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Uptake of gas-phase Ny water was studied in both the droplet train and bubble train flow reactors.
Aqueous surface reaction of N@), reported previously in the literature, is not substantiated by these studies.
The uptake of N@Qg) is a function of Henry’s law coefficienHyo,) and the second-order N@g)—NO.-

(aqg) hydrolysis reaction rate coefficierk), in the formHyo,(k2)¥2. The NQ(aq)-NO,(aq) hydrolysis rate
coefficient is defined by:—d[NO,(aq)]/d = 2k;[NO,(aq)P. The coupled nature of the uptake makes it difficult

to obtain reliable separate values for the two paraméteasdk,. Literature values for these parameters vary

by as much as a factor of 5. With the bubble train apparatus it was possible to separate clearly the effects of
solubility and reaction on NOgas uptake. From these measurements and analysis of literature values,
recommended values of these parameters at 293 Kige= (1.4+ 0.2) x 102 M atm™* andk, = (3.0+

0.9) x 10' M~1s71 At 276 K, our best estimates ao, = 2.3 (+0.3-0.9) x 102 M atm™! andk, = (2.2

+ 0.6) x 100 Mt sL

Introduction jet techniques, respectively. Both studies reported an(§O
Nitrogen dioxide is involved in several important atmospheric uptake rate a factor of 1000 higher than predicted by bulk-phase
processes, among them the catalytic production and destructiorsolubility and reaction. Mertes and Wahhebserved that the
of stratospheric ozone, the production of tropospheric ozone, uptake rate increases with increasing ) density and
and the production of nitric and nitrous acids (H\&dd HNQ). proposed that the high uptake is due to the formation of ap NO
In turn, nitrous acid is photolyzed to form the OH radical, which surface species which then reacts on the surface to form nitric
is the most important oxidizing species in the troposphere. In and nitrous acids. To verify their observations, we reexamined
recent years a considerable amount of work has been directedhe NOy(g) uptake using both droplet train and bubble train flow
toward understanding the atmospheric chemistry of(g0(see reactors.
reviews by Lammel and Cagand Schwartz and Wh#g Still, The Henry's law coefficient-no, and the rate of the second-
important aspects of its chemistry remain unexplained. For order hydrolysis reactiork, are two of the key parameters
example, field measurements in both rural and urban areas showequired to characterize heterogeneous processes involving
that the ambient HN@NOx ratio is much higher than expected NO»(g). However, even after several studi€s'? uncertainty
from known sources and sinks for HN®On the other hand,  still exists in the values for these two parameters. Literature
measured HN@NOy ratios in the remote lower free troposphere Vvalues range from & 103 to 2 x 1072 M atm™* for Hyo,
are lower by about a factor of 5 to 10 than predicted by gas- and from 10to 1° M~* s™* for k, at 25°C. These uncertainties
phase steady-state modeéls. both cases heterogeneous () are due mainly to the complexity of N(@) aqueous interactions.
interactions have been suggested as possible explanations for Previous measurements fall into two categories: ;@s
the discrepancy.® Several previous studies have indicated that uptake from vertically rising bubbl&!l13and direct kinetic
surface-specific N@water interactions may deviate from studies of NQ(aq) or NOs(aq) hydrolysisi~1¢ Each type of
expected second-order reaction kinetics ob,M@h bulk water’ study has its complications. Inaccuracies in the ,(¢@)
A clear understanding of heterogeneousf¢interactions is concentration measurement can affect the measured rate co-
central to clarifying these and other issues involving the fate of efficient in the direct liquid-phase kinetic studies. For the
NO; in the atmosphere. In this work, we address three issuesNO(g) uptake studies, the uptake rate depends both offdjO
related to the interactions of gas-phase N@th pure liquid solubility and the rate of the solvated M@g)-NO.(aq)
water: (1) a reported N£g) surface reaction at the aqueous hydrolysis reaction. These processes are coupled and in most
interface, (2) uncertainties in the values of Henry’s law previous gas uptake studies only the prodhigio,k.t? was
coefficient Hno,), and (3) uncertainties in the second-order rate measured; individuaHno, and k; values were estimated by
coefficient ) for the NOy(aq)-NO,(aq) hydrolysis reac-  extrapolation. Further, NOforms a dimer, MOy, in both the
tion. gas and aqueous phases. Since the dimer is highly soluble, at
Recently, Ponche et &land Mertes and Wahrieperformed high NO,(g) concentrations a significant fraction of the species
NOx(g) uptake experiments using liquid droplet train and liquid exists as NO4(aq), affecting solubility measurements at high
NO,(g) concentrations. In addition, measurements involving gas
* Corresponding author. bubble/liquid interactions are complicated by the fact that the
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liquid forming the walls of the moving bubble is not stationary. by the quadrupole mass spectrometer. An experimental run
The motion of the bubble induces complex flows at the-gas begins with the injector positioned outside the flow tube, with
liquid interface which mix the solvated N@q) deeper into the gas flowing through the injector without contacting the
the bulk liquid, thereby reducing the Henry’s law solubility flowing liquid and this noncontact signal is recorded. The
constraints. Quantitative interpretation of the uptake data requirescomputer-controlled translation stage then starts to draw the

modeling of the convective liquid transport at the giguid injector into the flow tube filled with the flowing liquid. Well-
interface with parameters obtained by careful calibration of the defined bubbles, filling the diameter of the tube, are formed as
instrument. the injector enters the liquid. The liquid flow carries the bubbles

