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The reaction kinetics for gaseous hydroxyl radicals (OH) with deliqguesced sodium chloride particleg)(NaCl
were investigated using a novel experimental approach. The technique utilizes the exposure of substrate-
deposited aerosol particles to reactive gases followed by chemical analysis of the particles using computer-
controlled scanning electron microscopy with energy-dispersive analysis of X-rays (CCSEM/EDX) capability.
Experiments were performed at room temperature and atmospheric pressure with deliquesced NaCl particles
in the micron size range at Z80% RH and with OH concentrations in the range of 1 te 7(° cm™3. The
apparent, pseudo first-order rate constant for the reaction was determined from measurements of changes in
the chloride concentration of individual particles upon reaction with OH as a function of the particle loading
on the substrate. Quantitative treatment of the data using a model that incorporates both diffusion and reaction
kinetics yields a lower limit to the net reaction probability @ > 0.1, with an overall uncertainty of a

factor of 2.

Introduction crystalline core at RHs as low as-180% RH?>> Under typical

An understanding of the uptake and reaction kinetics of gasestroposEhen(it::otnd|t|ons,ltthe rslalmve hum'.(tjr']ty 'Sf gflenerally :ng”h
into aqueous sea salt particles is of key importance to elucidatingenoug S0 that sea salt particles are either fully or partially

atmospheric chemical processes in areas influenced by marinede"quesced' . S
aerosol. It has been recognized for at least 50 years that sea A number of recent laboratory and modeling studies indicate

salt particles react in air with trace gases such as, MDOs, that aqueous sea salt particles may serve as an important source

H,SO,, Os, OH. N,Os, and CIONG to convert the halide ions of gaseous molecular chlorine gnd brqmine due to unique
into various gas-phase halogen proddcts. Some of these chemistry that oceurs at the aiwater mterfacéf N For_ .
productsi®4146such as CINO, CING and Cb, photodissociate example, a combination of aeroso_l chamber_experlments, kinetic
into highly reactive chlorine atoms (CI) under sunlight290 modelln.g, and molecular dynamlc 3|mqlat|ons has Ied. o the
nm). Once formed, Cl reacts predominantly with organics, conclusion thz?t the unqerlylng mechanlsm Ob @k_)ductlon
leading to ozone formatioff,and in this way, it can contribute from the reaction of deliquesced NaCl particles with hydroxyl

significantly to the chemistry of the marine boundary layer and _(OH) radicals is driven by int_erface chemisMore specif- .

coastal areas. ically, as gas-phase OH radicals zire scavenged at the particle
Sea salt aerosol is generated by wave action and bursting ofSU"face, surface complexes (Ol )suaceare formed

bubbles over marine surfac#s52 As droplets of sea salt aerosol _ _

are transported inland, some water can evaporate, leaving behind OHy + cl (OH**Cl )surtace (R1)

either concentrated aqueous droplets of deliquesced sea salt o

at sufficiently low relative humidity (RH), particles with a

crystalline core. At the ambient temperature of 298 K, the

deliquescence and efflorescence RHs of pure NaChat&%o

and ~44%, respectively® Sea salt is a mixture of salts,

including some that are highly soluble and hygroscopic, e.g., - o . -

MgCl,:6H,0, KMgClz-6H,0, and MgSQ@-H,0.>* These salts (OH:*Cl)sutace ™ (OH*+*Cl )surtace™ Clog T 20H o

remain deliquesced and form a liquid coating around the NaCl (R2)

surface

These surface complexes react further in an as yet unknown
reaction sequence that yields molecular chloring, Bbssibili-

ties include, for example, self-reaction of the surface complexes
(R2)

* Corresponding author. E-mail: Alexander.Laskin@pnl.gov. or reaction of the complex with Clfollowed by secondary
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There are as yet no direct experimental measurements of the
kinetics of this reaction. While a net reaction probabilityyof

= 0.2 was used to match the experimental data in the modeling
studies of Knipping and DabduB,there were a number of
variables in the model so that the net reaction probability was
not uniquely defined by the data.

Here, we report a relatively straightforward approach to
measure a lower limit for the overall reaction probability for
NaClg+ OHg. This approach utilizes the exposure of substrate-
deposited, deliquesced NaCl aerosol droplets to gas-phase OH
followed by chemical analysis of individual particles with
electron microprobe techniqué®’+ 76 As discussed below,
fundamental reaction kinetics data may be obtained from these
experiments after a theoretical kinetiediffusion analysis of
gaseous reactant transport from the bulk gas to the substrate
surface. Such effects arise from the close proximity of the
reacting particles mounted on the substrate at high particle
loadings, which alter the effective gas-phase OH concentrations

