor of 5 at long residence 
times (see Tables 3 and 5, 4 mm orifice) at flows (F’) of 
HCl and HBr increasing from 7.1014 to 2.lOI5 molecule/s. 
However, at short residence times, that same increase of 
the flow rate of HCl and HBr does not have the same 
effect on the uptake rate of N2O5. In the case of the HC1 
reaction no si@icant increase in the uptake rate of N205 
is observed upon increasing F‘ (HCl), whereas y increases 
by a factor of 2 to 3 for the HBr system. This observation 
represents a si&icant difference between the systems in- 
volving HCI and the ones involving HBr. The adsorbed 
HCl taken up on the ice gives rise to a vapor pressure 
which is supported by a desorption rate of HC1 from the 
ice surface thus reducing the net uptake of HCl in con- 
trast to HBr where no desorption rate from the surface 
has been observed [21]. Therefore, a critical parameter of 
the rate of reaction (2) and (3) is the net uptake of HX on 
the ice surface supporting the assumption of true inter- 
facial reaction. 

Another difference between reactions involving chlor- 
ine compared to those involving bromine is the reactivity 
of the products. The only reaction product we observed in 
the reaction between HCl and N205 was the primary 
product ClN02 which is stable under our experimental 
conditions. In the analogous reaction with HBr the pri- 
mary product, BrN02, was not observed at all as we only 
detected the secondary products HONO, Br2 and BrNO. 
The difference in the behaviour of the two molecules 
BrN02 and ClN02 can be rationalized by considering the 
different oxidation state of the halogen atom: Br being in 
the oxidation state +I whereas C1 is formally in the -I 
state. This causes a higher reactivity of BrN02 towards 
negatively charged species like Br- leading to the ob- 
served product Br2. 

5. Conclusion 

We have shown in this work that the rate constant for the 
reaction of N2O5 strongly depends on the HX content on 
the ice surface. The kinetics (Fig. 3) as well as the mass 
balance (Figs. 5 and 6 )  of both systems, namely HBdice 
and HCYice, are identical within experimental error. 

At the highest HBr concentrations used in this study 
we observed a fast rate of uptake of Nz05 corresponding 
to y=O.l, that is 5 times higher than the uptake of N2O5 
on pure ice. Hydrolysis of N205 is competitive with reac- 
tion with HX. Therefore one potentially important result 
for atmospheric modeling is the measured branching ratio 
for reaction (1) vS reaction (2) or (3). At the lowest HBr 
concentration reaction (3) resulting in HONO and Br2 

to the extent of 20%, whereas the hydrolysis of 
N205 is favored to the extent of 80%. At high HBr con- 
centdons  80% of the N205 reacts with HBr whereas 
only 20% is hydrolyzed. The reaction of N205 with HCI 
behaves similarly. 

The products Br2 and HONO may play a role in the 
pdtioning of bromine species as well as nitrogen spe- 
cies. Moreover, the fOrmation Of the easily photolyzed 

HONO may affect atmospheric OH concentration [33]. 
N2Os nighttime concentrations in the lower stratosphere 
are of the same order as the N2O5 concentrations used in 
this study [34]. To our knowledge, no measurements of 
atmospheric HBr concentrations are available between the 
altitude of 8 and 15km. Model studies estimate concen- 
trations between lo7 and los molecule/s cm3 [35, 361 
which are two orders of magnitude lower than the one 
used in this study which makes it difficult to assess the 
atmospheric implication of reaction (3). However, under 
certain atmospheric conditions, HBr may accumulate on 
ice particles and efficiently convert N205 into HONO and 
Br2 thus effectively contributing to an additional source 
of OH free radicals as well as bromine atoms. 
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