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The uptake kinetics of nitrosyl chloride (NOCI) by aqueous solutions has been measured as a function of
temperature, using two different techniques, i.e., the wetted-wall at atmospheric and reduced pressure and the
droplet train flow tubes, both techniques being combined with FTIR and HPLC detection. Uptake coefficients,
which were shown to be slightly temperature dependent, range from 0.012 to 0.0058 for temperatures between
273 and 293 K. The production of HONO was observed from the hydrolysis of NOCI, and its yield in the
gas phase is in agreement with the Henry's law constant of nitrous acid. The uptake of NOCI was also
studied on solutions containing HCI, NaCl, and NaOH. Only the latter affected the uptake kinetics, probably
through a nucleophilic reaction with OH The observed kinetics are shown to be consistent with a lower
limit of 0.03 for the mass accommodation coefficient. These results suggest that heterogeneous removal of
NOCI is very efficient, meaning that this compound is not expected to be a significant precursor of atomic
Cl in the atmosphere. The Henry’s law constant for NOCI| was observed to be greater than 0.05'mol L
atm 2,

Introduction troposphere where the reaction

Sea salt particles are mostly generated by breaking waves at HCl + OH— H,0 + CI (2)
the ocean’s surface and should therefore have a chemical
composition close to that of seawater. It is knéwmat marine was considered to be the only source of atomic Cl and where
aerosol particles and droplets exhibit a deficiency in chloride HCI was assumed to be formed by acid displacement from sea
and a change in bromide compared to the original composition salt aerosol. Cl atom concentrations of this magnitude indicate
of seawater. This change is generally attributed to the releasea new pathway for the oxidation of tropospheric trace gases,
of acid halides (HCI and HBr) when the aerosol becomes acidic especially for lighter NMHC, for which the rate constant of
due to the uptake or heterogeneous formation (in or on the reaction with Cl is considerably greater than that for reaction
aerosols) of strong acids (HN(H,SOy) that may displace HCI  with OH.
and HBr22 Recent observations by Keene ef ahowed that Heterogeneous activation of halogens, X, via reactions of
marine aerosol particles are even more depleted than simplynitrogen oxides, that might be able to explain the observed
expected from acid displacement. They postulated that this largeincrease of gas-phase inorganic halogens during the dark period
depletion of Ct is coupled with chemical processes transform- has been postulat&d? according to
ing these rather stable ions into gas-phase active halogens.

Accordingly, measurements of gas-phase inorganic chlorine 2NO,(g) +NaX(s)— NOX(g) + NaNOy(s)  (2)
compounds in polluted marine surface air were undertaken.
Total HCI* (comprising mainly HCI, but with possible interfer- N,O5(9) + NaX(s)— XNO,(g) + NaNO;(s) (3)

ence from CINGQ) was observed at concentrations of up to 250

ppt. Similar concentrations of €1 (Cl, + HOCI) were also ~ Where (s) and (g) denote the solid (or surface adsorbed) and
observed. The diurnal variation of £lwas suggestive of gaseous states, respectively. In contrast to acid displacement,
nonradical nonphotochemical source reactions. In fact, Cha-these reactions lead to the formation of chemically reactive
meides and Stelsérwere unable to reproduce the observed products, which are photolyzed in the troposphere to produce
chloride deficits in their model of agueous-phase chemical atomic halogen$i16

processes in deliquescent sea salt aerosols and found that free To assess the extent of this halogen activation, it is crucial
radical mechanisms were not responsible for these deficits. Theyto understand the fate of the products, i.e., nitryl chloride
emphasized that a lack of data resulted in uncertainties in their (CINO2) and nitrosyl chloride (NOCI), during the night in the

model that render their conclusions rather speculative. presence of aerosols. In fact, photolysis of NOCI and GINO

A photochemical mod@l including these results yields will be important only if it is the main loss process and if other
daytime concentrations of atomic chlorine betweehai@l 16 loss pathways, such as heterogeneous removal, are minor. The
atoms cm3, considerably higher than the 3@toms cm?3 heterogeneous chemistry of CIN@as already been investigated

predicted by Singh and KastiAgior the remote marine DY Behnke et al'” who presented an extensive study of the

N2Os/NaCl system. For NOCI, there exists an earlier study by
1 . .
T Present address: Ford Forschungszentrum Aachen GmbH Dennewartstr.Bemke etal-“performedina qug Cham_b(.ar with NaCl aer080|
25. D-52068 Aachen. in the presence of N&at 76% relative humidity. No production

® Abstract published irAdvance ACS Abstractdjovember 15, 1997. of atomic Cl from NOCI was observed, but instead, OH was
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NOCI from Reservoir ___,° T hydrolysis product (i.e., HONO) by a continuous wet denuder
(-35°C, at latm He) T B mounted directly inside the flow tube to avoid contact of the
outflowing gas with any other walls before detection. Some

first experiments were carried out at atmospheric pressure, where
the uptake was observed to be near the gas-phase diffusion limit.
Therefore, further experiments were performed under low-
pressure conditions~90 hPa).

