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Kinetics of the Heterogeneous Reaction HNgfg) + NaBr(s) <= HBr(g) + NaNOs(s)
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The kinetics of the heterogeneous reaction H¢{P+ NaBr(s)< HBr(g) + NaNGOs(s) has been investigated

at 296 K using a fast-flow reactor coupled to an electron-impact ionization mass spectrometer. The
concentrations of HN@and HBr in the presence of salts were monitored mass spectrometrically, and their
decay rates were used to obtain uptake coefficients. The sizes of NaBr and;gedt@les were measured

using an optical microscope, and their specific surface areas were estimated by a well-known relationship, Sg
= 6/dp;, where d is the average diameter of the granule @nd the true density of the NaBr or NaNO
substrate. Our observations indicate that the uptake process comprises both physical adsorption and chemical
reaction. The uptake coefficients for the forward and reverse processes, after accounting for internal surfaces
by means of a mathematical model of surface reaction and pore diffusion, were found to Be(qZ&ABx

103and (1.2+ 0.2) x 102 at 296 K, respectively. The error limits represent one standard deviation precision
only. The implications for atmospheric chemistry in the marine boundary layer and Arctic troposphere are
discussed.

Introduction In this article we report experimental results for both reactions
1f and 1r. By using a fast-flow reactor coupled to a differen-
tially-pumped quadrupole mass spectrometer, the kinetic mech-
anism was investigated. Moreover, a mathematical model of
HNO, (g) + NaBr (s)<> HBr (g) + NaNG; (s) surffafl_c(_a reac_tion and pore o_|iff!fsion was used_to obtaig_ uptake
o _ coefficients in a manner similar to our previous studies on
AH®(298K) = —1.9 keal/mol (1) reactions of NaCl with CION@ HNOs;, and NOs.1011 The
neous reactions involving NaBr have been suggested to playimplication for atmospheric chemistry in the marine boundary
an important role in ozone depletion in the Arctic troposphete.  layer and Arctic troposphere will be briefly discussed.
Recent field studies in the spring at Alert, Canada, show that
ground-level ozone concentrations decrease dramatically in aExperimental Method
period of time ranging from a few hours to a few ddy%.The
studies also demonstrate that there is a strong correlation
between ozone destruction and filterable bromine (the sum of
Br on particles and gaseous species, such as HBr efficiently
collected by a combination Teflon/nylon filter). Also, both
gaseous and particulate bromine compounds have been foun
in the marine boundary layer around the woftd. Thus,
bromine photochemistry, including some heterogeneous reac-
tions, has been invoked to explain the ozone loss. Second,
numerous studies of heterogeneous NacCl reactions have bee
documented in the literatu?&;13 These were motivated by the
discovery of salt particles in the stratosphere after the EI Chichon
volcanic eruption’' and the subsequent measurement of the
enhancement of hydrochloric adig:l” Third, reactions on
NaCl aerosols in the marine boundary layer have been used t
explain measurements of HCI and HNB 20 A study of
bromine heterogeneous reactions is a useful extension of this
work.

In a previous study of reaction 1f, Fenter et#lised a low-
pressure Knudsen cell and obtained a valug(@f) = 0.028 at
room temperature. This value was based on only one experi-
ment and was comparable to the reaction probabilities on other
salts. Moreover, the result was not corrected for the effect of
internal surface area of the NaBr substrate. To our knowledge,
there is no previous study of the reverse reaction 1r.

The forward reaction (1f) between gaseous HN@d solid
NaBr is of interest for the following reasons. First, heteroge-

The uptake coefficient measurement was performed in a fast-
flow reactor coupled to an electron-impact ionization mass
spectrometer, as shown in Figuré®®12! The flow reactor was
made of borosilicate glass, and its dimensions were 20.0 cm
éength and 1.8 cm inside diameter. The bottom of the reactor
was recessed and flattened in order to hold the NaBr or NaNO
substrates in place. The depth of the recess was about 0.33
cm. Temperature was regulated by circulating cold methanol
rt'hrough a jacket surrounding the flow reactor, and the temper-
ature was measured by a thermocouple attached to the middle
section. The pressure inside the reactor was monitored by a
high-precision capacitance manometer which was located about
7 cm from the reactor at the downstream end. The measured
Jpressure was corrected for the viscous pressure gradient between
the measurement point and the midpoint of the reactor. The
carrier gas, helium, was admitted to the reactor through a side-
arm inlet. The gas-phase reactants, HN®HBr, were added
through a sliding borosilicate injector. The average flow
velocity in the flow-tube reactor was calculated to be between
1400 and 1800 cm/s. A large metal valve located at the
downstream end of the reactor was used to regulate the flow
velocity.

