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Uptake of NHz and NH3 + HOBr Reaction on Ice Surfaces at 190 K
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The uptake of NH and the heterogeneous reaction of ;\\H HOBr — products on ice surfaces at 190 K

have been investigated in a flow reactor coupled with a differentially pumped quadrupole mass spectrometer.
The uptake coefficieng; for NHz was determined to be (38 1.4) x 1074 on ice films at 189.8 K, for a

partial pressure of Nkiin the range of 7.0< 1077 to 3.8 x 1078 torr. The amount of Nkluptake on the ice

film was determined to be 2.9 x 10* molecules/cry based on the total ice surface area at 189.2 K. The
heterogeneous reaction of NH HOBr on ice surfaces has been studied at 190 K. The reaction probability
yrwas determined to be (58 2.2) x 10~# and was found to vary insignificantly as HOBr surface coverage
changes from 2.1x 10" to 2.1 x 10 molecules/crh A reaction pathway is proposed on the basis of
experimental observations.

1. Introduction 260 K16.25The interactions between NHnd HO molecules
are weaker than those between HCI angHmnoleculeg®

NH; efficiently scavenges HOBr to form NBr in the
aqueous phasé.Halogenation of NH has relevant roles in
biochemistry and environmental chemistfyAlthough the
application of bromamines for drinking water disinfection was
given serious consideration several decades ago, mainly because
these chemicals were found to be stronger disinfectants than
those chloramines, the brominated disinfection byproducts have
relatively high genotoxicity and carcinogenicity3° Studies
have been conducted on the reaction between &td HOBr
in solution?7:3-33 The specific rate constant for the NH-
HOBr reaction has been determined to be .50’ M1 s 1 at
20°C3tIce/snow is an important particulate matter in the lower
atmosphere and at ground level, and atmospheric concentrations
of NH3 (~0.2 ppbv in marine boundary layér and HOBr
(~0.01-0.26 ppbv®) are similar. A catalytic heterogeneous
reaction usually has a reaction barrier that is lower than or equal

Ice is one of the most abundant and important materials in
the earth’s environment. An understanding of the nature of the
interaction of ice with its environment is important in an
astrophysical context, because ice is a major component of
comets, planetary rings, and interstellar clouds. Gas adsorption
on icy surfaces is of interest in terrestrial, atmospheric, and
interstellar chemistry-4

Ammonia in the atmosphere derives primarily from ground
sources, including decaying organic matter and chemical fertil-
izers; the atmospheric lifetime is relatively shortl 0 days, in
the lower atmosphereAtmospheric NH concentration varies
significantly in both clean and polluted environments (50 pptv
to 100 ppbv), as well as in cloud and fog dropl&ts Current
models for tropospheric aerosol growth depend on the conden-
sation rates of ammonia, sulfuric acid, and water vapor.
Knowledge of the NH uptake rate is important to an under-

standing of how NH enhances new-particle nucleation rates to that of the corresponding noncatalvii #5R bl
beyond those observed for binarp$O,—H,O systemg?-12 . P g noncatalytic reactiorresumanly,
However, few studies have examined interactions between ice'.(he reaction between Nkand HOBr onice surfaces IS _feasble .
and NH; at tropospheric temperatures. plid arguably the most in the lower atmosph_e_re. ASS“'.“'”Q tha; the reaction is rap|_d, It
important alkaline atmospheric specféd Ammonium associ- could serve to repartition bromine species and could constitute

ated with aerosol particles exists well above the boundary Iayer.,fil 'ﬁf dnf[ﬁé Slllné :g;;\:i%eTS tgsl:;hkl)s wg%t:?rselzfev:ljei::\éi ;Pavfess
On average, rime ice samples are 50% neutralized by NH gThe resent stud hag beenydes' ned (1) to address fhe
uptake, and snow samples are on average 23% neutrafized. P udy '9 (1)

Some related experimental and theoretical studies have beenquestlon of how r.apldly Nilis taken up by the ice surface,
carried out on NH adsorption at water interfadést’ and on under an NH partial pressure comparable to pressures found

: : 18-24 in the atmosphere, and (2) to investigate the heterogeneous
g;usr:ifgizséggévetirp&ﬂstzjlrezs i(t}splzc)ai)lfglf r)n ole cn]-lzg / reaction of NH with HOBr on ice surfaces at low temperature.

cIT? at the air-water interface at 298 K, and the Nholecule In the following sections, we wi]l briefly describe the_experi-
is bound by a small number of water m'olecules at the suface mental procedures used. We will present our determination of

- ; : the initial uptake coefficient of NElon ice surfaces, and the
'(I)'t; gpi%'f‘j ;:to _?fic;egn(; ELNS-:} iéll?/iﬁa;?qur::tg-ﬁvf; ri ésr s(gsﬁow reaction probability of N5 on HOBr-treated ice surfaces, as a

that the uptake coefficient of N-bn water has strong negative function of HOBr surface coverage. The results will be discussed

temperature dependence, increasing from 0.1 at 290 K to 0.3 at’ terms of a reaction mechanism.