Investigations at atmospheric pressure were conducted with
Thermostat a gas stream (500 mL niit) of 500 ppmv (parts per million
by volume) NOCI in He, and the inlet concentration was
measured by FTIR. Then the gas passed through the wetted-
wall flow tube (6 mm inner diameter), where a fraction of the

Humidified He -
(90 % r.h.)
Solution inlet —™

Variable Reaction Length

Solution Sample ~€—==

. S - NOCI reacted at the wall surface with the solution flowing down
Alkaline Denuder inlet — . L.
Gas Outlet at 5 mL mirrl. NOCI surviving the flow tube was then
Alkaline Denuder Sample (To Vacuum Pump) scavenged by the wet denuder, together with the gaseous

hydrolysis product HONO. The wet denuder was operated with

a 5 mL mirr! alkaline solution (1.1 mM N#£LOs/2.57mM

NaHCG;), and all the gas injected in the flow tube was allowed
¢ to flow through the denuder. Both the flow tube solution and

of NOCI. In addition, the heterogeneous hydrolysis of NOCI the wet denuder solution were collected at their respective outlets
has been subject to a recent determination and has been showfi"d @nalyzed by ion chromatography. NOCI taken up by the

to be fairly rapid® (compared to CING), while its gas-phase iquid in the flow reactor was analyzed as chloride ions and
reaction with water is rather slow. ' HONO escaping from the flow tube was obtained by the

It is the purpose of this article to investigate the heterogeneousd'ﬁerence between chloride and nitrite ions. These concentra-

chemistry of NOCI on aqueous solutions to verify whether this t|o|ns_ could not be r;ea;t(j)rg? In e>_<per|m(ke]ntsﬂwherebchlonde
component can act as a potential source of atomic Cl. This Soutions were used. surviving the flow tube was

study has been conducted with the help of two complementary represented by chloride in the denuder solution, whereas nitrite
methods: the wetted-wall flow tube and the droplet train in this solution was considered to be the sum of NOCI and of

: the escaping HONO.
technique. . . .

d Figure 1 shows the setup of the flow tube (inner diameter 10
mm) for the experiments at reduced pressure—@9® hPa).
) o NOCI was introduced at the inlet of the flow tube through a

The rate of mass transfer of trace gases into a liquid phasecapillary, from a source gas stream into a stream of He, which

can be .I|m|ted by sevgral processes (gas-phage dlﬁug!on, surfacgvas humidified (90% r.h.) to avoid large temperature changes
saturation, and reaction in the liquid phase) in addition to the at the surface of the liquid. The gas flow rate was about-700
interfacial resistance (represented by the mass accommodatio®o0 mL mirr! STP, and the flow rate of the solutions was
coefficient ). This means that (under our experimental petween 5 and 9 mL mit. The continuous wet denuder was
conditions, where we are subject to these limitations) it will operating with alkaline solution (0.02 M Ma0s) at a flow rate
usually be impossible to measure the mass accommodationpetween 5 and 8 mL mirt. All solutions were degassed by
coef_ficient directl_y. Instead, we measure an uptake coefficient filtering through a 0.45 mm nylon filter into water jet vacuum
v (with y < ) which represents the measured flux of molecules and storing the reservoir at experimental pressure. The solutions
through the interface. This uptake coefficient is a convolution at the outlet of the flow tube and of the wet denuder were
of all processes that may influence the rate of heterogeneouscollected under low-pressure conditions and analyzed by ion
mass transfer. To determine this coefficient for NOCI, we used chromatography. The pressure was measured by a capacitance
two different techniques (the wetted-wall and droplet train flow manometer (MKS Baratron) before the inlet of the flow tube

Figure 1. Experimental setup of the wetted-wall flow tube for
experiments at reduced pressure (90 hPa)

formed from the photolysis of HONO, the hydrolysis produc

Experimental Section

tubes) which are briefly described below. and checked behind the wet denuder. The pressure drop
The Wetted-Wall Flow Tube. The wetted-wall flow tube  observed was less than 1 hPa and was therefore neglected in
technique has already been described by Behnke &t ahd further evaluation.