200

an
at the particle surface and hence the kinetics of chloride ion 3 '3
loss. £
=
. -9
Experimental Methods “ 100f
Materials and Sample Preparation. Monodisperse NaCl E
particles were generated from an aqueous 0.5 M solution of g
NaCl (Aldrich, Inc., 99.99% purity) using a nebulizer (TSI, Inc., Z  sof

model 3076). The particles were dried in a diffusion drier (TSI,
Inc., model 3062) prior to sizing using a differential mobility
analyzer (DMA) (TSI, Inc., model 3080L). To provide a constant
stream of~1 um diameter dry particles, the flows in the DMA

were set at 2 and 0.2 SLPM for sheath and sample flows, Particle Diameter (Lm)

respectively. At these flow settings, the impactor (0.071 mm Figure 1. SEM image (top panel) and CCSEM measured particle size
orifice) at the DMA inlet effectively traps particles larger than distribution (bottom panel) of a representative sample. The size
1.58 um and therefore eliminates multiply charged larger distribution data (symbols) may be fitted by a log-normal distribution

particles in the outlet stream. The resulting dry particles, function (line) with a median diametéb,[>= 0.84um and geometric

. L . . standard deviation = 1.36 (mean diametdd, = 0.91um). The surface
approximately Jum in diameter, were deposited on TEM gr_lds density of the sample i = 1.5 x 10f cm™2. Dark spots seen in the
(Carbon Type-B, 300 mesh gold grids, Ted Pella, Inc.) using & micrograph are surface features of the carbon film.

home-built, microprocessor-controlled time-resolved aerosol

70

collector (TRAC)?""8The particle loading ranges froh = 1 0‘0
x 10*to 5 x 107 particles/cr that correspond to approximate

distances between neighboring particles between 0Gnd Dew Point Ozone

1.5um, respectively. The size uniformity of deposited particles | N2 Generator X % Generator 0,

was confirmed by computer controlled scanning electron

microscopy (CCSEM) analyses oveB00O particles in several

samples, with each sample being a particular grid deposited with scrubber

NaCl particles. Figure 1 shows an SEM image of a typical & vent

particle sample and the companion size distribution obtained

from the equivalent, two-dimensional projection areas of the

particles. The size distribution is log normal with @ mean (scrubber| | Ozone

diameter equal t®, = 0.91xm, median diameteiD,C= 0.84 & vent Analyzer

um, and geometric standard deviatior= 1.36.
Particle Exposure Apparatus. The schematic of the experi-  |scrubber

mental apparatus is shown in Figure 2. In each experiment, 5% ¥ent

to 6 TEM grids loaded with varying numbers of NaCl particles

were placed in a photolysis cell (4 cm in diameter and 10 cm

in length). The TEM grids resided in shallow depressions of a

glass holder out of direct illumination. The deposited particles

were exposed to a continuous flow2 L/min) of humidified Figure 2. Schematic of flow system for reacting OH radicals with

nltrogen with controlled amounts 0f_2003, and OH at the de%iquesced NaCl particles se()]/uestered on TE%\’/I grids. FMow

ambient temperature and atmospheric pressure. The gas streameter.

passes only over the upper surface of the grids that hold the

salt. The TEM grids were placed without specific order with

respect to their density and were separated by a minimal distanceA Xe arc lamp was used as the UV source (a 100 W Xe 60000

of 1.3 cm from one to another to minimize interference. series, Oriel, Inc., or a 1000 W Xe LH-15LN/2, Schoeffel
Hydroxyl radicals were produced by photolysis of @ Instrument Corporation, Inc., with an LPS 255HR power supply

generate GD) followed by its rapid reaction with water vapor. by Kratos Analytical Instruments, Inc.). The light beam was

TEM Grid Holder
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collimated along the length of the cell and was filtered with a X-ray detection from elements higher than berylliuth 4).

2 mm Pyrex filter £ > 300 nm) and a 10 cm O filter to The system is equipped witBenesishardware and software
suppress infrared heating of the cell. Tests were performed to(EDAX, Inc.) for computer-controlled SEM/EDX particle
measure temperature rise in the cell due to the lamp radiationanalysis. Using this CCSEM/EDX setup, a matrix of fields of

using a thermocouple. The increase was found to<lieK, view was first defined over a sample area, which was then
which was much less than variations in the room temperature inspected automatically on a field-by-field basis. Particles are
(T = 22—-26 °C) over the course of the experiments. recognized by an increase in the detector signal above a