2. Experimental Section
* To whom correspondence should be addressed. E-mail: Ichu@albany.edu. —_ . . .
t Shanghai Normgl University. @ Y The uptake coefficient is defined as the ratio of the number

* State University of New York-Albany. of NH3z molecules that are taken up by the ice surface to the
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total number of NH molecules colliding with that surface. When 108
the ice surface is freshly prepared and the surface is clean, we
term the uptake coefficient the initial uptake coefficient. When
a reaction is involved, the reaction probability will be used. The
measurements of both the uptake coefficient of;H ice and
the reaction probability of Ngwith HOBr-treated ice surfaces
were performed in a flow reactor coupled with a differentially
pumped quadrupole mass spectrometer (QMS). The details of
the apparatus have been discussed in our previous publica- *
tions37-39 we provide a brief summary and describe some 10°¢
modifications in the present paper.
2.1. Flow Reagtor.The cylindrical flow reactor was made Time = v (ms)
_?_Lzy;ﬁ;(eglja;(:sk;vtlta;n zla.dv.a?:fu:llj'rzolg)rlgrar]s% aage?gtggrn?;ncrpﬁe Figure 1. Plot of the log NH signal vs the contact time/¢) on ice
’ at Pyy, = 1.9 x 1079 torr and 189.7 K. @) represents the N¢bignal.

temperature of the reactor. The temperature of the reactor wasthe piot shows the initial Niisignal, before the Niicame in contact
regulated by a liquid-nitrogen-cooled methanol circulator (Neslab) with the ice ¢ < 0), the loss of NH on the ice film ¢ = 0—23 ms),
and was measured with a pair of J-type thermocouples locatedand the NH signal after the Nklloss measurement. The injector was
in the middle and at the downstream end of the reactor. During pushed back (a scale break indicates the dat_a collection was paused)
the experiment, the temperature was maintained at 190 K; theto the downstream endi{: 40 ms). The pseudo-first-order rate constant

o ’ . ! kobs= 58.1 s* was determined using data recorded at0—17.5 ms,
Stab'“_ty of the temperature was k_)ett_er than0.3 K in every and the corrected rate constagt = 64.6 s*. The initial uptake
experiment. The total pressure inside the flow reactor was coefficient isy,, = 2.3 x 10°3. The flow velocity was 9.4 m/s. The
controlled by a downstream throttle valve (model 651C, MKS total pressure of the reactor was 0.590.003 torr, and the background
Instruments) and was measured by a high-precision BaratronNHs signal was subtracted.
pressure gauge (model 690A, MKS Instruments). The stability . . .
of the pressure was better than 0.003 torr in every experiment.Of the manifold was large (7 L). Pressure in the manifold
A double-capillary Pyrex injector was used to admit HOBr-He ~ changed by several Torr during an experiment. Therefore, we
water vapor, and NEito the flow reactor. In order to avoid the could maintain a constant flow rate during the experiment.

condensation of the water vapor and reactants in the capillary . 2-4- HOBr Preparation and Calibration. The I;I(?Br solu-
at low temperature, room-temperature dry air was passedt'on was prepared by addition of bromine (99.5%; Aldrich) in

through the outside of the capillary, to keep it warm. aliquots to an ice-cooled glass flask, in which 2.1 g of AgNO
. . S (99.9%, Baker) had been dissolved in 100 mL of distilleDH
2.2. Ice-Film Preparation. The ice film was prepared by

. . o until the orange color indicative of excess bromine persisted
gahsga?p?u?ift ;Zlilgtmec da\r/\r/laetrega(lilli(lﬁg.c?rzgl\gjm-%erl)tlﬁ’si(ig)l\;lgough under continued stirring. After the solution had been stirred for

. : S ~45 min, it was filtered to remove all precipitated AgBr. The
cm) reservoir. The reservoir was maintained at 293151 K . : . . .
by a refrigerated circulator (RTE-100LP, Neslab). Helium filtered solution was freed of Biby six successive extractions

saturated with the water vapor was introduced to an inlet of the nghsfgghﬁgﬁm&ssamédo;? ﬁvgsslﬂggtt%fgmﬁgé ;Ite2a7r3 15
double-capillary injector. During the course of the ice deposition, K in the dark4l '
the double-capillary injector was slowly pulled out, in a direction :
from the downstream end to the upstream end, at a constant .
speed, and a uniform ice film was deposited on the inner surface
of the reactor at 190 K. The amount of ice substrate deposited
on the wall surface of the flow reactor was calculated from the
water vapor pressure, the mass flow rate of the hetiwater
mixture (which was measured by a Hasting mass flow meter),
and the deposition time. The average film thickndgsswas
calculated from the geometric area of the film on the flow
reactor, the mass of the ice, and the bulk density= 0.63

NH, Counts (A. U.)

-10 0 10 20 40 50

The concentration of HOBr vapor was calibrated by reaction
the HOBr vapor with HCI on ice surfaces at 190 K in a
separate experiment, since the HCI concentration can be
precisely controlled. The details have been given previctisg/.
2.5. Determination of the Uptake Coefficient.The initial
uptake coefficienty,, of NH; on the ice film was determined
as follows. First, a 20 cm length of ice film was prepared by
water vapor deposition on the inner wall of the flow reactor at
190 K, as described in section 2.2, for each separate determi-
g/cn) of vapor-deposited ic®. The typical ice-film thickness ir;]allgto gf tshicggp?i’llg;s ilr\]l?:ggrlm;;%rri ngg&:g L(Lir;omg '
was approximately 3.% 0.3 um at 190 K. ice film, the initial NH; signal was determined by the QMS
2.3. NH;—He Mixture. The NH—He mixture was prepared  (Figure 1, data at time < 0). The loss of NH was monitored
by mixing NH; (99.9%; Matheson) and helium (99.9999%; py the QMS atm/e = 16, to minimize interference from the ice
BOC) in an all-glass manifold, which had been previously been yapor. After the NH signal was stabilized, the sliding injector
evacuated to~107° torr. The typical NH-to-He mixing ratio  was pulled out in 2 cm increments at a time, toward the upstream
was 107 to 10°°. The NH;—He mixture, along with additional  end of the flow reactor, to determing,. The data acquisition
helium carrier gas, was introduced into the flow reactor via the time was typically~10—30 s/per point. The loss of NHbn
glass and PFA tubing. The tubing was passivated by the-NH  the ice film was measured by the QMS, as a function of the
He mixture, to enable equilibrium to be established, as monitored injector distancez. For the pseudo-first-order loss rate under
by the QMS prior to every experiment. The amount of thesNH  plug-flow conditions, the following equation holds for NH
He mixture was controlled by two stainless steel needle valves
in series, and the flow rate was determined from the pressure IN[NH3], = —k,p,dZ/v) + IN[NH4], (1)
change in the manifold per minute. The relationship between
the flow rate and NH pressure change in the manifold was wherekypsis the pseudo-first-order loss rate constarig the
determined in a separate experiment. The typical pressure ininjector positiony is the mean flow velocity, [NHl; is the gas-
the manifold was in a range 6f250—-600 torr, and the volume  phase NH concentration recorded by the QMS at positpn
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and the subscript 0 is the initial reference position. Figure 1
shows a typical experimental result for Bdn an ice film at
190 K. The x-axis denotes the contact timejy, of NH;