here we give only a brief description of the modified setup,  The determination of the uptake coefficient was based on
which is drawn in Figure 1. This technique allows us to measure the wet denuder chloride signal. Figure 2 shows the linear
the heterogeneous loss of a compound from the gas phase ontdependence of Inj as a function of reaction time. The

a constantly renewed macroscopic liquid surface. A gas streamconcentratiom of a trace species that undergoes a first-order
is flowing down in a vertically mounted flow tube, the walls of ~ wall reaction in a flow reactor with diffusion resistance in the
which are covered by a thin liquid film continuously flowing gas phase can be described by the solution of the differential
down. The reaction time between the gas and liquid phases isequations for transport and diffusion in the gas phase given by
varied by changing the reaction length. In test experiments, Cooney et al® (further on called the CKD equation):

the FTIR detection was placed downstream of the flow tube,

and in this case we observed nonexponential decays attributed n/n, = B, exp—A,’Z*) + B,expAZ) + ... (4)

to the back formation of NOCI, arising probably from the wall

reaction of HONO at the flow tube outlet. HONO itself was whereng is the initial concentration ang* a dimensionless
most probably the result of the hydrolysis of NOCI. The wall reaction length. The eigenvaluds are available from Murphy
reactivity was probably introduced by a very acidic deposit on and Fahey? they depend upon the uptake coefficienand

the Teflon tubings, originating from the humidity (the gas stream upon the gas-phase diffusion coefficieb,. The uptake
was saturated with water vapor) and the presence of NOCI overcoefficients were evaluated by fitting the CKD solution to the
long times (i.e., from several minutes up to hours). To experimental data, with as an adjustable parameter. At high
overcome these problems, we later detected NOCI and itsuptake coefficientsy(>= 5 x 107%) the fitted values foy are
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Figure 2. Typical plot of In() versust at 293 K for the low-pressure
wetted-wall flow tube experiments, showing the first-order uptake
behavior on pure water.

Figure 4. Typical plot of Infyn—An) versusitlAs/(4Fy) for the droplet
train experiments at 276 K on pure water. The linearity is a proof of
the constancy of the uptake coefficient with time.

Water Since the jet passes through the orifice and disintegrates with

l__ negligible energy losses, the speed of the droplets can be

- calculated from the liquid flow rate and the orifice’s surface as
Nitrogen + Water vapor experimentally verified by Ponche etZlin this study, these
velocities were in the range 68@300 cm s1, leading to short
transit times of the droplets in the interaction chamber (i.e.,
2—20 ms). The quality of the droplet train was monitored in
the flow tube using a light-emitting diode.
This train of droplets passed through a vertically aligned flow
tube made of glass (inner diameter 1.8 cm). Its length could
Transfer Line be changed from 2 to 20 cm, to vary the gas/liquid interaction
! —> FTIR time or the surface exposed by the droplet train. This surface
i o7 : .
Movesble Outlet | | | could also be changed by switching, during an experiment, the
' |

Shutter =—=+2/

Trace Gas

frequency of production of the droplets, affecting more the
droplets’ number than their size (eq 5). Since the uptake process
is directly related to the surface exposed by the droplets, any
changes in this surface result in different trace gas concentrations
n at the exit ports of the flow tube. Applying kinetic theory of
gases, it is possible to calculate the instantaneous uptake rate
dn/dt as

— Pump

Thermostat ]

Figure 3. Experimental setup of the droplet train flow tube.

dn __
highly dependent on the gas-phase diffusion coeffidignised dt
in the calculation. This dependency will be discussed below. i o
The Droplet Train Flow Tube. The droplet train technique, ~ WhereSis the total surface exposed by the droplet trasis
which is depicted in Figure 3, has already been described in th€ measured uptake coefficierit[Jis the average thermal
detail elsewherd and we will only briefly summarize its velocity of th'e trace gas, andis the volume of the interaction .
principle of operation. The uptake rate of NOCI was measured chamber. Since we are measuring the signal due to changes in
by monitoring the relative concentration of a gas before and the €xposed surface, averaged during the transit time of the
after its interaction with the liquid phase, which consists of a droplets through the flow tube, we have to integrate this relation,

6o ©)

train of micrometric droplets. leading t62

One of the major difficulties in studying gas/liquid interac- 4F
tions is to obtain a well-defined liquid surface that can be rapidly Vops = = |n(L) 7)
renewed. To overcome this difficulty, we used a train of high- [GAS \n— An

speed droplets generated by the vibrating orifice method, based . . .
on forcing water through a calibrated orifice that is excited by wher_ng is the carrier gas volume flow rata,s the trace gas

a piezoelectric ceramic. Its vibration controls the disintegration d_ensny before_ frequency or length SW.'tCh'ng’ afd is the

of the jet emerging from the orifice. The water was forced d|ffgrence in signal due.to the change in exposed surdeEe
through a calibrated orifice (68m diameter) by a typical back Figure 4 ShOV.VS a typical plot of Infi—An) versusiZIAY
pressure of 24 bar, leading to droplet diameters in the range 4':9 for an experiment wher_e the surfac_e gxposed by the droplet
90—-150 um. The diameters d were calculated from the train was changed stepwise by modifying the length of the