To obtain a new set dfiyo, andk; values, we performed a  to the end of the flow tube, where the bubbles open and release
series of NQ(g) uptake studies using a recently developed the entrained N@gas for continuous detection by the mass
horizontal bubble train flow reactor. The key differences spectrometer. The size, speed, and frequency of the bubbles are
between previous measurements and the present one is thénonitored by light-emitting diodes situated 20 cm from the exit
careful and detailed calibration of the device and the clear of the flow tube. The position of the injector inside the tube, as
control of the gasliquid interaction time which is determined  well as the speed of bubbles, defines the-gagiid contact
to a fraction of a second. By ensuring that the bulk liquid does time, which is continuously varied in most experiments from
not reach saturation, and by performing uptake measurements.1 to 10 s. The trace gas density is recorded as a function of
as a function of N@g) density, the effect of both solubility  gas-liquid interaction time. The basic interaction parameters
and aqueous phase M@q)—-NO,(aq) reaction can be separated. are extracted from such plots.

Electron impact ionization (70 eV) was used in both droplet
Experimental Methods train and bubble train studies to produce trace gas ions for mass

Both the droplet train and the horizontal bubblle train flow tsr?: C;:gmjectgc(;jfe,t\?g)t;f;ré'rlor;;:iz,I?ZZ;R? ?r;(;?;%r:{tﬁ%e,\g
reactors have been described glsewﬁ@fﬁﬂere we will present NO, and H, and therefore, might contribute to the N@nal.
only a brief description of their operation. However, HNQ(aq) produced by Ngaq) hydrolysis is retained

Droplet Tra|n Apparatus. In the droplgt train flow reactor by the liquid because of the relatively high Henry's law
aqut-movmg '(15093000 cm sY), monpd|sperse, and spaﬂa]ly coefficient of HNQ(g) (Huno, = 49 M atnt’; 3 orders of
colllmat_ed train _of aqueous dro_p_lets is produced b_y passing amagnitude higher thakno,13). It can be shown that evaporation
pressurized liquid through an orifice vibrated by a piezoelectric ¢ HNO,(g) from the liquid contributes less than 0.3% to the
crystal. The size of the droplets is controlled by the size of the signal in the droplet studies and less than 0.1% in the bubble
orifice and the frequency of orifice vibration. In the present i studies.
experiment the droplet diameter is in the range-1300 um, The NOy(g) used in these experiments was obtained from
depending on expenm_entql conditions. The droplet train passesaqrich Chemical Co., Inc. in the form of XDs(g) (99.5%F
through a 30 cm longitudinal low-pressure~®0 Torr) flow purity) and used without further purification. Millipore Milli-Q

tube which contains the trace gas of interest §Néntrained in filtered water (resistivity> 18 MQ cm at 25°C) was used for
a flowing mixture of helium and water vapor. The NQ@) all of the experiments.

density was varied between®@nd 106 cm~3. At these number
densities, the bD4(g) concentration is negligible<c%). The Modeling Gas-Liquid Interactions
trace gas of interest is introduced through one of three loop

injectors located along the flow tube. By selecting the gas inlet " both the droplet train and the bubble train flow reactors
port and the droplet velocity, the gadroplet interaction time the gas-phase species interacts with the liquid and the disap-

can be varied between 2 and 20 ms. The surface area of tha€arance of that species from the gas phase is monitored. Species
droplets is changed in a stepwise fashion by changing the orifice diS@Ppearance may be due to the entry of molecules into the

driver frequency. The density of the trace gas is monitored using PUIK liquid (and possibly subsequent reactions in the bulk liquid),
a quadrupole mass spectrometer. or to a reaction of the species at the ghquid interface. A