molecules on the ice surface; the time increases as the injector
is pulled back to expose successively more ice surface. The

y-axis represents the gas-phase;Nbts as detected by QMS.
When NH; exposes to more ice surfaces, the loss of;H

ice increases. The observed pseudo-first-order loss rate constant,

kobs Was determined from the least-squares fit of the experi-
mental datat(= 0—17.5 ms) to eq 1. The injector was pushed
back to the downstream end tat- 40 ms, as a check for the
stability of the NH signal (att > 40 ms, the injector was at the
fixed position). The plot shows that the MIgignal is stable,
and there is no indication of adsorbed Nid be desorbed from
the ice surface. A value dfy,s = 58.1 st at 189.7 K was
obtained from the fitk,pswas then corrected for gas-phase axial
and radial diffusion by a standard procedtitehe corrected
rate constant is termdg,. The diffusion coefficient for NHlin
helium was estimated to be 272.3 &sn! at 190 K and 1.0
torr.** The initial uptake coefficieng,, was calculated frork,
using the following equatic§46

Yw = 2RK/(@ + RK,) @)

whereR is the radius of the flow reactor (0.85 cm) ands the
mean NH molecular velocity at the ice-film temperature.
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Figure 2. Plot of the initial uptake coefficieny,, vs NH; partial
pressure, for Nkl uptake by the ice surface at 18%480.5 K. The
ice-film thickness was 3.5 0.3um. The total pressure in the reactor
was 0.5004+ 0.003 torr. The solid line shows the mean value of the
experimental data points.

mometers, and mass flow meters, estimated collectively to be
approximately 8%. Within the limited partial NHbressure range
(7.0 x 10 "to 3.8 x 10 % torr), they,, values fluctuate slightly,
from 2.0 x 1073 to 3.5 x 1073. Within the uncertainty of the
measurement, thg, value is nearly independent of the partial
pressure of NKl under our experiment conditions. The mean
value ofy,, (shown as a solid line in Figure 2) is (2481.1) x

Itis generally accepted that the vapor-deposited ice film has 10~° The mean true uptake coefficient is (3t81.4) x 10
internal surface areas and is porous. To obtain a “true” uptake (T@ble 1). We did not study the initial uptake coefficient at

coefficienty;, as if the film were a nonporous surfagey is

warmer temperatures. At warmer temperatures (e.g., 230 K),

corrected for contributions due to the internal surfaces. On the the ice vapor pressure is higher, and the correspondii@ H

basis of findings of previous studies, which were conducted
under similar conditioné’“8ice films can be approximated as

m/e = 16 fragment increases as well. This interference leads to
a greater uncertainty in measuring the signal of;N\d4s to ice

consisting of hexagonally close-packed spherical granules Surfaces.

stacked in layeré? The true uptake coefficient;, is related to
the valueyy by

B V3y,
a1+ 20N, — 1)+ GV

®)

Yt

where the effectiveness factar,= ¢! tanhg, is the fraction
of the film surface that participates in the reactiors (N. —
1)(#3)Y2 + (HY)[3pu/2(0r — pp)](3Tyr)Y2 wherep; and p, are
true density and bulk density of the icejs tortuosity factor,
andN_ is the number of granule layet$>°Detailed calculations
for these parameters can be found elsewh&teA tortuosity
factor v = 4.4, determined from fittingyy, as a function of
thickness (section 3.1.c), and a true ice density valee0.925
g-cm~3 were used in the above calculation.

3. Results

3.1. Uptake of NH; on Ice Films. 3.1.a. Initial Uptake
Coefficient of NH on Ice Films.In this set of experiments, the
ice film was prepared by the water vapor deposition (section
2.2). Gaseous NHwas taken up by the ice-film surface as
monitored by the QMS atve = 16; a typical result is shown
in Figure 1. The initial uptake coefficient of Nt+bn ice films
was studied as a function of partial Nigressure at 189.&

3.1.b. Effect of Ice-Film Thickness on Initial Uptake Coef-
ficients.In this experiment, we varied the ice-film thicknehs,
under a constant temperature. The initial uptake coefficient of
NHsz on the ice film increases quickly when the ice-film
thicknessh < 10um; then,y, increases gradually dsincreases
at 190 K (shown in Figure 3). This behavior suggests that the
ice film is porous and has internal surface areasg Midlecules
can gain access to internal surfaces by pore diffusion. We
modeled this behavior using the hexagonally close-packed
spherical granules pore-diffusion mod@iSinceN, in eq 3 is
a function of thickness, the solid line presented in Figure 3 is
a result of a fitting of the data to eq 3. The relationship between
N_ andh was assumed to ¢, = a + b log(h + c), where the
parameters, b, andc were determined from the nonlinear least-
squares fit. The; value was determined to be (3#4 1.5) x
104, and7 = 4.4 £ 1.0, from the nonlinear least-squares fit
(see section 2.5). The detailed experimental conditions are also
included in Figure 3.