. . e interaction zone. During such an experiment, changing the
;féattr']oenﬁ;ﬁ%qUglnucr{];fﬂtgvi ?QESE ttf;]ee rra;ng; 6416,2;( '}'ﬁl)_ contact length will affect both the number of droplets and their

min-) using transit time. It has been sho###3that for poorly soluble gases
which do not undergo chemical reactions, the uptake coefficient
3 is a decreasing function of the square root of the droplets transit
d = \/6F,/rf ®) timet. As shown in Figure 4, the relationship betweemin(
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n—An) and [B[AS4F, is linear over the complete range of (Fixanal, Riedel de Haen), NaCF09.8%, Riedel de Haen),
surface changes, i.e., for contact times between 2 and 20 msN&CO; (>99.5%, Merck), NaHC®(>99.5%, Merck).
From this observation, we conclude that the measured uptake Gas-phase NOCI was detected by FTIR spectrometry (Bruker,
rates are at steady state and that the slope of plots similar tolFS 113v) equipped with a gas cell (20 cm length, 4 cm
Figure 4 yield uptake coefficients that are independent of the diameter, PTFE walls, AgCl windows). This was done at the
contact time. Therefore, all uptake coefficients described below outlet of the droplet train flow tube or, for experiments
were determined using this procedure. conducted at atmospheric pressure, at the inlet of the wetted
The droplet train technique enables us to measure masswall flow tube. Spectra were taken in the range 46800 cnt?
transfer rates, even for quite large uptake coefficients such aswith a 1 cnt! resolution, and 32 scans were coadded.
those measured for NOCI (see below). In such a situation, the lon chromatographic analysis of chloride and nitrite from the
uptake may be limited by gas-phase diffusion because of the denuder solutions and other liquids was done with a DIONEX
buildup of a concentration gradient nearby the droplet train; AS4 column and 1.1 mM N&O3/2.57 mM NaHCQ eluent at
that is, the unknown gas-phase concentration at the droplet'sa flow rate of 1.3 mL min! with continuous ion suppression
surface may be significantly lower than the known bulk (regenerated by 25 mM 130, solution) and conductivity
concentration in the gas phase. To overcome this difficulty, detection.
the measured uptake coefficients are corrected accordfig to

11 1 Results
;: y_ - y_ Table 1 presents the results, as a function of temperature, of
obs  /diff the uptake coefficients of NOCI over pure water, obtained by
| the three methods, i.e., low-pressure and atmospheric pressure
1 eff | 1 i H
=— — + = (8) flow tube experiments and droplet train measurements (see also
Yobs 8Dg 2 Figure 5). The wetted-wall flow tube was operated in the

temperature range 28293 K, while for the droplet train
technique, the temperature was varied between 273 and 287 K.
The uptake coefficients measured by the wetted-wall flow tube
are implicitly corrected for gas-phase diffusion limitation by
the CKD equation (eq 4), whereas the droplet train results given
here have been corrected for gas-phase diffusion limitations
according to eq 8, in whicBy refers to the diffusion coefficient

of NOCI in a background of helium or nitrogen and water vapor.
eDg has been calculated from the following relationship:

where Dy is the gas-phase diffusion coefficient, adgy =
1.8dqrir, Wheredyi; is the diameter of the orifice used to produce
the droplets. The term 1/2 corrects this formula for a non-
Maxwellian behavior that may occur for large uptake rafes.
An important aspect of this technique is the careful control
of the partial pressure of water in the flow tube since it controls
the surface temperature of the droplets. Therefore, the carrier
gas (nitrogen) was always saturated, at the desired temperatur
with water vapor in order to prevent water evaporation from
the droplets. The water vapor partial pressure was in the range P
4.7-11.8 Torr, leading to droplet’s surface temperature in the 1 H0 Ps 9)