Reaction conditions (temperature, water vapor pressure, flow key task_in _the development of these experim_ental techniques
rate, pressure) are carefully controlled. (See, for example, S duantitative tools has been the proper modeling of gas uptake.
Worsnop et al? and Shi et al?) Overall pressure balance in In the droplet train flow reactor, gas uptake by a Ilqwd IS
the flow tube is further checked by sequentially monitoring the governed by gg;-phase d|ffu5|on, mass acgommoda’uo.n, gnd
concentration of a reference gas, in this case krypton, which is often by SOIUb'“ty, constraints as the species in the liquid
effectively insoluble in water. Any change in krypton concentra- approaches Henry's law saturatlpn._ln the latter process, some
tion with droplet switching determines the “zero” of the system of the molecules that enter the liquid evaporate back into the

and is subtracted from observed changes in trace gas concentradasS. phgse due to t_he_ limited solubility of the trace gas. At

tion. _equmbnum, t_he_l|qU|d is saturated and the flux (_)f molecules

As shown in Worsnop et al’,the measured change in trace into the liquid is equal_ o the rate of _desorpnon of these

gas signal as a function of the change in the droplet surface molecgles OUt.Of the liquid, resulting In zero net qpta}ke.

area yields the uptake coefficientnay from which basic Chemical reactions of the solvated species in the bulk liquid or
ea:

parameters affecting heterogeneous-dagiid interactions can at the inter_face provide a_sink for the_species, reducing the effect
be obtained. (See next section.) of saturation. In experiments subject to these effects, the

Horizontal Bubble Train Apparatus. In the horizontal measured fluxJ) into a surface is expressed in terms of a

bubble train flow reactor, liquid at a flow rate ofB mL/s is measured uptake coefficientmeas as

pumped through a 0.4 cm i.d. Pyrex tube at a controlled speed NGCY meas

of 15-35 cm sL. A low-pressure (50 Torr) gas flow, containing I=—"7 1)
the trace gas of interest (NJDdiluted in helium carrier gas, is

injected into the liquid flow via 1/16 in. inconal tubing. After ~ whereny is the trace gas number density eni the average
contact with the liquid, the Ngg) concentration is monitored thermal speed of the trace gas molecules.
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Sinceymeastepresents a convolution of the several physical to 3.0 M atnt?. For first-order reactive species, with reaction
and chemical processes discussed above, the experimentalatek, the apparatus measurdkl2 values in the range 0.64

challenge is to separate the contributions of these processes td50 M atntt s71/2

the overall gas uptake. In the droplet and bubble train flow

Modeling NO,(g) Uptake. As was stated, Ngg) uptake is

reactors the key factors affecting the rate of gas uptake aregoverned both by solubility and reactivity.

controlled, making it possible to deconvolute the uptake
coefficient into its component process parameters.

General solutions to the uptake equations, which include the
effect of interfacial mass accommodation, Henry’s law solubil-

Solubility. The solvation of NQg) in water as N@aq) is
governed by the Henry's law coefficiebtyo, such that
[NO(ag)]=H (5)

No,Pno,

ity, chemical reaction in the aqueous bulk phase, and interactions

at the gasliquid interface, are not available. However, Danck-
werts® and Sherwood and Pigfottprovide solutions for three

specific cases in the absence of gas-phase diffusion limitation:

where pno, is the partial pressure of the monomer Ng) in
the gas phase.
At relatively high concentrations, nitrogen dioxide forms a

(1) uptake governed by mass accommodation and solubility, dimer, NOg, in both gas and aqueous phases. The equilibrium
(2) uptake governed by mass accommodation, solubility, and constantiy andK,qdetermine the partitioning of NGand NO,4
irreversible reaction in the bulk phase liquid, and (3) uptake in the gaseous and aqueous phases, respectively, such that

governed by solubility and reversible reactions. A discussion
of these treatments is found in Shi et'al.

Modeling gas uptake in the bubble train apparatus begins with
the expression for the flux], of gas molecules into a semi-
infinite liquid in the presence of an irreversible liquid-phase

chemical reaction. Since the bubble train apparatus is used to

measure relatively small gas uptakenfas < 1074), gas-phase
diffusion and mass accommodation do not generally limit
uptake, and their effect on uptake is considered negligible. In

Ky = Pn,o/ (pNOZ)Z (6)

and
Kaq= IN,0,(aq))/[NO,(aq)f (7)

where pno, and py,o, are the partial pressures of M@) and
N204(g), respectively.

the absence of these two processes, for the case of irreversible Following the formalism of Schwartz and Whiteye define

reactions in the bulk liquid, Danckweffsgives the following
expression for the uptake flux:

J = nHRT[(D/at)"’exp(=ki) + (D) erf(k)*?] (2)

Here,ng is the gas-phase density of the trace spedids, the
gas constanD), is the diffusion coefficient of the trace species
in the liquid, k is the pseudo first-order reaction rate of the
species in the liquidT is the temperaturd,is the gas-liquid
interaction time, andH is the Henry’'s law coefficient (in M
atnr?),

In the limit ask — 0, eq 2 yields

J= 20 HRT(D/nt)"? (3)
As is evident in this case, the flux tends toward zero as the
gas-liquid contact timet) increases, and the liquid approaches
saturation. In this case, D, is known, the Henry’'s law
coefficient can be obtained from the uptake flux.