3.1.c. Amount of NElUptake on Ice FilmA 20 cm length
of ice film was prepared on the wall of the flow reactor at 189.2
K. Gas-phase Niwas admitted into the reactor via the movable
injector. For the measurement of the amount of;Niptake,
the sliding injector was initially placed in the downstream end
and in front of the ice film. A background signal was collected
before NH was admitted to the reactor. The initial Meignal,

0.5 K. The results are presented in Figure 2, and detailed as monitored by the QMS at/e = 16, was recorded after NH

experimental conditions are listed in Table 1. Evkgys or yw

had been introduced into the reactor. Once the; Kignal had

value in Table 1 was an average of two to five measurements, stabilized, the injector was quickly pulled out, toward the
and every measurement was conducted on a freshly preparedipstream end of the flow reactor, and the entire ice film was

ice film. The error bars in Figure 2 and the errors listed in Table
1 include both 1 standard deviatigno of the mean value and

exposed to NKl The gas-phase Nysignal loss to the ice film
was then recorded as a function of the exposure time. The

systematic errors related to the pressure gauges, digital theramount of NH uptake was determined by integration of the
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TABLE 1: Uptake Coefficients of NH3 on Ice Surfaces at 190 K

temp Pnits v Kobs K

(K) (torr) (m/sy (1/s) (1/s) Yw v
190.1+ 0.6 7.0x 107 9.4 711+ 9.1 80.7+ 9.7 (2.7£0.5)x 103 (3.6+0.7) x 10
189.94+ 0.3 9.9x 1077 9.4 91.5+ 10.5 99.2+11.1 (3.5 0.6) x 1073 (4.8+£0.9)x 10
190.1+ 0.4 1.2x 10° 9.5 64.4+ 8.2 724+ 8.9 (2.54+0.5) x 1073 (34+0.7)x 10*
189.2+ 0.6 1.4x 107 9.5 53.6+ 7.0 58.7+ 7.8 (2.0£0.5)x 1073 (27£0.7)x 10
189.0+ 0.2 1.7x 107 9.4 76.0+ 10.3 87.3t 11.6 (3.0+£0.6)x 1073 (4.1+0.8)x 104
189.84+ 0.5 1.9x 1076 9.4 73.1+ 8.8 82.3+ 9.5 (2.8+£0.5)x 1073 (3.8+0.7)x 10#
189.74+ 0.4 2.3x 1076 9.6 83.2+12.2 96.3+ 14.1 (3.4+0.6) x 1073 (4.6+0.9)x 104
190.3+ 0.4 3.0x 10°¢ 9.4 62.3+ 7.6 68.9+ 8.8 (2.4+£0.4)x 1078 (3.2+0.6)x 10
189.9+ 0.7 3.8x 1076 9.6 82.1+9.7 95.5+ 11.5 (3.2+ 0.5) x 1073 (4.3+0.7)x 104
mean (2.84+1.1)x 1073 (3.84+1.4)x 104

aTotal pressure was 0.508 0.003 torr; ice-film thickness was 3:5 0.3 um at 189.8+ 0.5 K. ® Flow velocity. ¢ y; was calculated from eq 3
by usingN, = 2, at 3.5+ 0.3 um.

7x10°%

2 0.006 F 6x10° |
c
:g 5 5x10° I
£ <
g 0004 o 4x105 |
o €
@ 3
2 o 3x10° |
$ 0002} %
3 Z 200 |
I
Z 0.000} 10°r

1 1 1 1 1 0 N N n L

0 10 20 30 40 0 100 200 300 400

Ice Thickness (um) Exposure Time (min)

Figure 3. Plot of the initial uptake coefficient of Nk yw, on the ice Figure 4. Plot of NHs signal vs exposure time. for take b

as a function of the ice-film thickness, at 190 K. The total pressure in icg atPN.H =14 x Flbo-ﬁgtorr and 1%9 2K. @) r:epres,\ims the I\H)-li
— ) 3 . 2 K.

the reactor was 1.008& 0.003 torr,Pyy, = (2.0 £ 0.3) x 10°° torr. signal. The plot shows the initial signal, before Neame in contact

The solid curve is a nonlinear least-squares fit to the data using eq 3 ith ice t < 0), the uptake, starting at= 0 min, when NH was

and an empirical correlatioN. = a+ blog(h + c), where parameters  4qmitted onto the ice film, and the loss of NN the ice film. The

a, b, andc were fitted to bea = 0'22’.b = 3.4, andc = 0.76 ('1 = injector was pushed back to the downstream end (line break) as a check
1'3_31'4/‘;71)' The plot shows thag,, increases from 9.6c 107 to of the stability of the NH signal. No measurable Niflesorption from

4.2 x 107 as the ice-film th'CkrleSS increases. Tpevalue was the ice surface was found. The Nbiackground signal was subtracted.
determined to be (3.4 1.5) x 10°% The amount of Nitaken up by ice was 2.9 x 105 molecules/crh

based on the total ice surface area. The total pressure was 1.0 torr, and

calibrated NH signal over the exposure time. This is shown in ice-film thickness was 3.2m.