range 273-287 K, while the flow tube’s walls were at room Dy DNOC,_Hzo Droci-c
temperature. As shown by Worsnop et ?lthe measured
uptake rate is therefore an average over a range Agktaround where G represents the carrier gas (helium or nitrogen) and
the desired temperature (including an uncertainty of 10% on wherePy20 and Pg are the water vapor or carrier gas partial
the water partial pressure and the temperature gradient betweempressures. D(NOCI—H;0) andD(NOCI—G) are unknown and
the droplet’s surface and the flow tube’s wall). The temperature had to be estimated using the semiempirical method of Fuller
was not increased to higher values because at 288 K and abovet al. as taken from the review of Reid et?4l At 1 atm and
we observed strong wall reactions leading to a highly nonlinear 273 K, the estimated diffusion coefficients of NOCI in helium,
behavior between In(n—An) and[@[AS4Fg. This results from D(NOCI—He), in nitrogenD(NOCI—-Ny), and in water vapor,
the fact that during length switching experiments, we modified D(NOCI-H,0) are 0.456, 0.123, and 0.160 €1, respec-
the surface exposed by the walls of the flow tube up to a factor tively. However, as will be explained later, the values of all
2 (due to the moveable outlet). This affects the contribution of these diffusion coefficients have been reduced by 10% for our
potential wall reactions, and the relationship between gas-phasecalculations, which still remains within the uncertainties of the
concentration and surface exposed by the droplets as describegredictions. Diffusion coefficients at other temperatures were
in eq 7 is not longer valid. The occurrence of wall reactions calculated assuming &> dependency.
was also indicated by the formation of a visible deposit on the  As shown in Table 1 and Figure 5, both techniques lead to
glass walls. However, at lower temperature, no deposit was uptake coefficients on pure water in very good agreement, if
observable and eq 7 was always verified. Therefore we arewe exclude the coefficient obtained at atmospheric pressure by
confident that our results are not affected by wall reactions. the wetted-wall flow tube, for which the uncertainty is very
Chemicals and Analytical Methods. A continuous flow of high. The values range between 581073 and 1.24x 1072
NOCI was produced by passing dry helium over pure liquid and exhibit a slight negative temperature dependency.
NOCI (Merck, purity > 97%) thermostated at 238 K. In the As we just mentioned above, we reduced the estimated

atmospheric pressure experiments, this gas (1 mLHiwas diffusion coefficients by 10%. This results from an analysis
diluted with dry He (500 mL mint) and then used directly. In  of the effect of diffusion on the three kinds of experiments. In
the low-pressure experiments, a portion (5 mL M)rof an at Figure 6, we show how the experimental uptake coefficient
238 K saturated excess gas stream (10 mL®iwas fed into is influenced by a variation ddg for the droplet train technique

the wetted wall flow tube, or the droplet train apparatus at 287 K (horizontal line), for the wetted-wall flow tube at 291
respectively, by an inert quartz capillary (90 cm length, 150 K at atmospheric pressure on pure water (dotted lines) and on
mm inner diameter), controlled by the pressure difference. This 1 M NaCl solution (solid line), and at 286 K and low pressure
resulted in a stable and continuous source of NOCI. on pure water (broken lines). Note that the experiment with 1
Solutions were prepared from freshly bidistilled water and M NaCl solution is also included, assuming that there is no
reagent grade chemicals: NaOH (Fixanal, Riedel de Haen), HCl significant effect of NaCl concentration on the uptake coef-
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TABLE 1: Uptake Coefficient y over Different Solutions for NOCI and HONO Release from Consumed NOCI. The Given
Errors, Ay, Are at the 20 Level (As Determined by the Experimental First-Order Uptake Rate) and Are Increased in Order to
Take into Account Possible Diffusion Limitations (Diffusion Corrections Are Dependent on the Experimental Technique Used,
See Text). The Values Reported for the ProducHk!2 Should be Considered as Lower Limits

temperature Hk/2

solution (K) y Ay (mol L~* atnT ! s7172) [HONO]reteaseINOCI] consummed

water 283 0.0092 +0.0035~0.0021 906 0.46 a
water 286 0.0075 +0.0006~0.0005 699 0.35 a
water 288 0.0086 +0.0072+~0.0030 802 0.53 a
water 291 0.0058 +0.0045+0.0021 504 0.53 a
water 293 0.0060 +0.0007/~0.0006 498 0.65 a
water 291 0.0010 +0.0102/0.0006 86 0.09 b
water 273 0.0080 +0.0017/~0.0016 966 c
water 275 0.0124 +0.0016/-0.0015 1439 c
water 276 0.0111 +0.0006/-0.0006 1262 c
water 279 0.0093 +0.0019/0.0017 1003 c
water 282 0.0113 +0.0019/0.0018 1147 c
water 285 0.0071 +0.0011/+0.0010 682 c
water 285 0.0061 +0.0016/~0.0015 590 c
water 287 0.0083 +0.0012/+0.0012 774 c
1 M NacCl 293 0.0134 +0.9866/0.0107 1157 0.52 a
0.1 M HCI 293 0.0057 +0.0009/0.0007 478 0.49 a
1M HCI 293 0.0042 +0.0029~0.0014 360 0.50 a
0.14 M NaOH 291 0.0037 +0.0996/0.0027 323 b
1 M NaCl 291 0.0054 +0.0117+~0.0023 486 0.07 b
1 MHCI 291 0.0004 +0.0012~0.0003 40 0.11 b
1 M NaOH 276 0.0294 +0.0017~0.0016 3697 c
1 M NaCl 276 0.0063 +0.0004/+0.0005 736 c
1 MHCI 276 0.0021 +0.0003/~0.0002 245 c