In the presence of an irreversible chemical reaction of the
trace species in the liquidk (> 0), the solvated species is
continually removed and the uptake flux approaches a steady-
state value given by

J=nHRT(DK (4)
In this case, only the produktk2 can be obtained from uptake
measurements. In the intermediate regime, wikeie neither
negligible nor very large, bothl and the producHk2 affect
the uptake.

In modeling gas uptake in the horizontal bubble train reactor,

N(IV) as the nitrogen species in the oxidation state IV, such
that the concentration [N(I\4)] in aqueous solution, and the
partial pressure of N(I\p)in the gas phasenv), are given as
follows:

IN(IV) o = [NOy(ag)] + 2[N,04(aq)] =
[NO,(aq)] + 2K, JNO,(aq)f (8)
and
Pnav) = Prno, T 2Pn,0, = Pro, T ZKg(pNOZ)z 9)

Because N@aqg) and NO4(aq) rapidly reach equilibrium,
the solubility of N(IV)y is represented by an effective Henry's
law coefficient

CINOV) ] Hyo,(1 + 2K, Hyo, Prno)

10a
A+ 2K,pg) 0¥

Pnav)

Under our experimental conditions whefgo, is low,

2Kgpno, < 1, andHes is approximated by
Heit = Hyo,(1 + 2K Hyo, Pro,) (10b)
which is now the effective Henry’s law coefficient for N@).

It is evident from eq 10b that solubility experiments per-
formed at low NQ(g) concentration, such thak2{Hno, pno,
<1, can yield values foHyo,.

Reactvity. When NQ(g) enters water it forms the acids
HNO(aq) and HNQ(aq) either via the reaction R1

numerical techniques are used to couple the gas density in the

bubble to liquid diffusion and reaction processes. The details
of the model are presented in Swartz etfllhe model takes
into account the changing size, shape, and velocity of the

bubbles along their path. Model parameters were determined

2NO,(aq)+ H,O(l) X HNOZ(aq)+ HNO;(aq) (R1)

or via reaction R2

and the performance of the apparatus was validated by studylngzNoz(aq)+ H 2o(|) — N204(aq)+ HzO(l) LN

the uptake of five different reactive systems and eight different
species with known Henry’s law coefficients in the range®10

HNO,(ag)+ HNO,(aq) (R2)
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Both processes R1 and R2 are considered irreversible because As is evident in eq 2, the Ny) flux (uptake) into the liquid
the reverse rates are slow compared to the-igsid interaction is a function ofHes and the rate constakt now defined in eq
times in the droplet and bubble train apparatuses. As shown in13. Therefore, measurement of the gas uptake flux yiklds
the Appendix, the disappearance of X&) is second-order in  which in turn, via eq 14, yield&,. Since both parameters are
NO,(aq) concentration for both pathways R1 and R2. Therefore, functions of NQ(g) concentration, the N£g) uptake has a
NOz(aq) disappearance can be described by nonlinear dependence on the )@ concentration. (See eq 10a

d (aq)] and 13.) Since bothle andk decrease with Ngjg) concentra-
NO,(aq tion, the normalized Ngjg) uptake flux decreases with N@)
T w 2k[NO,(aq)f (11a) concentration. Further, at sufficiently low N@) concentrations,
the reactive component of the uptake is negligible, BHag~
where the NQ@aq)-NO,(aq) hydrolysis rate coefficienky) is Hno,- In this region, the uptake is determined entirely by the
equal to the summation of the rates for the two reaction Hno, solubility and the normalized uptake flux is independent
pathways. of NOy(g) concentration. In this regime, the gas uptake
measurements yield the physical Henry’s law solubility.
ko =k + K'Kyq (11b) At this point, we note an important aspect of the numerical
model used in data analysis. The bubble train reactor was
The reactive disappearance of N(hygoncentration, however,  originally calibrated for pseudo-first-order reactidfidt was
is of mixed order in N(IV)q concentration because the reaction found that in the range of lower reactive uptake, a parameter
is first-order in NO4(aq). (For details see Schwartz and WHjte.  (designatedp) had to be introduced to account for an enhanced

By conservation of mass, the gas flux into the liquid is equal observed uptake. The paramefgivaried between 3.4 at low
to the removal flux of liquid-phase species away from the HkY2 to 1 at high HkY2 This observed enhancement was
interface. Because N(®) rapidly partitions into N@aq) and  attributed to postulated small-scale eddy currents within the