The relative humidity was controlled by a dew point generator threshold level. The program acquires an X-ray spectrum from
(Li-Cor, Inc., model LI-610). Ozone was generated in a small each detected particle. Particle imagihgas made by acquiring
flow of dry, high-purity G (=99.993%, Airco, Inc.) through  the mixed signal of backscattered (BSE) and transmitted (TE)
an ozone generator (Pacific Ozone Technology, Inc., model electrons. During the X-ray acquisition, the electron beam scans
L11), which was then mixed with the humidified nitrogen flow over the particle projection area. The X-ray spectra were
through two independent flow meters. In this way, thea@d acquired for 20 s, at a beam current 600 pA and an
H,O concentrations in the flow into the photolysis cell were accelerating voltage of 20 kV. These conditions are sufficient
independently varied. The ozone concentration in the photolysisto collect ~4000 photon counts per Na and Cl characteristic
cell was monitored with a photometric analyzer (Advanced peaks. For quantification of the EDX results, ti@&enesis
Pollution Instrumentation, Inc., 450 M Ozone Monitor) con- software utilizes a standardless microanalysis method which
nected to the outlet of the photolysis cell. The RH was relates the measured X-ray intensities to elemental concentra-
periodically measured in the cell outlet using a dew point tions through theoretically calculated equivalent intensities of

hygrometer (Vaisala, Inc., model HMP234). corresponding peaks. Specific details of Benesissnable
The production of the OH radicals in the photolysis cell is microanalysis method can be found elsewt#re.
described by the following gas-phase reactions: Experimental Protocol. The substrate-deposited NaCl par-
ticles at various surface densities were exposed to a controlled
O, v, o(lD) +0, (R4) amount of OH in the reaction cell described above. A constant
flow of O3/O./H,O/N, passed through the cell under UV
O(lD) + H,0— 20H (R5) radiation to provide a constant concentration of [QHf] the

mean free stream.

1y M~ The change in the Cl-to-Na ratio ([CI/N&Y) in reacted
o(D) O(P) (R6) particles was taken to reflect the chloride loss due to oxidation,
3 M ie.
O(P)+ O,— O, (R7)

[CI]y  [CUNa]™
The steady-state gas-phase OH concentrations in the free = EDX 1)
stream, i.e., unperturbed by reaction with the particles, were [CI ]d,t=0 [CI/Na]i=,
estimated using theéAcuChen® kinetics modeling package
employing reactions R4R7 as well as the secondary chemistry
of all HOx species in the system. The rates of these reactions
are well-known, so that the only variable is the ozone photolysis
rate constantkp. The latter was determined by monitoring the
decay of Q as a function of photolysis time in a static
experiment using the same apparatus and a-\d¥ spectrom-
eter (Shimadzu, Inc., model UV-2501PC) and applying the
kinetics model to determine the best-fit valuekef Depending

on the Q concentration and the UV intensity, as seen in Table
1, the OH concentration in the free stream, denoted hereafter
as [OHJ, ranged from 1.1 to 6.& 10° cm~3. The self-reaction

where the subscripd denotes the concentration in the NaCl
droplet andt denotes the reaction time. Three series of
experiments were conducted over a range of OH concentrations
(1.1, 2.1, and 6.8< 10° cm™3). In each series of experiments,
at least two reaction times were used. We also examined the
reaction rates as a function of particle number denNifyn
the substrate surface. Thi value ranged from X 10*to 5 x
107 particles cm2. A total of 91 samples were analyzed. Out
of them, 15 samples with high particle density3 x 10°
particles cm?) showed no statistically significant losses of
chloride (where the mean [CI/N&]* values were within 1
standard deviation of [CI/N@TOX). In these samples, particles
20H+—M> H.O (R8) were too tightly packed on the substrate, which resulted in their
.0, . 4 e "
reaction being too slow and generating significant compositional
changes over the time period of individual experiments. Seventy-
six samples with lower densities showed detectable losses of
chloride. These samples are summarized in Table 1.
Additional experiments were conducted in order to ensure
that the observed loss of chloride in the reacted particles is not
ue to oxidation by ozone or molecular oxygen. In these
experiments, NaCl particle samples were exposed®fd to
2000 ppm of ozone in the same mixture of @y/H,O/N, gases
but in the absence of UV radiation. Another exposure was

microscopy (SEM) coupled with energy-dispersed X-ray (EDX) conducted als_o fo9 h with UV ra(ﬁatlon but without ozone.
spectrometry was used to determine the elemental compositionfN© changes in the Cl-to-Na ratios were detected in these
and loading density of NaCl particles. This instrument incor- experiments.

porated a FEI XL30 digital field emission gun environmental
SEM. The microscope is equipped with an EDAX spectrometer
(EDAX, Inc., model PV7761/54 ME) with a Si(Li) detector of Apparent Pseudo First-Order And Intrinsic Second-Order
an active area of 30 mhand an ATW2 window, which allows Rate Constants. As seen in eq 1, CCSEM/EDX analysis

of OH was found to be unimportant within the ranges of [QH]
values and the flow residence time considered.

To ensure complete deliquescence of the NaCl particles, the
relative humidity was raised to 85% for several minutes before
lamp irradiation. From the onset of reaction, the relative
humidity was kept at 7080%. Because the efflorescence RH
of NaCl is 44%, the particles were in the liquid state for all
experiments.