aLow-pressure (90 hPa) flow tube experimerttdtmospheric pressure flow tube experimeritBroplet train experiments.
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Figure 5. Uptake probabilityy of NOCI over water at different
temperatures. Hollow symbols, droplet train technique; filled, wetted-
wall flow tube. The point in brackets was measured by the wetted-
wall flow tube at atmospheric pressure (i.e., close to the diffusion limit)
and must therefore be considered as a lower limit. The given errors
are at the & level (as determined by the experimental first-order uptake
rate) and are increased in order to take into account possible diffusion
limitations (diffusion corrections are dependent on the experimental
technique used, see text). a 10% difference is well within the accuracy of the method used
to predict diffusion coefficients.
ficient. The droplet train technique, which is operated at the  |n addition to the measurements performed on pure water,
lowest pressures, shows nearly no influence i Dg. For we investigated the role of the liquids’ nature on the uptake
the wetted-wall technique, the influence is more pronounced gyer NaOH, NaCl, and HCI solutions, measured at 291 and 293
and depends upon the pressure. For each experiment, threg (flow tube at atmospheric and low pressure, respectively) and
curves are depicted which respectively represent the lower, at 276 K (droplet train). The results are given in Table 1 and
measured, and upper values based on a 95% confidence intervadre also depicted in Figure 7. On the acidic solutions, it should
for the determination of the slope in Figure 2 or 4. The values be noted that there is a large systematic error for the droplet
measured by the wetted-wall flow tube at atmospheric pressuretrain experiment because the droplet production system was
turned out to be very uncertain, indicating more or less a lower corroded by the HCI solutions, and to prevent any damage to
limit for y. All the other values (droplet train and wetted wall) the system, we did only one experiment with this solution.
converge toward the same value of if Dg is reduced by Therefore,y on the 1 M HCI should only be considered as a
approximately 10%. Therefore the estimated diffusion coef- rough estimate that did not differ significantly from the value
ficients reported above were lowered by 10% before they were on pure water. The wetted-wall method at atmospheric pressure
used to correct the measured uptake rates. We recall again thaleads to results that can be considered only as lower limits, while

Figure 6. NOCI uptake evaluated by using different gas-phase diffusion
coefficients for different experiments (each line represent the lower,
measured, and upper values, respectively) (Solid line,i=I & NaCl

at 291 K; dotted line, FT on water at 291 K; broken line, FT at low
pressure on water at 286 K; broken-dot line, DT on water at 287 K).
100% refers to the value estimated by the method of Fuller et al., as
taken from the review of Reid et .
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Figure 7. Uptake probabilityy of NOCI over aqueous solutions at
276 K for the droplet train technique (hollow symbols) and 293 K for
low-pressure wetted wall flow tube measurements (filled symbols).
Circles, HO; squaresl M NaCl; triangles up, 0.1 ahl M HCI; triangle

dqwn 1 M NaOH. Measurements performed a_t atmospheric pressure whereDaq is the aqueous phase diffusion coefficieftjs the
with the wetted-wall flow tube have been omitted because they are

close to the diffusion limit and must therefore be considered only as Henry’s law constank '.S the flrs.t-.order rate constant, aqu
lower limits. the mass accommodation coefficient. When the uptake is mostly
limited by the reactive uptake, we may simplify eq 10 to

the low-pressure experiment leads again to results that are close
to those obtained on pure water. The same conclusion can be ~ 4HRT. kDaq
drawn for solutions containing NaCl. On the contrary, the v ed
droplet train reveals that the presence of NaOH increases the
rate of uptake. where the uptake coefficient depends on the valueamfmore
From the difference between the nitrite and chloride ions €Xactly onHkY2 The latter product may be deduced from eq
found in the denuder solutions at the maximum reaction length, 11 provided thatDaq is known. The values oDaq were
the release of HONO into the gas phase could be quantified. €Stimated by the method of Wilke and Chang as taken from
The results listed in Table 1 show that, in the low-pressure the review of Reid et a! The value estimated at 273 K is 7.5
experiments, about 3%5% of the NOCI consumed on a water 107° cn? s™t with a T/y temperature dependence, whegris
film are converted to HONO in the gas phase with a slightly the water viscosity. The values bk are in the range 500
positive temperature dependency. About 10% of NOCI con- 1440 M atnT! s7V2 (see Table 1) and exhibit a negative
sumed was found as gas-phase HONO in the atmospherictémperature dependency. However, by applying eq 11, we
pressure experiment; certainly no HONO escaped from basic "eglected the possible influence of the mass accommodation
solution. From the data in the low-pressure experiment the St€p assuming that > y. Identifying such a contribution is
points at reaction lengths between 7.5 and the maximum reaction@n experimentally difficult task; therefore, the values reported
length 15 cm (shorter distances exhibited a larger error due to!n Table 1 should be considered more realistically as lower limits
the cross sensitivity of a large NOCI signal that had to be for the productHk"> ) o
subtracted) were taken to calculate Henry's law constant of ~We may, nevertheless, gain some insight into the system by
HONO, taking into account the acidification of the liquid film & careful examination of the results given in Table 1. In fact,
by the HCI formed in NOCI hydrolysis (the dissociation constant N droplet train experiments, we measured an enhancement of

