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Uptake of Gas-Phase Ammonia. 1. Uptake by Aqueous Surfaces as a Function of pH
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The uptake of gas-phase ammonia by aqueous surfaces was measured as a function of temperature, gas liquid
interaction time, and pH in the range-Q3. Uptake measurements at low pH yielded values of the mass
accommodation coefficientd as a function of temperature. The mass accommodation coefficient increases

as the temperature decreases, from 0.08 at 290 K to 0.35 at 260 K. Time dependence of the uptake yielded
values for the Henry’s law constant. Uptake measurements at high pH indicate that an ammonia surface
complex is formed at the interface. Codeposition studies in which an aqueous surface, initially=att pH

was simultaneously exposed to both gas-phase ammonia gnele3®also performed. In such a codeposition
experiment, the species entering the liquid neutralize each other and as a result the uptake of each species is
enhanced. Modeling calculations indicate that the uptake of each species is in accord with bulk liquid-phase
kinetics.

Introduction ammonia molecules at the galiquid interface. In this article

Ammonia in the atmosphere originates primarily from ground We present results of uptake studies on water, including
sources including decaying organic matter and chemical fertil- codeposition studies with SOThe results of the Nkt-sulfuric
izers. Significant amounts of NH0.1—-100 ppbv) are found acid upFake measurements are presented in the following
in both clean and polluted atmospheres as well as in cloud andcompanion articlé.
fog dropletst Since ammonia is the only soluble base found in
the atmosphere in significant quantities, it plays a principal role
in neutralizing acidic aerosols ¢80, HNOs;, and HCI) In our droplet train apparatus, discussed in the following
converting them to new nonvolatile or semivolatile components; section, a gas phase species interacts with liquid droplets and
(NH4)2SOs, NH4HSOs, NHuNOs, NH4Cl2 The process of  the disappearance of that species from the gas phase is
neutralization influences the aqueous oxidation rates of S(IV) monitored. The disappearance of the species may be due to the
species. A recent study by Meng efdbund that atmospheric  entry of the molecules into the bulk liquid (and possibly
ammonia is an important precursor for aerosol formation in the subsequent reactions in the bulk liquid), or to a reaction of the
Los Angeles area. species at the gadiquid interface. A phenomenological

Gas-phase reactions involving Nidre slow! Tropospheric  description of the entry of gases into liquids is straightforward.
lifetime for reaction with OH radical for example, is typically  First, the gas phase molecule is transported to the liquid surface,
about 3 months, and tropospheric photolysis is negligible. usually by gas-phase diffusion. The initial entry of the species
Therefore, uptake by aerosols and liquid droplets is the principal into the liquid is governed by the mass accommodation
tropospheric sink for gaseous ammonia and heterogeneousoefficienta which is the probability that an atom or molecule
interactions of NH are of significant interest to atmospheric  striking a liquid surface enters into the bulk liquid phase.
chemists.

The uptake of gas phase ammonia by water has been no. of molecules entering the liquid phase
previously studied in a limited range of acidities by Ponche et ® = 0. of molecular collisions with the surface
al®at 17°C, and Bongartz et dlat 25°C. We have completed
a series of NH-liquid water and the Ngt-sulfuric acid uptake In the absence of surface reactions, the mass accommodation
measurements in two independent studies using separate dropletoefficient determines the maximum fldof gas into a liquid,
train apparatuses. The water studies were done as a function ofvhich is given by
pH (0—13) and temperature in the range ZDto —10°C. The

Modeling Gas—Liquid Interactions

sulfuric acid studies were done in the range 10 to 70 wt$ H _ hga
SOy and as a function of temperature in the range°@0to J= T4 (2)

—25°C. The time dependence of the uptake was measured by

varying the gasliquid interaction time from 2 to 15 ms. Uptake If reactions occur at the gadiquid interface, then the flux of
measurements yielded values of the mass accommodationspecies disappearing from the gas phase may exceed that given
coefficient @) and provided information about interactions of by eq 2.
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cases in the absence of gas-phase diffusion limitation: (1) uptake
governed by mass accommodation and solubility, (2) uptake
governed by mass accommodation, solubility and irreversible
reaction in the bulk phase liquid, and (3) uptake governed by
solubility and reversible reactions. The mass accommodation

limitation on the uptake is not included in the treatment of case
3. For completeness the exact expressions for the uptake
coefficient related to these three cases are presented in Appendix
1. The uptake coefficient in the absence of gas-phase diffusion
limitation is designated ag,.