Figure 4. The amount of NHuptake was determined to be2.2

x 10 molecules/crhon ice film at 189.2 K, as calculated from  in m/e = 16 baseline is mainly due to evacuation of water vapor
the geometric surface area of the reactor (Figure 4), after thein the QMS vacuum system over the experimental time period.
ice film had been exposed to NHbr ~7 h; that length of time This factor was taken into consideration when we calculated
was too short to permit steady-state equilibrium to be reached.the amount of NH uptake. Note that the magnitude of timée

Even after we take the porosity of the ice film into consideration, = 16 signal drift over 6-7 h is comparable with the signal
the amount of NH uptake is estimated to be2.9 x 10 random fluctuation depicted in Figure 4. An average background
molecules/crhon the basis of the total ice surface area, which m/e = 16 signal determined before the uptake measurement was
was estimated using the ratio of the total ice surface area to thesubtracted from the data before plotting. Both Figures 1 and 4
geometric area 3 Y27[2N. — 1+ (3/,)%4.49 This high amount  also suggest that NHaken up by the ice should not be desorbed
of NH3 taken up by the ice surface is likely due to the formation from the ice surface within the experimental time frames.
of metastable hydrates or peritectic liqdid>* NHz is known Additional experiments (data not shown) confirmed that ad-
to form hydrates at low temperatur25554 as will be sorbed NH does not desorb from the ice surface as the injector
discussed in the Discussion section. However, the details areis pushed back to the downstream end; we thus conclude that
beyond the scope of this work and will be the subject of future adsorption of NH on ice is irreversible.

studies. 3.2. Reaction Probability of NH; on HOBr—Ice Films.

The stability of them/e =16 signal is a concern in this  Once the ice film was deposited on the wall of the flow reactor,
experiment, because of the long time duration. At the end of freshly prepared ice was exposed to HOBE, as the sliding injector
the measurement, the injector was pushed back to the down-was slowly pulled out toward the upstream end, to uncover the
stream end position, and the Nidignal was measured at entire ice-film surface. The surface coverage of HOBr, taken
370 min, as a check of the stability of the Blkignal. The NH up by the ice film, was determined by integration of the HOBr
signal at the end is approximately the same as the initial signal signal /e = 96) over the exposure time. The result was
(t < 0 min), within the uncertainty of the measurement. The expressed as the amount of HOBr taken by both the geometric
m/e = 16 signal fluctuation in Figure 4 derives from both the surface area and the total ice surface area (Table 2). We varied
variation of the ice vapor pressure due to small temperature either the HOBr flow rate (530 sccm) or partial HOBr pressure
fluctuations @&0.3 K) in the flow reactor and the pressure (typical Phogr = 1.6 x 1078 torr), or a combination of the two,
changes of the QMS vacuum system owet h. A small drift to achieve a range of HOBr surface coverages. The saturation
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TABLE 2: Reaction Probability of NH 3 on HOBr-Treated Ice Surface$

temp P v HOBr surface coverage  corrected Kobs K
K (torr) (m/s) (molecules/cri® surface coverage  (1/s) (1/s) Yw yd
190.0+0.3 1.4x10° 8.4 (1.64 0.2) x 1014 21x 108  81.6+£11 89.0£12 (3.1+£05)x 102 (4.2+0.7)x 10°*
190.2+0.4 1.3x10°% 85 (3.1£0.2) x 10 4.1x 101 116+21 131424 (45+£1.0)x10°% (6.24+1.5)x 10
190.0+ 0.3 1.3x10°¢ 85 (6.1 0.2) x 101 8.0x 108  87.94+17 96.5+20 (3.4+0.7)x 1023 (4.6+1.0)x 104
190.0+0.3 1.4x 10°% 8.4 (7.9+£0.3) x 10 1.0x 10" 125+ 24 143+29 (5.0£1.0)x 10°% (6.94+1.5)x 10
189.840.5 1.4x10°% 8.4 (1.1+0.1) x 10% 1.4x 10" 109+ 18 123+22 (3.7£1.2)x10°% (5.1+1.7)x 10*
190.2+0.4 1.4x10°% 8.2 (1.6+ 0.2) x 10'° 2.1x 10 88.9+ 13 98.1+15 (3.5+0.6)x 10° (4.8£0.9)x 10*

aTotal pressure was 0.508 0.003 torr; HOBr-treated ice-film thickness was 3:40.2 um at 190.0+ 0.4 K. P HOBr surface coverage based
on the geometric surface areddOBr coverage (molecules/&nover the total ice surface area, which was calculated using the ratio of the total
ice surface to the geometric surface area in the cylindrical flow reaet®r2z[2N, — 1 + (¥2)¥3 andN, = 2. 9y, was calculated from eq 3 by

usingNL = 2, at 3.4+ 0.2um.
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Figure 5. Plot of the reaction probability; of NH; on HOBr-treated
ice surfaces®) vs HOBr surface coverage (total ice surface area), at
190 K. The thickness of the ice film was 34 0.2 um. The partial
pressure of NElwas (1.34 0.2) x 1076 torr, and the total pressure in
the reactor was 0.506& 0.003 torr. The solid line represents the mean
value of the data points. The true uptake coefficient of;MH the ice
surface Q) is included in the plot.