N204(aq) upon solvation, the NAy) uptake flux in our liquid which preferentially enhance uptake by removing solvated
experiments is equal to this N(I\)flux leaving th.e |ntgrface- molecules from the interface and returning the molecules at a
The analytical solution of Danckweri8,eq 2, is valid for lower concentration because some of the molecules have reacted

first-order kinetics in the liquid phase. Because the kinetics of away in transit. (For a more detailed discussion, see Swartz et
N(IV) aq are of mixed order, the Danckwerts expression is not al18) For second-order reactions in the aqueous phase, the effect
directly applicable to our system. This mixed-order kinetics is of these eddy currents on uptake is expected to be diminished
taken into account using the results of Bri&mriar?? numeri- because of the reduced effect of the reactions in transit. As the
cally calculated the gas uptake rate for the case where thesolvated species is removed from the interface by the eddy
aqueous-phase reaction can be represented by a rate equatiagurrents, they are brought into areas of lower (@) concen-
of ordern (n not necessarily an integer) and rate coefficlent  tration, and hence the effective reaction rate is also lower. When
as these molecules are subsequently returned to the surface by the
eddy currents, their concentration is less depleted, and the
d[N(|V)acﬂ . n resultant uptake enhancement is then less than for the corre-
dt = —kN(V) aJ (12) sponding first-order reaction. The best fit to the Xg) uptake
data is obtained witlip, = 1.
The results of Bria#? show that such a mixed-order uptake flux
can be approximated (to within 3%) by replacikin eq 2 with Results and Discussion

2 -1 Uptake of NO,(g) in the Droplet Train Apparatus. In our
k= n-+ 1kF[N(|V) av]0( ) (13) droplet experiments, the uptake coefficieptdag for NO2(Q)
was measured at = 273 K with gas-liquid interaction times
where [N(IV)do is the surface N(IV), concentration. In our ranging from 1.6 to 17.2 ms, and with the trace gas number
experiment, the surface is close to equilibrium with the gas density ranging from 18§ to 10! cm~3. The uptake of N@g)

phase, yielding [N(IV)do = Heft Pno,- was below the sensitivity limit of the apparatus at all gas

We show in the Appendix thd= can be expressed as densities and interaction times studied, which sets the limit on
the uptake coefficient Ofmeas< 5 x 104 at 273 K. The Mertes

2k2[NOZ(aq)]2 2k2[N02(aq)]2 (14) and Wahnét studies yielded density-dependent uptake coef-
= = 14 ficients of ymeas= (2.4 £ 1.4) x 104 at NOx(g) density of 9
INOV)od"  (INOy(aa)]+ 2[N,0,(aq)])’ x 104 cm 3 andymeas= (1.2 % 0.4) x 10-3 at NOx(g) density

) ) ) ) ) 8 x 10 cm3 at 298 K. Ponche et &l.measured uptake
An analytical expression faris not available. We approximate  ¢oefficients ofymeas= (1.5 0.6) x 10-3 at NO(g) density of

n by the following expression: 9 x 10 cm 2 at 290 K. The latter two values are an order of
magnitude higher than our upper limit. We do not have a clear
_ 2[N,O,(aq)] —5_ 2[N,0,(aq)] (15) explanation for this difference. However, we note that neither
IN(IV) o [NO,(aqg)] + 2[N,O,(aq)] Ponche et &.nor Mertes and Wahntused a reference gas to

account for the sweep-out of the gas by the moving liquid. While
This simple formulation has the required behavior thaaries this effect may not be of significance in the jet experiment of
from 2 when NQ(aq) is the dominant reacting species to 1 when Mertes and Wahnékin the droplet experiment, the sweep-out
N»O4(aq) dominates. We have tested several other expressionsan yield an artifact ofmeas= 1073,
for n that provide a reasonable variation between 1 and 2 as a The NGOy(g) uptake coefficient calculated via eqs 1 and 2
function of NOy(aq) density. The model is relatively insensitive solely on the basis of bulk-phase solubility and X&g)
to the form ofn. All the functions tried yield values dfino,kz!2 hydrolysis is, at mostymeas= 107°. (This maximum value is
within 5% of each other. obtained at the shortest galiquid interaction time and the
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TABLE 1: Values for NO 5(g) of the Henry’s Law Coefficient, Hyo,, the Second-Order Rate Coefficient of NQ(aq)—NO,(aq)
Hydrolysis, kp, and the Product Hyo,k,!2 (primary measurements are indicated in bold)

reference Hk12 (MY2 atnr ! s71/2) H x 102 (M atm™) ko x 1007 (M~1s™h)
this work 71+ 107 1.4+0.2 27+0.7
gas uptake measurements
Komiyama and Inou¥# 20+ 0.2
Lee and Schwart? 70+ & 25+ 0.6
Park and Le® 92+ 2¢F 43+1.9
Cape et al! 106+ 2¢¢ 57+£22
agueous phase concentration decay measurements
Moll*4 2.6
Grazel et al'® 6.5+ 0.7
Treinin and Haydo#? 4.7+ 1.0
recommended values 1440.2 3.0+ 0.9

a At 293 K, with D; = 1.23 x 1075 cn? s, P Adjusted from 288 K to 293 K using heat of solution of .6 kcal/mol, Kosak-Channing and
Helz?% andD; = 1.1 x 107° cn? s at 288 K. Original paper did not cite a value for measurement uncertaintyl3% uncertainty is assumed
(see text) € At 295 K. 9 Adjusted from 283 K to 293 K (see texfAt 293 K. Revised according to Schwartz and WHitdterature review did not
cite a value for measurement uncertairitit 298 K.