Figure 8. Observed Henry's law constants for HONO in dilute aqueous
solution compared with literature values. Triangles, this work; circles,
Park and Le&® (Error bars are at thedllevel.)

(11)

of HONO, K, = 5 x 104 M was taken from Park and L&& the uptake rate in alkaline solutions which was also observed
and we assumed that [fi= [CI-]). The resulting values are in wetted-wall experiments at atmospheric pressure but to a
compared with data published by Park and B Figure 8. smaller extent. The difference between these experiments may

The results agree well, within the given range of error except arise from the fact that studies at atmospheric pressure are
for one experiment. This indicates a good efficiency for HONO Measuring diffusion-limited uptake rates and experimental errors

detection in the outlet denuder in most experiments. were high. Nevertheless an increased uptake coefficient was
observed o 1 M NaOH solution which can be attributed to a
Discussion higher reactivity of NOCI toward OH as compared to pure

water (the observed increaseqmns beyond the experimental
As shown in Figure 7, we measured an increase afi basic errors). If we assume that this increase is due to a change in
solutions. This effect is probably due to an augmentation of the nucleophilic character of the reactant, then we can apply
the hydrolysis rate in alkaline solutions as already identified the Swair-Scott equatioff i.e.,
for CINO,,1” meaning that the uptake of NOCI is limited by
the rate at which it is chemically transformed in the condensed Kow-
phase. In such a situation, the uptake rate is a convolution of log|——| =sn (12)
reactive uptake (described byyn) and mass accommodation, kHzO
and the corresponding uptake coefficients are described accord-
ing to?2 Wherek}L20 andkgH_ are the second-order rate constants for the
reaction between NOCI and water or OHespectivelyn is
1 @0 the nucleophilicity of OH (i.e., n = 4.2)% and s is the
==+ — (10) sensitivity of NOCI toward nucleophilic reactions. This latter
®  4HRT, kDaq being unknown, we used the value derived for CINi®.,s ~

1
Vrxn

X |

(08
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a covalent to an ionic form. In contrast, CINQvhich is more

measured uptake coefficients by assuming that the presence ofikely to be in covalent form in the aqueous phase, shows a

1 M NaOH would affect the Henry’s law constant by a factor
of 0.7 (estimated roughly by the method of VanKrevelen
and Hoftjizer as given by Danckwet and has no effect
on the rate constant. We measured a value of 2.9 for
log(ky_/Kii0), Which can be compared to the calculated value
of 4.2. This difference may be due to a wrong sensitivity factor
(s~ 0.7 would fit our observations), to a first reaction step in
the liquid phase that is not a nucleophilic reaction with water
as discussed later, or to an uptake rate limited by interfacial
mass transport fol M NaOH. In such a case, the chemical

significant lowering of its uptake probability by back reaction
in chloride solutiond?” The proposed reaction step 14 is also
in agreement with the observation oM NaOH. In fact, if

the uptake of NOCI first proceeds through a transformation to
an ionic form (at a rate characterized by a first-order rate
constantk,4), then it is highly probable that the application of
the Swainr-Scott relationship is no more justified explaining
the discrepancy between calculations using eq 12 and experi-
mental results. On the other hand, if we assume the upper limit
of ko~ < 10*° mol~1 L s, then we may derive B 0.05 mol

transformations must be fast enough so that they do not influenceL ~* atm* from the uptake rate measured at pH14, using

the uptake rate, meaning that~ o. In regard to the limited

the latter and the uptake coefficient on water, one may derive

data set, we cannot definitively conclude but it appears safe tokis < 6 x 1 s at 276 K.

assume that NOCI is more reactive than CINEee ref 17 for

Atmospheric Implications. The measured values pfmay

more information on this species); therefore an increase of 7 be useful to estimate the lifetimeof NOCI in the atmosphere.

orders of magnitude in the Ottoncentration (from water to 1
M NaOH) should lead to a more pronounced increasg (s
calculated by eq 12) than just a factor o8 (see Table 1).