CCSEM/EDX Single-Particle Analysis.Scanning electron

Results and Discussion
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TABLE 1: Experimental Conditions and Summary of Pseudo First-Order Rate Constant8
exptl Ns x 104 k x 10° Ns x 104 ki x 10°
series (cm™?) [CUNa]E®*/[Cl/Na]ER (s (cm™) [CUNa]E>*/[Cl/Na]E (s
Al:
t=3h; [CUNaE> = 1.07+ 0.04; [OH], = 1.1 x 10° cm 3 (O3 = 1.9%; UV power= 100 W)

5+5 0.87+0.07 13 ¢-8/—7) 62+ 19 0.92+ 0.06 7.8 (+6.1/~5.8)

9+38 0.88+ 0.06 12 ¢-7/-6) 68+ 23 0.92+ 0.05 7.4 ¢5.3-5.1)
17+ 10 0.90+ 0.06 9.4 (+6.4/-6.0) 73+ 30 0.94:+ 0.05 5.7 (+5.0/~4.8)
19+9 0.89+ 0.05 11 ¢-6/—5) 95+ 32 0.92+ 0.05 7.4 ¢-5.0~4.7)
30+ 18 0.93+ 0.05 6.4 (+5.1/~4.9) 121+ 32 0.95:+ 0.04 4.9 (-4.3-4.1)

A2:
t=6h; [CI/Na[2 = 1.07+ 0.04; [OH], = 1.1 x 10° cm 3 (O3 = 1.9%; UV power= 100 W)

542 0.62+0.18 22 (+16/—12) 83+ 43 0.91+ 0.06 4.6 (-3.12.9)
13+ 10 0.62+0.18 22 (+16/-12) 88+ 42 0.90+ 0.06 5.0 -3.2/~3.0)
13+9 0.71+0.18 16 ¢-13/—10) 139+ 69 0.92+ 0.05 4.0 (-2.8-2.7)
21415 0.76+ 0.16 13 ¢-11/-9) 220+ 41 0.93+ 0.06 3.5 (-3.2/~3.0)
29415 0.72+0.17 15 ¢-12/-10) 240+ 44 0.90+ 0.08 5.1 ¢-4.1/-3.7)
41+ 24 0.78+0.17 11 ¢-11/-9) 241+ 53 0.93+ 0.05 3.3 (+2.6/~2.5)
544 28 0.82+0.10 9.4 ¢+6.3/-5.6) 250+ 50 0.93+ 0.05 3.2 (+2.6/-2.5)
814+ 33 0.84+ 0.09 8.0 (+5.5/—4.9) 303+ 57 0.94:+ 0.04 2.8 (2.2/-2.1)

B1:
t= 1.5 h; [CI/NafY‘ = 1.07=+ 0.04; [OH}, = 2.1 x 10° cm 3 (O3 = 0.2%; UV power= 1000 W)
2+1 0.72+0.11 60 (+31/—27) 15+ 10 0.80+ 0.12 42 (+30/—26)
1+1 0.72+0.19 62 (+58/—44) 234 14 0.88+ 0.06 24 (+13/-13)
1+1 0.71+0.08 63 (+22/—20) 264+ 14 0.92+ 0.05 15 ¢-11/-10)
2+1 0.82+ 0.07 36 (+17/—16) 35+ 17 0.83+0.11 35 (+26/—23)
12+8 0.85+ 0.09 31 ¢-21/-19) 38+ 15 0.89+ 0.08 22 (+17/-16)
13+ 10 0.76+ 0.09 51 ¢-23/—21) 40+ 17 0.92+ 0.06 16 ¢-13/—12)
B2:
t=3h; [CI/NaF2 = 1.07+ 0.04; [OH], = 2.1 x 10° cm 3 (O3 = 0.2%; UV power= 1000 W)

1+1 0.58+ 0.18 50 ¢+35/—25) 32+ 15 0.90+ 0.06 10 ¢-7/-6)

544 0.75+ 0.15 27 ¢-21/-17) 46+ 26 0.90+ 0.05 10 (-5/-5)

7+4 0.71+ 0.10 32 (+14/-13) 64+ 28 0.93+ 0.05 6.7 ¢-5.3/~5.0)
25414 0.87+ 0.06 13 (-7/-6) 66+ 27 0.92+ 0.06 7.7 -6.0/~5.7)
27420 0.91+ 0.06 9.2 ¢-6.3/-5.9)

B3:
t=4.5 h; [CI/Naf%'= 1.07+ 0.04; [OH], = 2.1 x 1P cm 2 (O3 = 0.2%; UV power= 1000 W)
443 0.60+ 0.10 48 (+16/—14) 6+5 0.71+0.13 31 (+18/—15)
544 0.56+ 0.26 54 (+59/—36) 68+ 32 0.91+ 0.06 8.4 (+6.2/-5.8)
C1:
t=0.5 h; [C/Naf%* = 1.06+ 0.05; [OH}, = 6.8 x 10° cm 3 (Os = 1.9%; UV power= 1000 W)