[ | i | T T T T T T 71T T T T T T 1T 17T

100 -

H PRI DT T S T
‘a(\l g

S a® 60 - { { —
Z S
S o

= "xm40_ |

“ = oL NO,+ 1,0 |

293K
0.0 | | u | 04—y e
0.0 0.5 1.0 1.5 2.0 10" 10"
12 NO,(g) number density (cm-3)

time " (s"%)
Figure 2. Best-fit values ofHno,k:*2 as a function of initial NQ(g)
number density. The average valdgok.'? = 71 M2 atnr* s is
shown as a dotted line.

Figure 1. Uptake of NQ(g) by water at 293 K as a function of the
square root of gasliquid interaction time {9). Initial NO,(g) number
density: (1) 8.6x 10'6 cm3; (2) 2.3 x 10 cmr3; (3) 9.5 x 10%
cm3; (4) 4.1x 10% cm3; (5) 1.5x 10 cm3; (6) 6.5 x 10" cm3;
(7) 2.3 x 104 cm=. diffusion coefficient for NQ(aq) used in the model calculation
is 1.23x 1075 cn? s1 calculated using the cubic cell modél.

highestk, and Hyo, published in the literature, see Table 1.) Our results yield an upper limit on the magnitude of the

The upper limit ofymeas< 5 x 107 obtained with our droplet equilibrium coefficient, Koq as follows. In the region of

apparatus is consistent with N@) uptake governed by bulk-  measurements, a difference in the uptake due to about an 8%

phase processes. The results do not provide evidence for achange in Henry's law coefficient can be distinguishédh

surface reaction of the magnitude suggested by Mertes andthe NG, density region between 2.8 10* cm™3 and 1.5x

Wahner® 10> cm2 the uptake data are, within the accuracy of our
NO, Uptake in the Horizontal Bubble Train Reactor. The measurement, independent of Né&nsity. (See Figure 1.) This

uptake of NQ(g) in the bubble train flow reactor was studied implies that up to a N@density of about 1.5 10'° cm 3, the

at NOy(g) densities (at = 0) ranging from 8x 10 to 8 x term ZKagHno,Pno, in eq 10b is negligible compared to 1. In

10 cm3 and at two temperatures, 293 and 276 K. In Figure turn, this puts a constraint on the equilibrium constéig to

1 we show the normalized density of the gas-phase species ade less than 6« 10* M1, in agreement with the measurement

a function of the square root of the interaction time. This set of of Grazel et al.}® Koq = (6.5+ 0.3) x 10* M~* at 293 K.

data was obtained at 293 K. The N@) densities are indicated To extract values for the rate coefficieigt the uptake data

in the figure caption. For clarity of presentation, data are not traces 1 to 4 in Figure 1 were fit by the model wkhas the

displayed for all NG(g) density studies. Model fits to the data variable, using the above-stated valudgo, = 1.4 x 1072 M

sets 1 to 4 are shown as solid lines. (See further discussion.)atm™* and Ky = 6.5 x 10* M~L Since most of the previous
As expected, because of the N@q) reactions, the uptake is  gas uptake measurements yielded the prodiigs,k.2 for

largest at the highest N(@) densities. The uptake decreases purposes of comparison, we present our results in the same form.

as the NQ(g) density is lowered and becomes independent of In Figure 2,Hnok:2 is presented as a function of the initial

gas density for Ng(g) densities less than 1.5 105 cm™3. In NO2(g) density. The error bars represent an uncertainty of one

this regime, uptake is determined by solubility, witks = Hno, standard deviation df, to the model fit. The dashed line in the

(see eq 10b). The numerical model fit to the data yi¢lgs, figure is the average of these and yieldigo,k,'/? = (71 & 10)

= (1.4+ 0.2) x 102 M atm™! at 293 K. The liquid-phase =~ M2 atmr! s7¥2 at 293 K. The uncertainty in the quoted



2660 J. Phys. Chem. A, Vol. 104, No. 12, 2000 Cheung et al.

Hno,k2'2 value is the statistical uncertainty representing one except for those of Komiyama and Iné8&nd Cape et &

standard deviation from the average. These two studies were done at 288 and 283 K, respectively.
The uptake of N@g) at 276 K was also measured as a For purposes of comparison, the results from these experiments

function of gas density. The studies at this temperature did not were extrapolated to 293 K using the temperature dependences

yield the clear separation between reactive- and solubility- for Hno, andHnok"? discussed earlier. The valueldfio, from

governed uptake that was obtained at 293 K principally becausethe Komiyama and Inod study was further adjusted to take

at this temperature,q is significantly higher than at 293 K.  into account the difference between their estimate of the liquid-

Therefore, even at the limit of our N() detection sensitivity, ~ phase diffusion coefficientdj = 1.0 x 107> cn? s™* at 288

Her is larger tharHyo,, and the uptake does not converge even K), and the more accurate value of Houghfo(D) = 1.1 x

at the lowest N@g) density accessible in this experiment. 107° cn? s™t at 288 K).