HOBr coverage was determined to be (2:70.6) x 10
molecules/crh (total surface area) @40 = 1.6 x 1078 torr

and 190 K. After the ice film had been treated with HOBr, the
injector was pushed back to the downstream end. It is important
to point out that adsorbed HOBr remains on the ice surface
(i.e., there is no measurable HOBr desorption) when the injector
is pushed back to the downstream end. This was demonstrate
in our previous studies as wél*6Gas-phase Nkt a pressure

of (1.34 0.2) x 107 torr was admitted to the system, and the
HOBr-treated ice-film surface was then exposed. The injector
was pulled out toward the upstream end, in 2 cm increments.
The loss of NH was measured by the QMS as a function of
the injector distance The pseudo-first-order rate constaghs

and the reaction probability,,, for NH; on the HOBr-treated

ice film were determined using eqgs 1 and 2, respectively. The
amount of NH taken up by the HOBr-treated ice surface during
the entire measurement wad x 10 molecules/crfy and the
pseudo-first-order rate treatment is valid. We measyreds a
function of the HOBTr surface coverage (moleculesjcat 190.0

+ 0.4 K. The true reaction probability;, was calculated from
theyw value, by use of eq 3. The results are shown in Figure 5,

and detailed experimental conditions are presented in Table 2.

4. Discussion

4.1. Uptake of NH; by Ice Films. 4.1.a. Uptake of Nklby
Ice. Figure 4 shows that the amount of klithken up by ice
(>2.9 x 10 molecules/cr) exceeds monolayer surface
coverage. Using the van der Waals radius of N antf e
estimated the size of the NHholecule on a surface to be40
A.2 The corresponding monolayer surface coverage is ap-
proximately 2.4 x 10" NHs; molecules/cri A possible
explanation for multilayer adsorption is as follows: WhenNH
is adsorbed to the ice surface, blid expected to be bound by
H.O or hydrated on the ice surface due to strong hydrogen
bonding between Nkand HO, as has been demonstrated
experimentally?>260Once NH accumulates near the surface, we
anticipate the formation of N (metastable) hydrates or
peritectic liquids at 190 K# Pursell et al. showed the formation
of NH3(H20), at T > 140 K18

The thermodynamic phases of Mkh ice are hydrates or
peritectic liquid at 190 K, depending on the equilibrium NH
pressure or Nkt-ice composition, according to the NHice
phase diagrarit Although gas-surface equilibrium is not
reached in the experiment depicted in Figure 4, either metastable
hydrates or peritectic liquid would explain the experimental data
in the figure, because the topmost bilayers of the ice surface
would require stoichiometrically equivalent layers of Nt
form an NH—H20 complex. Additional supporting evidence

a8 that the observed uptake profile in Figure 4 resembles the

profiles for either HBr or HNQ@ hydrates near the ice surface
at 188 K38.50.56

We rule out the possibility that behavior depicted in Figure
4 is due to the diffusion of NElinto bulk ice. Assuming that
the diffusion coefficientD of NH3 in ice is similar to that of
H,0 in ice (~10711to 10712 cnm?/s°7) at 190 K (since the two
D values are similar at 11059, the time required for Nkl
to diffuse overx = 3.2um ice is estimated to be3 h, according
to t &~ x%/2D. There is no indication of Nkisignal recovery
even at>6 h (Figure 4), suggesting that some process other
than diffusion is the determinant.

The rapid loss of the Ngisignal on ice at = 0 (Figure 4)
also reflects the loss rate or uptake coefficient ofg\i ice.
The difference between the initial uptake coefficient measured
based on the plot in Figure 1 and the loss rate taken from the
plot att = 0 in Figure 4 is as follows: A fresh ice surface was

The values reported in Table 2 were an average of two to threeexposed to Nifone section at a time with well-controlled gas
measurements. The errors listed in Table 2 and the error barssyrface contact time, approximately milliseconds, in the experi-

in Figure 5 include both 1 standard deviatittno of the mean
value and systematic errors. Figure 5 shows thatythealue
does not significantly change as the HOBr surface coverage
increases from 2. 10% to 2.1 x 10" molecules/crfy as

ment shown in Figure 1. In the experiment shown in Figure 4,
the injector was pulled out to expose the entire ice surface to
NHs and the real time was recorded. This is equivalent to the
NH3 loss of two data points in Figure 1, one taker &0 and

calculated based on the total ice surface area, at 190 K; thethe other taken just before the injector is pushed back, with

value remains approximately (532.2) x 1074 This value is
slightly higher thany; of NH3 on ice at 190 K.

less precisely controlled gasurface contact time and with less
cleanness of the ice surface (uptake coefficient is a function of
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Figure 6. Possible products of the heterogeneous reaction of NH
HOBr on the ice surface at 190 Kl represents the Nibignal, and
(O) represents the NiBr signal. A plot of the NH signal loss vs the
time is shown on the left-handaxis. The formation of NkBr, detected
by QMS atm/e = 94, is shown on the right-hangaxis of the plot.
The combination of the plots suggests that bromination of; WH
occurring between HOBr and NHwith NH.Br as the product. See
text for details.

surface coverad®. Thus, we did not determine the uptake
coefficient from the data in Figure 4.

4.1.b. Uptake Coefficient of Nfbn Ice The experimental
results indicated that the initial uptake coefficient of Néh
the ice surface at 190 K is approximately 28102 (Figure

Jin and Chu

is 3.8 x 10*at 190 K (Table 1). On the basis of our previous
work and the findings of this study, we concluded that HOBr
molecules are adsorbed on ice surfaces at 190 K yjth~

0.142 These evidences suggest that both HOBr ands NH
molecules can be adsorbed to the ice surface, and the reaction
then proceeds. However, the observed reaction probability is
equal to or slightly higher thap; of NH3 on ice (see Figure 5).
This leads us to propose that the reaction occurs wheg NH
migrates and collides with HOBr already adsorbed on the
surface. This sequence of events is described as

HOBr(g)+ S, % HOBr(ad) (8)
NHy(g) + S, 5= NHy(ad) ©

HOBr(ad)+ NH3(ad)—k5> NH,Br(g) + H,O(ad)+ S, (10)