6+3 0.81+0.08 116 ¢-61/—55) 14+ 10 0.89+ 0.07 67 (+47/—43)

7+4 0.87+0.07 77 (+46/—43) 154 12 0.90+ 0.07 56 (+42/—39)
10+5 0.85+ 0.09 93 (+62/—56) 16+ 9 0.90+ 0.06 57 (+40/—38)
17+7 0.91+ 0.06 50 (+40/—37)

C2:
t=1h; [CI/NaE2* = 1.06+ 0.05; [OH]. = 6.8 x 10° cm™2 (O3 = 1.9%; UV power= 1000 W)

6+3 0.45+ 0.10 220 {-68/—55) 15+ 5 0.76+ 0.07 78 (+25/—23)

8+5 0.48+0.21 201 ¢-159/-101) 17+ 12 0.86:+ 0.08 40 (+27/-24)

9+6 0.63+0.15 127 ¢-77/-60) 18+ 12 0.69+ 0.15 103 ¢-69/—55)
12+6 0.62+ 0.15 131 ¢76/—59) 244 14 0.68+0.13 106 ¢+56/—47)

EDX

a Surface number densitys (the uncertainty values are 1 standard deviation); the uncertainty values shown forf@leH]Na]t=o represent
1 standard deviation, determined from the combined uncertainties of [EPNahd [CI/Naf5* values measured for a large number of particles;

k apparent pseudo first-order rate constant of disappearance, determined from eq 3 and the uncertainty values in the parentheses correspond

to +1 standard deviation in [CI/NET*/[CI/Na]=%.

measures the overall Closs from the droplets, which can be
expressed in the form of eq 2

_d[CI],

TZ KICI Iq

)

where [Cl]q is the molar concentration of Clin the NacCl
droplet. If the apparent pseudo first-order rate conskars
constant during reaction, its value may be obtained from

1, [ _ 1 [CUNa™
[Cl g U [CUNalR

! t
lists the experimentally observed

©)

[CUREY

Table 1

[CUNa]ER and ki values. The uncertainty values represent 1
standard deviation for [CI/N&P*/[CI/Na]ED’, obtained by
statistical sampling of the normally distributed [CI/@%} and
[CI/Na]> data.

The pseudo first-order rate constant may be plotted in the
form of 1k, as a function olNs, as shown in Figure 3 for the
three OH concentrations used in this study. The different data
sets within each plot in Figure 3 represent different reaction
times for a given concentration of gas-phase OH. While there
is no consistent dependence on reaction time, the pseudo first-
order rate constant does depend strongly on the particle loading
on the substrate\s.

In the case of airborne particles, the experimentally measured
chlorine loss can be related to various physical and chemical
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6 The intrinsic, second-order rate constaptfor reaction R3
(@) is related to the pseudo first-order rate constant by

kl = kII[OH]s (4)

5+

where [OH} is the concentration of OH immediately above the
droplet surface and, for reasons discussed already, may be lower
than that in the free stream, i.e., at infinite distance from the
particle surface, [OH]. Thus, whilek, depends on both the
intrinsic reaction rate and the gas-phase diffusion katewhich
reflects the fundamental reaction kinetics, does not depend on
diffusion.

0 1 2 3 4 The data on the loss of chloride from the particles can be
20 used to obtairk (eq 3) as a function oNs, Previous studies

(b) show that the OHCI~ reaction occurs at the interfagé.
However, the loss of Cl from the interface results in an
Lsr ° equivalent depletion of Cl from the droplet, so that the
measured chloride loss can be related to the reaction probability
y for the interface reaction (R3) in the following manner. First,
to obtain k; from the measured values & (eq 4), the
concentration of OH at the surface must be known. This is
determined by a combined analysis of the concentration of OH
in the free stream, its diffusion to the particle, and the reaction
at the surface. In this work, gas-phase diffusion of OH to
particles sequestered on the substrate has been approximated
by a one-dimensional model of a stagnant gas film above the
substrate surface (though locally the transport process is
inherently multidimensional). In this approximation, the molar
diffusion flux joun is equated with the removal rate of OH by
the reacting particles as well as by the underlying substrate,
ie.

105 (1/k;) (s)

105 (1/kj) (s)

d _
o= ~Dog 0 = NK[CI IV, + KOH],  (5)

105 (1/ky) (s)

where Doy is the gas-phase diffusion coefficient, is the
distance from the substraté, is the NaCl droplet volume, and
0.0 ! ! ksis the rate constant for OH destruction by the substrate surface.
0.0 0.1 02 03 Equation 5 may be integrated, and after applying appropriate
-6 ) boundary conditions, i.e., [OK]. = [OH]. and [OH}—, =
Nx107¢ (em~%) [OH]s, we obtain (see Appendix A)

Figure 3. Experimental values (symbols) ofkE*® as a function of 1+ (3ks)
particle density on the substrate surfadg @nd linear fits to data (lines) 1 = 1 |79
using eq 7: (a® andO, experiments Aand A, respectively; (b)®, k  [OH], k,

O, A, experiments B B,, and B;, respectively; (c®, O, experiments
C; and G, respectively. See Table 1 for details.