However, uptake at the lowest N@) density (2.8« 104 cm™3) In our work, both Hyok:'? and at low densities, the

does yield an upper limit tédyo, < 2.3 x 102 M atm™! at independent value dino, were measured. Of the other studies

276 K. Schwartz and Whit# suggested on the basis of the listed in Table 1, only that of Komiyama and Ind@gielded

similarity in molecular structure between N@) and Q(g), that an independent value dino,. In the other studies, only the

the heat of solution of glg) may be used to estimate the productHyokz'? was directly measurediino, values quoted

temperature dependence éf0,. Using this value {4.6 kcal in these studies were not measured directly and are not listed

mol~%, Kosak-Channing and Hef, the predictedino, at 276 in the table. While values for experimental uncertainty were

K is 2.3 x 1072 M atm! in agreement with our upper limit. ~ not presented in the original Komiyama and Inoue p&per,

We suggest that in the absence of clear experimental results£15% uncertainty is typical of such studies. As is evident, the

the value ofHno, = 2.3 x 1072 M atm™! at 276 K be used.  two independent measurementdyjo, are in agreement within
Further, Schwartz and Whitsuggest a temperature depen- experimental uncertainty. In the Komiyama and Inoue experi-

dence forHyok,'/2 based on the temperature dependence of Ments, the apparatus was calibrated at only one valud, of

temperature dependence, given by exp (3.9 kcal #RI), we a wide range of Henry’'s law coefficients. Based on these
extrapolate our measurement at 293 K to obtdif,kt2 = calibrationst® our recommended value fétyo, at 293 K is (1.4
(107 + 15) M2 atnr 1 s7Y2 at 276 K. WithHyo, = 2.3 x 1072 +0.2) x 102 M atm™.

M atm1, this yields an estimated value flor = (2.2 + 0.6) x As stated above, in gas uptake studies where the effect of
10" M1 s at 276 K. Using the above stated valuesHyfo, liquid-phase reactions is significant, solubility and reactivity are
and Hyoks1'2, we fit our uptake data to obtaiag = (3.5 £ coupled such that only the produdto,k.? is measured. The
1.5) x 16 M1, productHno k22 measured in these experiments are shown in

The results of the bubble train uptake experiments provide Table 1. In the original literature, uncertainties in the product
further confirmation that a reactive N®urface complex is not &€ not listed. The uncertainty values in Table 1 were obtained

involved in the uptake process. The Mertes and Wdhvedue from the quoted uncerta_linties in the (_extrap_olated valué$yof

Of Ymeas= (1.2 0.4) x 1073 at NOx(g) density 8x 105 cm3 andk,. The corresponding value & listed in the last coll_Jmn

is attributed in their work to the surface complex and its reaction. ©f Table 1 were calculated from the produdiiok,"> using

While in the droplet train experiment, this value)gfessis near ~ OUr recommended value éfio, = 1.4 x 1072 M atm ™. With

the detection limit of the apparatus, in the bubble train experi- the €xception of the Cape et al. studyll the measured values

ment, an uptake coefficient of this magnitude would manifest f Hnok? are within experimental uncertainty of each other.

as an almost instantaneous depletion (10 ms) of the species from The threek; values listed in the last grouping of Table 1,

the gas phase. This is clearly not the case as is evident in FiguréVere obtained from concentration decay measurements. Al-

1. Even after 4 s, only 50% of the N() is depleted. thoug_h th_|s technique appears to be t_h_e most. straightforward,
Another type of surface reaction has been reported by severa/®*@mination of the experimental conditions of G et al®

investigators who measured the disappearance of®J@ the and Treinin anq Hayddfi reveals comphcapons. Since the
presence of various humid surfagés?® These reactions are NO(aq) decay is second-order, extrapolationkpfirom the

first-order in NQ(g) and are relatively slow. Using the decay results requi_re_s an accurate knowledge OfZ(a.m
formalism of Lammel and Capeit can be shown that the density. These densities, which were measured by optical ab-

measured surface reaction rates are 5 orders of magnitude lowerOrPtion, rely' on the k.nov.vledge O,f Fhe extinction coefficient in
than those suggested in the Mertes and Wéhsirdy, and water. The original extinction coefficient measurements assumed

contribute less than 1% to the uptake observed in the bubbletat the following reaction proceeds rapidly and completely:
train experiments.