HNO3; was prepared by reacting,80; (96 wt %) with
reagent grade NaNf(99%) in vacuum, and the nitric acid
vapor was collected in a Pyrex vessel at liquid nitrogen
* Author to whom correspondence should be addressed. temperature. The HN©Othus prepared was further purified
® Abstract published irdvance ACS Abstractdanuary 1, 1997. by vacuum distillation at 195 K. HBr was mixed with
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Ve R ji wherew is the average molecular velocity for HNOr HBr at
omae AEAGTANT 296 K. Note that this equation is valid fgg < 0.1 only, which
4_—SPECTROMETER - <_INLET

holds for the present experiments.

To account for the surfaces of the salt granules beneath the
top layer, we used an analysis recently developed and success-
T SUIDING fully applied to heterogeneous reactions on porous ice fiims.
SUBSTRATES  JACKET INJECTOR We model the NaBr or NaN©substrates as hexagonal close-

Figure 1. Schematic diagram of a neutral fast-flow reactor coupled packed (HCP) spherical granules stacked in layers. For this
to an electron-impact ionization mass spectrometer. The bottom of the model, the following equation holds:

reactor was recessed and flattened for the preparation of salt substrates. ! '
See text for details.
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helium in a 5 Lglass vessel, and its flow rate was measured by n= g 3L a2 = D+ (E62) 2]} ®)
a mass flowmeter. HNgand HBr were monitored by the mass
spectrometer usingh/e = 46 and 80 amu, respectively.

Two batches of NaBr were obtained from E. Merck Corp.
The size and shape of the granules were examined by using a
optical microscope. The typical shape was cubic, and the
average sizes were found to be about 0.2720.081 (D,
assuming a normal distribution) mm for batch 1 and 0.249
0.100 () mm for batch 2, respectively. The specific surface
area, Sg, can be calculated from the average crystal size by =
using? n=¢ “tanh¢ (6)

Sg= 6/pd (2) ¢ = (h/d)[3py2(o, — pp)(3ry) " (7)
where p; is the true density of NaBr (3.204 g/é)f andd

wherey; is the true reaction probability for reactions 1 and 2
and N_ is the number of granule layers or the ratio of the
r_}hickness of the salt substrates to the average granule size. In
eq 5,7 is the effectiveness factor, which is the fraction of the
NaBr or NaNQ surface that participates in the reaction. This
factor is determined by the relative rates of pore diffusion to
surface reaction and is given by

! ; whereh; is the internal thickness of the salt substratkis, the
is the granule size. One batch of NaN@as purchased o erage size of granuless is the bulk densityp, is the true
from Fisher, and its average size was about 0+9091(1) density, andr is a tortuosity factor. Typically, this factor is

mm. Another batch was supplied by J. T. Baker, and the poqyeen 1.7 and 2 In our data analysis, we used a value of
average size was slightly Sma"er’ 0.1450.107 () mm. 2. This type of calculation has been successfully used in
The true density of NaN@is 2.261 g/crA2® In typical evious publication&1t

- - r
experiments these substrates were placed in the reactor and theR In general, the magnitude of the corrections that conygrt
were baked under vacuum for at least 4 h. However, in some viis less than a factor of 3 for, > 0.1. However, fory, <

experiments they were not heated in order to test the effect of y | " 1o corrections become much largfet! The possible
surface moisture on the reactivity. The results will be discussed uhéertainties in the correction factors caﬁ be estimated by