+VJCl Tg0e "N (6)

Here,0 = L/Doy andL is the characteristic diffusion length.
Equation 6 gives a linear dependence d§ bh N

processes occurring in the gas-particle system. These processes 11
include the diffusion of gaseous OH to the particle surface, the E - [OH]w(a + DN ™
kinetics of OH uptake, and the surface reactions. If the uptake
of OH by the particles is fast, diffusion of OH to the surface \yherea = (1 + Okg/ky andb = V4[Cl-]q0e 4t It follows
can become rate-limiting. In this case, the concentration of OH {4t (14 okylky may be determined from the intercept of a
at the particle surface will be smaller than that in the bulk gas |inear fit of the data plotted in Figure 3, provided that [QH§
phase, and the rate of oxidation of chloride ions in the particles nown and the parametéris constant. In factp depends on
is smaller than what would be the case without this diffusion gkt and on the droplet volumey andd, both of which may
limitation. also change with time. For exampléy may increase due to

In the case of particles sequestered on a plane as in the presewater uptake as the NaCl is converted to the mixftwéNaOH
experiments, the changes in the OH concentration at the surfaceand NaClQ, which are more hygroscopic. On the other hand,
of the particles are also due to the competition for OH among the characteristic diffusion length and henceé, may decrease
adjacent droplets, which increases with increasing surface as the reaction proceeds and the chloride is consumed from the
densitiesNs. It is this dependence dws that allows us to obtain ~ NaCl droplets. However, the data in Figure 3 do not exhibit a
the experimental reaction kinetics which resembles the airborneconsistent trend with time, so that the net effect of changes in
case by extrapolating the data to tRe— O limit. these three parameters must be small. Sikge: 0, the current
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Figure 5. Experimental values (symbols) of [Oklk for all series of
experiments as a function of particle density on the substrate surface
103 e e e B R (Ns). The solid line is the fit to data using eq 7; dashed lines represent
103 104 105 106 the (x/+ 2) uncertainty bounds fdg;, based on 1 standard deviation
106 of the [CI/Naf® values measured for a statistically significant
c number of droplets. See Table 1 for data details an corresponaing
b f dropl S bl for d detail d di
uncertainty values.
p—
< calculate the loss of OH on the substrate surrounding the NaCl
E: particles. However, while some loss of OH to the substrate is
= expected to occur, it cannot be very large, or a dependence of
~ | loss of chloride orlNs would not have been observed.
Figure 5 combines all three sets of data where the values of
«/k are plotted as a function of particle density on the
| OH]./k lotted funct f ticle d t th
substrate surfaceNf). A fit to the combined data yieldk, >
S e~ -7 2.3 x 10 cm® molecule* s~ which, as discussed earlier, is

a lower limit. The scatter of the data yielded an uncertainty
N. =2 factor of 2 (i.e.,, 1.15x 107 < k; < 4.6 x 10 Ycm?
s (cm™%) 10
molecule! s1), as demonstrated by the dashed lines in the same

Figure 4. Experimental values (symbols) ofkE as a function of figure.
particle density on the substrate surfaldg éind fits to data (dark lines) Reaction Probability. The net reaction probabilityyfe) is
using eq 7: (ay® andO, experiments Aand Ay, respectively; (b, given by
O, A, experiments B B,, and B, respectively; (c®, O, experiments

Ciand G, respectively. See Table 1 for data details and corresponding ey — -
uncertainty values. _ 4k| [Cl ]dVd _ 4kII[CI ]dVd

et T SIOHL, . ConSy

experiment can only measure a lower limit fqr(i.e., obtained where Vy and & are the droplet volume and surface area,

(€

with ks = 0). respectivelyton is the mean molecular speed of OH, dcids
Linear extrapolation of the data in Figure 3Ng= 0 yielded the apparent first-order rate constant in tie— O limit. The
a=(6.04 2.6) x 103, (3.64 1.2) x 10%, and (2.4 1.7) x reaction probability reported in this work is based on the intrinsic

103 s for experimental series A, B, and C, respectively, where rate constank, averaged over the course of the reaction. Given
the uncertainty values represent 1 standard deviation as indicatedhat CI- decreases during the reaction, the value derived here
in Table 1. Figure 4 shows the same data but plotted ir-log for ynet represents a lower limit to the reaction probability for
log form, where the lines show the results of best linear fits. OH with a deliquesced, unreacted particle.