Comparison with Previous Results.Literature values for OH(ag)+ NO, (ag)— OH (aqg)+ NO,(aq)
the Henry’s law coefficientHyo,, the rate coefficientk,, and
the product, Hyoko'2, together with our values for these Due to the high reactivity of the OH radical, any impurities

parameters are shown in Table 1. The primary measuredin the solution would cause a depletion of OH and an
parameters are in bold print for each study. Previous measure-overestimation of the Ngaq) extinction coefficient. As a result,
ments ofk; fall into two categories: Ngfg) uptake measure-  NO,(aq) concentration would be underestimated, kndver-
ments from vertically rising bubbles, and concentration decay estimated. The magnitude of this effect cannot be determined
measurements of N{(aqg) and NO4(aq) in aqueous phase. The at this point.
literature also contains several high-concentrationyQuptake The experiments of Mdlf were done differently. Here, liquid
studies which are more difficult to interpret and are not included N,0, was injected into a turbulent water flow, and the extent
in Table 1. (For a review of these studies, see Schwartz andof the N;O4(aq)—water reaction (see R2) was monitored by the
White?). temperature profile downstream. This is a first-order reaction,
As shown in the footnotes to Table 1, most of the measure- yieldingk' in reaction R2. The rate coefficiekt is then obtained
ments were conducted in the temperature range 293 to 298 K,via ko = KaK'. In this experiment, a measurement of }&y)
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concentration is not required. We consider this result the most

accurate of the decay studies.

In the final row of Table 1, we list our recommended value
for ky (293 K) which is a simple average of tHe values
excluding the values of Cape et 81 Grazel et al.1>and Treinin
and Haydort® This value isk; = (3.0 + 0.9) x 10/ M1 s,

Summary

The results of N@(g) uptake studies using a bubble train
flow reactor, and an analysis of literature values yield the
following values for the Henry’s law coefficientino,, and the
second-order Ngfaq)-NO(aq) hydrolysis reaction rate coef-
ficient, ko. At 293 K Hno, = (1.44+ 0.2) x 102 M atm* and
ko= (3.04 0.9) x 10’ M~1s L At 276 K, Hyo, = 2.3 (+0.3—

0.9) x 102 M atm?! andk, = (2.2 £ 0.6) x 10’ M1 s,
Evidence for an N@heterogeneous reaction at the surface of
pure water, suggested in the literatr@ was not observed.
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Appendix
We derive here an expression flar as presented in eq 14.

We proceed as follows. () As stated in the text, the rate equation

governing the disappearance of N(k/and therefore also for
NO(g) is of mixed order. However, as will be shown, the
disappearance of Naq) is purely second-order. (Il) As a
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_ANOVI] _ _ dINO(aq)] _ dIN;O(aq)]
@ ot dt

where,

_ d['\'oTi(""q” = 2K[NO,(aq)f + 2k, [NO,(aq)f —
2K,odN,O4(aq)]

and

- w = K'[N,O,(aq)] + ki [NO,(aq)f’ —

koadN,O,(aq)]
Therefore,
_ ANV,

G = 2KINO(@a)f + 2K'IN,O,(aq)

= 2k [NO,(aq)f + 2k'K JNO,(aq)f
+ K'K,[NO,(aq)f
Then, according to eq A3,

d[N(IV) o
ot

=2(K

= 2,[NO(aq)f (A4)

(1) As stated in the text, the expression of Brfdnsed here

consequence of I, N(I\4) disappearance is also second-order IS

in NOz(aq). (lll) Derivation of | and Il leads to eq 14.
(I) As shown in the text, Nefag)—NO,(aq) hydrolysis occurs

via channels R1 and R2. The rate of the reaction is the sum of

these two channels:

~ dINO,(aq)]

. 2K[NO(aq)f + 2K'[N,O,(aq)] (A1)

Since the NQ(aq)—N204(aq) equilibrium is established more
rapidly than the overall hydrolysis reactiéithen

[N,O4(ag)] = Ky N O,(aq)f

thus

_ dINO,(aq)]

T 2K[NO,(aq)f + 2k, JNO,(aq)f

= 2(K + K"K, [NO,(aq)f (A2)

The disappearance of N@q) is second-order in N{aq)
concentration for either mechanism. Since the ,{@@)—
NO,(aq) hydrolysis rate coefficient is defined from the equation

d[NO,(aq)]
g = 2INOjaq)f

we obtain by inspection,
ky =K + KK' (A3)

(I We have defined [N(IV)(ag)l= [NO2(aq)] + 2[N2O4-
(aq)], thus,

d[N( )aJ

—Ke[N(IV) of" (AS)

Rearranging this expression yields

d[N(IV)aq]}
dt

_ 1 [
= Nav) aql”{

Substituting A3 for the derivative and eq 8 for the N{@yields
eq 14:

_ 2INO(aq)f _
INOV) of"
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