later. . . . X
. - . ... assessing the expected errors introduced by uncertaintigs in
. T.he. procedure; used in qetermmlng tPe reaction prpbab|llty 7, and the type of packing (bulk density). For an uncertainty
is similar to that in our previous studiésand will be briefly in N of & 2 within the range used, the errors in the correction
discussed as fOHOWSJ The_loss rat(_a_s of H\ihd HI_3r were factors are less than 15%. For= 2 or 328 the error in the
measurledlaf 3 Lunctlpn o_f glet p}:)smon_, 'I;Re reaction tfllme correction factors is less thar20%. For layer packing between
was caiculated by usmg— v, Wherey 1s the average flow simple cubic packing (SCP) and HCP, the correction factor error
velocity. In each experiment we calculated_ the cross_-sechonal ranges ove-25%. Including the errors(15—25%) associated
area of the reactor and then the flow velocity. The first-order with the measurements of temperature, total pressure, flow rates,

rate constanks, was calculated from the slope of a linear least- 54 oytermnal gas-phase diffusion correction, we estimate that
squares fit to the experimental data. The axial gas-phasethe systematic error is about a factor of 2 '

diffusion correction toks was made by using the following
equationt* Results and Discussion
kg =ky(1+ k.D/v?) 3) HNO3 + NaBr — HBr + NaNO;s (1f). The uptake of HN@
in the presence of NaBr is shown in Figure 2. The experimental
The diffusion coefficients of HN@and HBr in helium were conditions wergp(HNOs3) = 6.7 x 1077 Torr, m(NaBr) = 28
estimated to be pD= 495 and 440 Torr cis™! at 296 K, g, p = 0.462 Torr, andv = 1716 cm/s. Initially the sliding
respectively?> The rate corrected for gas-phase diffusion is injector was positioned downstream of the NaBr substrate. After
designated akg. about 4 min, the reaction was started by moving the injector
For radial gas-phase diffusion, it is more difficult to estimate upstream from the substrate. The uptake or loss of EINO
the correction toks because the reactor is no longer a fully coincided with the appearance of HBr from the NaBr surface.
symmetric cylindrical tube. If we use the full reactor radius of The gradual rise in the HN§Zignal was an indication of surface
0.9 cm in the calculation, the correction is relatively small, less deactivation. At about 30 min, the injector was moved
than 10%. Since this correction is not precise, we neglected it downstream and the HBr signal dropped to near zero, while
in the data analysis. the HNG; signal was higher than the initial value. This
On the basis of the geometric areg (vhich was used to  sequence was repeated one more time at about 36 and 60 min.
hold the NaBr or NaN@substrates and the volum®)(of the After calibration of HNQ and HBr signals, the uptake of HNO
reactor, the reaction probabilityg, was then calculated by using  was found to be about 1.8 10" molecules and the yield of
the following equatior® HBr was found to be about 6.% 10 molecules. These
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Figure 2. Uptake of HNQ by NaBr (HNQx(g) + NaBr(s)— HBr(g) Figure 3. Loss of HNQ signals as a function of injector position at
+ NaNOx(s)) at 296 K. Both the HN@Ioss (upper curve) and HBr 296 K (HNGs(g) + NaBr(s)). Closed squares are for data obtained when
growth (lower curve) were monitored. the injector was moved from downstream to upstream. Closed circles

are for data obtained when the injector was moved from upstream to
observations suggest that the yield of HBr is about 34% of the downstream.
uptake of HNQ. Furthermore, the observation of an increase ] . .
in the_ HNG; signal when the injector was moved doqutream Iﬂ’ggﬁréﬂeﬂ? frgra tr%eOfR?aec{i?c?na ﬁlﬁg(zgofal\tl’gg(s) -
is evidence that some of the HNGnay also be physically  HBr(g) + NaNO(s) at 296 K
adsorbed on the NaBr surface. In a separate experiment, we
measured the physical uptake of Hh@ the NaNQ substrates

NaBr substrate no. of expts y4(x107?) yt(x1073)

and we did not find any reaction products formed. Similarly, baked (Merck 1) 51 2503 25+ 0.6

some of the HBr may also stay on the surface of salts. This ba'geﬁ ((';Ael\;lc" 2|2 L 122 22% 8-3 g-gi 8-;

finding is consistent with the observation of the uptake of HCI unbaked (Merck 1) oA : )
unbaked (Merck 2) 8 2201 3.1+ 0.2

on NaCl powders reported by Fenter et@alThus, the uptake av: 27+ 04 av: 2.8t 05

of HNO; on the surface of NaBr comprises two components: o o

physical uptake and reactive uptake. aThe errors indicate one standard deviation.