Lower limits to the corresponding valueslgf can be obtained The droplet volumé&/q may be calculated, in principle, from
from these values oé if it is assumed thaks = 0, i.e., that the known dry particle diameter (selected by DMA before and
there is no removal of OH by the substrate. Remerov and confirmed by CCSEM analysis) and thermodynamic properties
BardwelP! have developed a model for the uptake of OH on and hygroscopic growth data of NaCl partickédJnder our
nonreactive surfaces where the OH is removed by reaction with experimental conditions, [C]qo = 5 M and the ratio of mean

a second OH on the surface. However, without knowledge of droplet to dry particle diametef34D, = 2 at 80% RH, i.e.,
the energetics of interaction of OH with the TEM grid substrate 0.9um dry NaCl particles become 1:8n deliquesced particles.
material, we were not able to apply this model directly to At a somewhat lower RH value (i.e., the RH range of our
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experiments is 7980%), [Cl]q0 x Vg4 in eq 8 should stay the
same, but the surface ar&awould be smaller. Thus, the use
of the droplet diameter at the higher end of the relative humidity
results in a lower limit forynet

Calculation of the surface are8;, available for reaction in
the case of substrate-deposited particles requires knowledge o
the particle morphology. Carbon thin film is substantially
hydrophobic and effectively repels water even at supersaturation
conditions?”82 Microscopic evidence indicates that a freshly
deliquesced NacCl particle is well-approximated by a sphere
tangent to the substraté®? In this caseS; is approximately
the surface area of a sphege= 7D4? (equal to 1Qum? here).
However, SEM images taken after the reaction (see Figure 6)
show a halo of residue around each vacuum-dried particle,
indicating that the droplet wetted the substrate and spread to
approximately twice its spherical wet diameter. We can assess
the magnitude of this effect on our measurements by considering
the reacted particle as a flattened sphere with volume equal to
that of the spherical particle.

The surface area and volume of a flattened sphere can be

calculated using the mensuration formulas

S,=xzbh

"-J’dbase2 )
4

)

_nhz(BD_
=3\2 "

_ah

\ 6

(10)

|

whereh is the height of the segment aimdis the diameter of

a large sphere with the spherical cap of diamelggs which
may be determined with the assumption that the volume of the
spherical cap is equal to that of the sphere. A valuafgs.~

4 um can be estimated from the SEM images of the reacted
NaCl particles (see Figure 6). Fddy = 1.82 um of the
deliquesced NacCl particle at 80% RH, we calculate 0.49

um andD = 8.62um for the spherical cap having an equivalent

(h2 +
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D,

(ﬂ}ase

f

Flattened Sphere

Sphere

Figure 6. Upper panel: Assumed morphologies of the deliquesced
NaCl droplets on a substrate. The sphere represents a freshly deliqguesced
NaCl particle, while the flattened sphere represents the particle after
wetting the substrate. Its volume is approximated by that of a spherical
cap of a large sphere of diametr(not shown). Lower panel: SEM
image of the NaCl particles after reaction and being dried in the vacuum
chamber of the microscope during analysis. The observed halos suggest
flattened spheres for the shapes of NaCl particles during the reaction.

substrate, values d§ and the reaction probability,e: would

volume. On the basis of these parameters, eq 9 gives a surfacge underestimated. However, as discussed earlier, the data show

area ofS; ~ 13 um?, about 30% higher than a perfect sphere
with Dg = 1.82um.

As shown in Table 2, reaction probabilities obtained using
the k; data areynet = 0.13 for spheres and 0.10 for flattened
spheres. Again, the uncertainty factor is 2, derived from the
standard deviation of [CI/NE* as discussed earlier.

Significance and Limitations of the Method. To the best
of our knowledge, this is the first measurement of the net
reaction probability for the reaction of gaseous OH radicals with
deliquesced NacCl particles. Application to airborne particles is
straightforward in that sea salt particles in air are sufficiently
far apart that they do not exert an influence on adjacent particles.
Under these conditions, there will still be a diffusion limitation
for the case of reactions of micron-size particles with large
reaction probabilities, because OH is removed more rapidly at
the surface of individual particles than it can be replenished
from the gas phas&.Because this applies both to the laboratory
experiments as well as to airborne particles, our lower limit of
~0.1 for the initial, net reaction probability should still be
applicable to~2 um deliquesced sea salt particles found in the
marine boundary layer.

that loss of OH to the NaCl particles is at least competitive
with removal by the substrate, and we report the valugnef

as a lower limit. The potential competition between reaction of
OH with the substrate and with the particles of interest does
imply that the presented method will be most useful for cases
where the particles are highly reactive.

The second assumption relies on the loss of chlorine from
the particles to the gas phase being irreversible. EDX measure-
ments cannot distinguish the chemical state of chlorine in
particles. Some of the glproduced by the OHt- NaClyg
reaction can be taken up into the particle as it becomes more
basic and hydrolyze to form OClwhich upon drying dispro-
portionates to leave a combination of NaGl€pecies in the
dry particles®® This would offset some of the initial chloride
ion depletion and again lead to an underestimation of the
reaction probability.