We assume that HOBr and Nldre independently adsorbed on
different ice surface sites; @nd $. HOBr surface coverage is
on the order of a submonolayer. Our experimental condition
was that the amount of Ndtaken up by ice is lower than the
amount of HOBr surface coverage. Bkhs a higher probability

of finding an ice surface site than an HOHce site, at low

2), and the data in Figure 4 suggest that no obvious surfacef,og,. This approximation becomes invalid &sogr > 0.5,

saturation effect occurs on a time scale of minutes.yThalues
in Figure 2 are expected according to the precursor mdel,
which is illustrated in the equations

kl
NH4(g) o NH, (precursor)ﬁ NH,(ad) 4)
The loss rate of NEklis given by
dINH,(g)]
=g =kiNH(@] — K, INH@)] ()

The precursor [NhK(p)] can be determined using the steady-
state approximation d[Nfp)]/dt = 0, and eq 5 can be rewritten
as

diNH5(@)] — kik,
- dt - k—l + kZI.NHS(g)] (6)
The uptake coefficient can be expressed as
_ dINH4(g)]
_ dt _ kK, v
Y= = 3 (7)
INH (@)l 5 ok, + k)
4 \%

wherew is the mean molecular velocity of NHind SV is the
surface-to-volume ratio of the flow reactor. Equation 7 indicates
that the uptake coefficient for N¢-bn the ice surface at constant
temperature is independent of the partial pressure of Nhis
is in agreement with the experimental data plotted in Figure 2.
4.2. NHz Reaction with HOBr-Treated Ice Films. The
reaction probability,y;, was determined as a function of the
HOBr surface coverage (moleculesAmat 190 K. In this

wherefyog; is the HOBr surface coverage. Although it is also
possible that NH adsorbs on top of HOBr(ad), we will not
distinguish these situations. Reaction 10 is based on the fact
that NH,Br was detected by the QMS in the gas phase. We
expect that the rate for reaction 10 is greater than or equal to
the rate for reaction 9, because the reaction probability is slightly
greater thary; of NH3 on ice (Figure 5). An expression for the
reaction probability can be derived using the approach described
as follows. The rate of the reaction can be expressed by the
observed loss rate of N

_ dNHy(g)]

a JANHSQ)IIS,] — kg0,  (11)
wherefnn,, the NH; surface coverage, can be determined using
the steady-state approximationgg.]/dt = 0. Equation 11 can

be rewritten as

_dINHx(g)] _
dt

— I(4k‘50HOBr
k—4 + kSOHOBr

where 0Oyopr is the HOBr surface coverage. The reaction
probability, y;, can be expressed as

INH5 9IS (12

el
o dt _ AKKsVOyop,
A N = CORT T L
4 \%

where w is the mean molecular velocity of NHIn our
experiment, we chos@osr > Onn, SO as to satisfy the pseudo-
first-order approximation for the experimental measurement. For
moderate HOBr coverage, we anticipate tkeyosr > K-4,

experiment, the ice surface was treated with HOBr molecules because the reaction probability is greater than or equaldb
first, and HOBr coverage was determined. Figure 5 shows that NHs on ice (Figure 5). Equation 13 can be simplified to

the measureg value is nearly independent of HOBr coverage.
A product, NHBr, was detected in the gas phase (Figure 6).
We have determined that the megrfor NH; on ice surfaces

4k
ye=—'ds] (14)
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Since the initial $site, [S] = [S;] + NHs(ad), [S] = S/(1 + K
kqNH3(9)1/k-4), €q 14 can be written as HOBr + NH, = NH,Br + H,0 (16)
k.
Ry, S ) BrO™ + NH;— NH,Br + OH~ 17)
TtT T3
S
@ S1+ kNHy(g)lk were, respectively, found to bg = 7.5 x 10’ M1 s~ andk;
_ 5 = 7.6 x 10* M~1 s7! at 293 K3! Because these specific rate
We employed a fixed value foPyy, and Onu, (<10* constants were determined in solution, we cannot make a direct
r_noIecuIe;/crﬁ) is nearly constant. As a first-order approxima- - comparison between the reported aqueous values ang the
tion, [S] is roughly constant. Equation 15 suggests thas values obtained from our present study. The reaction rates are