Therefore, we estimate from the measured uptake rate on

alkaline solutions that. > 0.03, the latter value being a rough
estimate ofo.

In a previous study’ we extensively studied the multiphase
chemistry of CINQ on different aqueous solutions. The results
showed a very strong dependence jofwith the chloride
concentration belw 1 M which was attributed to a reversible
hydrolysis of nitryl chloride. The situation appears to be
completely different for NOCI. In fact, our experiments with
chloride containing solutions (HCI and NaCl) showed no
significant change in uptake probability upt M concentrations
despite the large difference in the applied experimental condi-
tions. This may indicate that acid-catalyzed and chloride

concentration dependent reactions do not significantly take place

and are unimportant. This observation is different from the one
made for nitryl chloride (CING), where the uptake rate was
largely affected by the presence of chloride ions (Behnke et
all”). The chemistry of NOCI may not be described as that of
CINO; since NOCI is knowf to be more an internal salt

(nitrosonium chloride) in the solid phase, whereas solid-phase

CINO; has a covalent structure corresponding more to gas-phas
CINO,. From this behavior one can speculate that a NOCI
molecule in an aqueous solution is more in ionic form (with a
corresponding low volatility) than in covalent form (with a
higher volatility according to a liquid/gas-phase equilibrium
described by physical Henry’s law). From this observation, we
propose the following steps for NOCI:

NOCI(g) < NOCI(aq, covalent) (13)
NOCI(aq, covalenty NOCI(aq, ionic) (14)
NOCI(aq, ionic)= NO* + CI~ (15)
NO' + H,O0— 2H" + NO,~ (16)

From our observations, we can conclude that the back
transformation of ionic NOCI to covalent NOCI and/or the back
reaction NO + CI~ is not fast enough to lower the uptake
probability of NOCI when introducing chloride in the solution.
N2Os, which is known to be in the ionic form in the solid phase,
also shows no significant effect of back reaction; that is, its
uptake over water or NaCl solutibf#® is not significantly
different from the one observed over NaN&blution3! This
behavior is comparable to what we observed for NOCI; hence
both uptakes might proceed via a first transformation step from

In fact, it is possible to estimate for NOCI in contact with
liquid aerosols as

1

Taerosol (1/4)&1:']\(:7/ (17)
whereA. is the condensed phase surface to gas volume ratio
(cm?/cP), taken as 5< 1077 for the marine boundary layét,
where NOCI may play a role in atmospheric chemistry. Using
this equation, we calculated a lifetime ranging from 487 to 880
min for temperatures between 273 and 293 K, which can be
compared with lifetimes of NOCI with respect to its reaction
with OH and water vapor or to its photolysis, which are 36
days®® 0.5-7 h!® and 0.5 K3 respectively. The lifetime
associated with photolysis was calculated at a solar zenith angle
of 80°, i.e., representative of early morning conditions under
clear sky. For cloudy periods, this lifetime can easily be
increased by a factor of-%5. The range of lifetime associated
with gas-phase hydrolysis corresponds to summer (296 K) and
winter (273 K) conditions. From this comparison, it appears
evident that photolysis is the fastest removal process and that
gas-phase and condensed-phase hydrolysis may be in competi-
tion during the night under winter conditions. It is interesting

o note that these latter exhibit opposite temperature dependence,

meaning that if a process slows down, the other one will be
accelerated. Therefore, only a very small portion of NOCI will
effectively act as a source of atomic Cl, as it was already shown
experimentally by Behnke et &*who did not observe Cl atom
production from the reaction between hénd NaCl in a smog
chamber simulation. Therefore, NOCI is potentially much less
important than CIN@for the production of Cl atoms since its
production in the marine boundary layer will be very limited.
This conclusion is in agreement with the study of Vogt efl.,
who showed that the production rate of NOCI is very small.

Conclusion

The NOCI uptake is fast and irreversible at moderate pH.
This has implications for atmospheric chemistry where NOCI
production was proposed to occur via pNe@action with sea
salt aerosol. NOCI is not likely to escape from sea salt droplets
and will rapidly be consumed. This is in agreement with the
observation of Behnke et df:3*where NQ reaction with NaCl
aerosol led to the formation of HONO and not NOCI. So NOCI
would not contribute as an important chlorine atom precursor.
On the other hand NOCI hydrolysis produces quantitatively
nitrite.  HONO production and release depends more on
acidification of the solution (i.e., sea spray). The calculated
lifetime associated with the heterogeneous removal of NOCl is
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a few hours, i.e., much faster than the reaction with OH, slower

than photolysis, but comparable to gas-phase hydrolysis.
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