The uptake coefficients of HNfon NaBr were measured
by monitoring HNQ signals while moving the injector from
downstream to upstream and by calculating the decay rate of
HNOs;. The procedure has been discussed in the preceding
section. Under plug-flow conditions, the decay of HNI®
given by the equation

In[S(2)] = —k{(Z/v) + In[S0)] (8) 2 -

Typical data for the HN@Iloss as a function of injector position

are shown in Figure 3. The experimental conditions were
pP(HNO3) = 7.0 x 1077 Torr, m(NaBr) = 28 g,v = 1611 cm/s,
andp = 0.372 Torr. The salt was baked for a few hours at a
temperature of 443 K. We repeated the same procedure several
times and obtained a value pf(1f) = 0.022 in this experiment.

The total exposure time was always less thar20 s in order

to prevent any significant surface deactivation. After correcting
for the internal surface area, we found(1f) = 0.0019. -1 T T . T AE—
Moreover, we have used two batches of samples supplied from 0 20 40 60 80 100 120
Merck (see Experimental Method) and performed the experi- Time (min)

ments by using the dry salts or unbaked samples in order t0rig,re 4. Uptake of HBr by NaN@ (HBr(g) + NaNOx(s) — HNOx-
check the effect of moisture on the uptake. The results are (g) + NaBr(s)) at 296 K. Both the HBr loss (upper curve) and HNO
summarized in Table 1. The data obtained by using the unbakedgrowth (lower curve) were monitored.

salts appear to be about 20% greater than those for baked salts.

But, the difference is within the quoted uncertainties and is  HBr + NaNO; — HNO3 + NaBr (1r). We also studied
considered to be insignificant. The average value of thesethe uptake of HBr in the presence of Napf(r) by using a
measurements ig(1f) = (2.8 & 0.5) x 1073 at 296 K. The procedure similar to that used for reaction 1f. One example of
error limit represents one standard deviation. It is also noted the experiment is shown in Figure 4. The uptake of HBr and
that on the basis of the external geometric area of the NaBrthe yield of HNQ decreased during exposure to NaiO
substrateyy(1f) = 0.027, about a factor of 10 greater thgn suggesting that some deactivation of the surface may have
(1f) due to the effect of the internal surface area. occurred. The yield of HN@was only about 1630% of the

4
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10 K1 obtained using thermodynamic d&aThis suggests that
our measurements of uptake coefficients for reaction 1 are
reasonable.

In a previous investigation by Fenter efalsing a Knudsen
cell reactor, they obtained a value of 0.028 for the uptake of
HNO;3; on NaBr on the basis of only one experiment. Surpris-
ingly, they found that the uptake coefficients are identical
for a variety of salts, such as NaCl, KBr, NakOKClI,
and NaBr. The same result for the nonreactive salt, NaNO
° suggests that the uptake process is physical adsorption instead
of chemical reaction. It should be noted that their value is not
corrected for the porous nature of the salts. Our resul;cf
0.027 (see Table 1) obtained by using the external geometric
area of the salt substrates, is in excellent agreement with their
value of 0.028, despite the difference in experimental methods

-
|

Signal (a.u.)

used.
0.1 , — . , ; Very recently, Fenter et &P.repeated the same experiment
0 5 10 15 20 25 using the Knudsen cell technique for the uptake of HN@d
Distance (cm) N2Os on NaCl and KBr. The results for the,8s reactions

Figure 5. Loss of HBr signals as a function of injector position at clearly show that the uptake coefficients are strongly mass

296 K (HBr(g)+ NaNOy(s)). Closed squares are for data obtained when dependent. They used the theoretical _md’@é’}’swe have
the injector was moved from downstream to upstream. Closed circles previously developed for the surface reaction and pore diffusion
are for data obtained when the injector was moved from upstream to in the investigation of heterogeneous reactions on ice and salt.