There are no previous direct measurements of the probability
of reaction at the surface with which to compare the present
results. The view of surface reactions such as that of gaseous
OH with NaClyg is that they occur in competition with mass
accommodatiof?8485that is, an incoming OH collides with

Several assumptions made in the data analysis deserve furthethe surface and is taken up into the bulk (mass accommodation),

discussion. These are as follows: (a) The substrate is unreactive
i.e., the OH consumption by the substrate does not substantially!
affect its local concentratioks < 1 in eq 6); and (b) the extent

of OH reaction with the deliquesced NaCl droplets can be
obtained directly from EDX measurements of the vacuum-dried
particles. In the first case, if some of the OH is removed by the

undergoes reaction at the surface, or scatters into the gas phase.
Experimental measuremeffi®f mass accommodation of OH

on pure water placed a lower limit for the mass accommodation
coefficient at 275 K of 0.0035, while a more recent study
reported a lower limit of 0.0%7 In those experiments, authors
concerned that Henry’s law surface saturation occurred on the
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TABLE 2: Summary of Kinetic Data Measured for the OH 4 + NaCl,q Reaction

fitted parameters Vnef?

exptl [OH] x 107° ky x 10t4a 1.82um Opase= 4 um

series (molecule cm?) ax 10713(s) b x 1078 (s/cn?) (cm® molecule? s71) sphere flattened sphere
A 1.1 6.0+ 2.6 1.2 1.8 &/~ 1.8) 0.10 &/=1.8)  0.08 /= 1.8)
B 2.1 36412 25 3.0 k/= 1.5) 0.17 &/+1.5)  0.13 /= 1.5)
ce 6.8 2.4+ 1.7 4.7 4.6 /= 2.3) 0.25 &/=2.3)  0.19 /= 2.3)
fit to A and B 6.0 (x/= 1.8) 1.2 1.8 /= 1.8) 0.10 &/~ 1.8)  0.08 /= 1.8)
fit to all dates 4.4 (x/= 2) 1.6 2.3 &l= 2) 0.13 (/= 2) 0.10 (x/= 2)

2| ower limit, calculated by assumirlg = 0 (see text)? Calculated using eq 8 and [Gh = 5 M. ¢ Because of the small number of samples and
narrow range of\s values employed, this set of data is of limited accurddyxcluding series C from the overall fit yields andyqe: values well
within the respective uncertainties of those from fit to all d&faits to data are shown in Figure 5. The uncertainty bounds are taken as a factor
of 2, as seen by the dotted lines bracketing the data.

time scale of their respective experime#ft&’ which is why Appendix A
the latter experimerf, with a shorter measurement time scale,
reports a larger lower limit value. Molecular dynamics simula-
tions?8.89 suggest it could be as large as 0.83, although such
MD predictions tend to be higher than experimental measure-
ments of reaction probability. For the OH reaction with chloride _ d[OH] B

at the interface, computer kinetics modefi## of aerosol jon = DOHT = NKI[CI ]V, + kJOH], (Al)
chamber studies of reaction R3 gave good fits to the experi-

mentally measured production ofAllsing an overall reaction  |ntegrating eq A1, we obtain

probability of ~0.2 for small particles (diameter around 200

nm) where the diffusion limitation is not important. There were DoulOH], = (NK[CI ]V, + kJOH])x+ ¢ (A2)
a number of variables in the model for which data were not

available, so that the net reaction probability was not uniquely applying the boundary condition that [0k} = [OH]«, i.e.,
defined by the experiments. However, with this caveat in mind, the concentration of OH radicals at distanczom the substrate

The molar diffusion fluxjon is equated to the removal rate
of OH by the reacting particles and by the underlying substrate,
i.e., eq 5 in the main text

the lower limit for the overall reaction probability of0.1 is equal to that in the free stream, we have
obtained here is consistent with the value of 0.2 used in that
that modeling study. € = Do [OH],, — (NK[CIT]4V, + kJOH]JL  (A3)

Combining eqs A2 and A3, we obtain the following equation

Dor([OH], — [OH]) = (NK[CI ]3Vg + k{OH]g)(x —(kzl)

Conclusions

This study presents a new method for measuring net reaction
probabilities for the reactions of gases with liquids or solids.
The approach is expected to be applicable to a variety of Forx= 0, [OH]x=0 = [OH]s. Combining eq A4 withk; = k-
reactions of interest not only for the atmospheric research [OH]s and [CF]g = [Cl7]aoe™®", letting 6 = L/Down, and
community but also for the surface science and catalysis rearranging the resulted derivation, we obtain eq 6 of the main
communities. The main requirements are that the substratetext
reactivity is small compared to that of the deposited particles
and that a component of the particles that can be measured 1_ 1 (1+9k) +VCIT] Oéefkﬁ_N (A5)
quantitatively change in response to the reaction. Application k [OH].| ki d d s
of this novel approach to the reaction of gaseous OH with
deliguesced NaCl particles gives a lower limit to the reaction References and Notes
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