independent of HOBr surface concentration at 190 K; thatis in 5tfected by the pH of the solution. We assume that the reaction
agreement with the result shown in Figure 5. The solid line in propability of NH; on HOBr-treated ice surfaces is also affected
the figure depicts the mean value @f= (5.3 + 2.2) x 10°* by the pH at ice surfaces. Th&pvalue of HOBr is~8.8 at
of the experimental data points. 298 K59 This implies that [HOBr]> [OBr~] in a neutral or
The above analysis suggests that, for the heterogeneousslightly acidic environment. For example, at pH7, [HOBr]/
reaction that occurs between HOBr and N\ the ice surface  [OBr-] = 120. If we accept that the reaction between HOBr
at 190 K, the reaction probability is a function of [NHand and NH; on ice is analogous to the reaction in solution, then
depends on available surface sites forg¥idsorption (reaction  the rate of reaction 16 is faster than that of reaction 17.
9 and eq 14). If reaction 10 correctly depicts the product for  4.4. Atmospheric Implications.NHj3 plays an important role
the reaction, we should be able to detect the gas-phase producin neutralizing acidic atmospheric aerosols. The reactive uptake
NH,Br. Figure 6 shows both the formation of MBt and the coefficient for NH; on sulfuric acid solutions is-1.2560 We
loss of NH; experimentally. The Nglsignal is plotted on the  have determined that the reaction probability, of NHz on
left-hand y-axis, and the NEBr signal is on the right-hand  HOBr—ice is 5.3x 10~ at 190 K; they, value is expected to
y-axis. The NH signal tailing off at a late time~20 ms) was be lower at warmer temperatures. To illustrate the relative
likely due to some ice surface sites having been adsorbed byimportance of two loss processes in the Arctic boundary layer,
NHs, and thus the uptake rate was modified. This behavior was we estimate Nkl heterogeneous atmospheric lifetimes due to
also observed in Figure 1. These tailing off points were not the NH; + HOBr reaction on ground-level snow-ice surfaces
included in they,, calculation because we intended to deter- and the loss on Arctic haze sulfate aerosols. The; Nétero-
mine the initial uptake coefficient. The plot shows that the geneous atmospheric lifetimeon haze sulfate aerosols can be
NH3 signal decreases as the reaction proceeds, and the produatalculated from
NH.Br, detected by the QMS atve = 94, is increasingly
desorbed from the surface. The data in Figure 6 thus support T =4lyoh, (18)
our proposed reaction pathway. Analogous to the reaction in
solution3® we expect that NbBr will further react with adsorbed  whereA, is an aerosol surface to air volume ratio. Using typical
HOBI, to produce NHBy#. A disproportion reaction for NpBr Ac ~ 10~ cm?/em® andy = 0.5-150617 ~ 1-2 s at 250 K.
can occur under weakly basic conditiofsDue to both the  The calculation of the Ngllifetime on a surface of snow-ice
low signal intensity for NHBr production and side reactions, involves transporting Nkl in the boundary layer and NH
we cannot obtain reliable rate constants from the formation of heterogeneous loss on HOBce surfaces. Here, we will
NHzBr. estimate the heterogeneous reaction lifetime o NRHOBr—
4.3. Comparison with Results of Previous Studied/e can ice/snow surfaces. The specific surface area of Arctic fresh snow
compare our results with the findings from other relevant studies is approximately 500 cig and the density0.4 g/cn3.6263
of NHjz interaction at water interfaces and orhexane soot  Assuming the reaction between NBind HOBr occurs near the
surfaces. Muenter and Koehler employed the transmission FTIRsurface of the snow-ice layer-60—100 um), because pore
technique to quantify Nkltaken up byn-hexane soot surfaces  diffusion of NHs into inner snow layers is limited as suggested
between 115 and 153 K, witRyy, ~ 1073 torr23 The values by Figure 3, using’ ~ 10~ (HOBr coverage~10" molecules/
for the uptake coefficient determined in that study ranged from cn¥) andAc ~ 1 cn¥/cn at 250 K8 heterogeneous atmospheric
~ 0.02+ 0.01 at 115 K to=(1.5+ 0.8) x 104 at 153 K. We lifetime for NH3; on HOBr—ice is estimated to be ~ 10 s.
have in the present study determined the initial uptake coefficient The heterogeneous atmospheric Ness rate by HOBrice is
yw to be 2.8x 1073 for NHz on ice-film surfaces at 190 K, and ~ slower than that by haze sulfate aerosgls-{1). A fraction of

with Pyy, in the range of 7.0< 1077 to 3.8 x 1078 torr. It is the NH; molecules is neutralized by haze sulfate aerosols when
predicted that Nil has a higher uptake coefficient on ice, NHs s transported from the atmospheric surface layet@0
because of hydrogen-bonding interactiéA%26An indicator of m) to ground-level snow surfaces because the dry deposition

this is that the uptake coefficient of NHt the water surface is  velocity is slow, ~1 cm/s® In addition, the heterogeneous
0.1-0.3 at 296-260 K 16:17.25Donaldson reported the saturated reaction between HOBr and HCl on ice surfaces has a reaction
coverage of ammonia to be (120.2) x 10 molecules/crh probability y; > 0.01 at 189.5 K and HOBr coveragel0'®

at a water interface at 298 ¥.We have determined that the ~molecules/cii*2 Thus, the NH heterogeneous removal rate due
lower limit of the amount of NH taken up by ice is>2.9 x to the reaction between Nrand HOBr on ground-level ice/
10'* molecules/crhat 190 K. The higher uptake amount at the SnOWw is not as significant as the rate of Nieutralization by

ice surface reflects the possible formation of metastable hydratessulfuric acid aerosols in the Arctic boundary layer.

or peritectic liquid near the ice surfage>*

There are no previously published results on the reaction
probability of NH; on HOBr-treated ice surfaces. The reaction ~ We have studied the uptake of Mldn ice surfaces, and the
between NH and HOBr in aqueous solution has been studied, reaction of NH with HOBr-treated ice surfaces, using a low-
and the rate constants for the reactions temperature flow reactor coupled with a differentially pumped

5. Summary
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QMS. The true uptake coefficiept of NH3 has been determined
to be (3.84 1.4) x 107 on ice films at 189.8 K, for a Nk
partial pressure ranging from 70 1077 to 3.8 x 1076 torr.
The lower limit of the amount of Npluptake is>2.9 x 105
molecules/crhon the ice-film surface at 1892 0.5 K. The
reaction probabilityy; of NHz + HOBr was determined to be
~(5.34 2.2) x 1074, over a range of HOBr surface coverages
from 2.1 x 103to 2.1 x 10 molecules/crh at 190.0+ 0.4

K. The reaction probability is nearly independent of the HOBr
surface coverage. Comparison with the rate of;MEutraliza-

tion on sulfuric acid aerosols in the boundary layer suggests

that atmospheric removal rate of Ny HOBr on snow-ice

surfaces is not a major pathway at typical boundary-layer

temperatures; at such temperatuge,of NH; + HOBr is

Jin and Chu
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