downstream. The correction factors range from 5 to 30, depending upon the
TABLE 2: Summary of the Reaction Probability substrates used in their experiments. Thus, our model holds
Measurements for the Reaction HBr(g)+ NaNOs(s) — very well for slow reactionsy ~ 10~3). However, the results
HNO3(g) + NaBr (s) at 296 K2 for the faster HN@reactions (the uptake coefficients are about
NaNOssubstrate  no. of expts g (x10°2) 7 (x10°9) 1 or 2 orders of magnitude greater than thgONreactions)
- show no mass dependence. They went on to suggest that
Bgtgg gEI:E:rr)) ::1,8 g'i 8'8 ii 8'% “sticky” molecules like nitric acid do not diffuse through the
unbaked (Baker) 20 6.6 0.9 19402 top layer and thus internal surface areas may not be available
av: 6.60.9 av: 1.2£02 for reactions. However, their results shown in Table 4 of ref

29 are rather scattered (a factor of 4 or 5 for the NaCl reaction
and almost a factor of 10 for the KBr reaction) and are
inconsistent with their conclusions.

a2 The errors indicate one standard deviation.

HBr uptake. This implies that both physical and reactive o . .
uptakes are occurring. Desorption of HBr was not observed In the ﬂOW tl_Jbe studie$; the experiments are carried O‘;t at
during the experiment on the basis of the observation that theo'4 Torrin he'““_“ and HN@at a partial pressure about'10
HBr signal was nearly constant when the injector was moved Tforr. Hom;evt;er, n a4Knud§en ce(ljl;xper;men(; a toFaI pressure
downstream (see Figure 4). This implies that HBr is more giglzglrolfll(\)l Qécgﬁiégtr;icg;slso%s;é tospulgsg?ofesﬁ:%a;?ggur
Ztrongly adsorbed on NaNdhan HNG is on NaBr (see Figure in the experiments carried out by Fenter et al. In the flow tube
)- o . studies a small, but noticeable, decrease (about a factor 2) in
The uptake coefficient was also measured by placing about i, uptake coefficients when the partial pressure of HN@s
19 g of NaNQ inside the flow reactor and by monitoring  yaried from 7.9x 108 to 1.1 x 1076 Torr (see Table 1 in ref
the decay rate of HBr while moving the injector from down- 17 we believe that this effect is due to surface deactivation,
stream to upstream and then moving the injector from upstreamtnys reducing the observed uptake coefficient. However, Fenter
to downstream. The data are shown in Figure 5. The et al. used a HN@pressure{10~* Torr) significantly greater
experimental conditions weygHBr) = 6.5 x 107" Torr, v = than that used in flow tube studies. For the larger uptake
1737 cm/s, ang = 0.470 Torr. A value ofyg(1r) = 0.076 coefficient, this effect may be serious. We suggest that much
was determined. We repeated the same procedure for correctionower reactant concentrations should be used. It is further noted
of the internal surface area and obtained a consistent valuethat the reactant pressures used in Knudsen cell experiments
of y¢(1r) = 0.014 in this experiment. The correction factor do not mimic atmospheric conditions in both the troposphere
is about a factor of 5. Again, we used two batches of samples, and stratosphere.
one supplied from Fisher Co. and another from Baker Co. The uptake of HN@ on NaCl ¢« = 0.013) measured
The results are summarized in Table 2. It appears that there ispreviously in our laboratof} is about a factor of 5 greater than
no difference between the data for dry salts and unbaked saltsthe uptake of HN@ on NaBr reported in this work. The
The average value of these measurementg(is) = 0.012+ difference may be associated with the energetics (for example,
0.002 at 296 K. The error limit represents one standard —3.3 kcal/mol for the NaCl reaction anel1.9 kcal/mol for the
deviation. It appears that the rate for the forward reaction (1f) NaBr reaction) of these reactions. However, it should be noted
is about a factor of 4 smaller than that for the reverse reaction that our understanding of heterogeneous reactions is rather poor
(1r). compared with homogeneous gas-phase reactions and we believe
The change in entropy for reaction 1 can be estimated to bethat presently there is no sound theoretical explanation for this
AS(298K) = —9.17 cal mot! K~1 on the basis of the ratio  difference.
k(1f)/k(1r) measured in this experiment. The resultis in good  The atmospheric significance of reaction 1f clearly depends
agreement with the value afS°(298K) = —9.08 cal moi? on the rate coefficients and also concentrations of gas species
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