To obtain an expression fomeasthat takes into account all
the factors affecting the Nd-uptake, it is necessary to decouple
mass accommodation from the bulk phase processes. In this
vein, in the absence of surface reactions, an expression for the
experimentally measured uptake coefficiéntasis given as

1 1 1 1 1,1
=—+=—=—+=+= (4)
Ymeas I_‘diff Yo I_‘diff a 1—‘b

(b)

.................

1 Here Iy represents the effect of gas-phase diffusion Bpd
Tsol (NHy) represents the effect of reaction and the solubility of;NiAd
© RAdAd NH4* in the bulk liquid. Expressions for these terms will be
— presented in the following sections. An electrical circuit
analogue for this representation is shown in Figure la.
S Several recent gas uptake experiméats; 20 including the
present NH(g) uptake study, make it evident that interactions
at the gasliquid interface have a significant effect on the
- species uptake. The treatment of géquid interactions in
) ) o decoupled approximate form shown in eq 4 and Figure 1a has
Figure 1. (a) Electrical circuit analogue for the gas uptake process ipa important advantage of allowing convenient inclusion of

governed by gas-phase diffusion, mass accommodation, and bulk phas . . . .
solubility and reactivity. Explanation is found in the text. (b) Electrical Surface interactions for which an adequate exact treatment is

circuit analogue for the gas uptake process including surface reactivity. N0t available. _ o
(c) Expanded electrical circuit analogue for the gas uptake process in  Interfacial ProcessesProcesses occurring at the gdisuid
the bulk liquid phase. interface can be taken into account as shown in eq 5 with surface
reactions included as presented by Han%on:
In a laboratory experiment gas uptake by a liquid is usually

....................

limited by gas-phase diffusion and often by solubility constraints K, K Ko

as the species in the liquid approaches Henry’s law saturation. " ? mo—> m > product ®)
In the latter process, some of the molecules that enter the liquid “ \ Ky

evaporate back into gas phase due to the limited solubility of product

the species. At equilibrium, the liquid is saturated and the flux _

of molecules into the liquid is equal to the rate of desorption of Here the subscripts g, s, and | represent the gas, surface, and
these molecules out of the liquid. The net uptake is then zero. liquid state of the species. In this representation we have omitted
Chemical reactions of the solvated species in the bulk liquid the reverse arrow from to ns, because desorption out of the
can provide a sink for the species, reducing the effect of bulk liquid is accounted for separately by in eq 4. Possible
saturation, and this increases the species uptake from the ga§urface reaction processes are included via the pseudo-first-order

phase. In experiments subject to these effects, the measured fluxate coefficientksyrr.

Jinto a surface is expressed in terms of a measured uptake Mass Accommodation.In the absence of surface reaction

coefficient, ymeas as (i.e.,.ksur= 0), eq 5 reduces to a two step process as formulated
for mass accommodation in Jayne et#@land Nathanson et

NgCY meas al.2 First, the gas molecule strikes the surface and is thermally

= 2 (©) accommodated as the surface spenie¥his adsorbed surface
species then either enters the liquiighj) or desorbskyed from

Sinceymeastepresents a convolution of the several physical _the surface. The adsorption rate constant (or deposition velocity)

- - - is kags = Sd4. Heret is the trace gas average thermal speed
and chemical processes discussed above, the experimenta nd S is the adsorption coefficient, that is, the fraction of

challenge is to separate the contributions of these processes tcollisions that results in thermal accommodation of the trace
the overall gas uptake. The droplet train apparatus allows direct A .
gas onto the surface. In the absence of liquid saturation effects

control of many of the factors affecting the rate of gas uptake (desorption from the liquid), the uptake flux is expressed in
and thereby enables the deconvolution of the uptake into its P . 1€ fiquid), up P
terms of the incoming and outgoing fluxes as

component processés!?
angC/4 = ngSU4 — nkyes (6)

J

General solutions to the uptake equations, which include the
effect of mass accommodation, Henry’s law solubility, chemical
reaction in the aqueous bulk phase and interactions at the gas and by mass conservation:
liquid interface, are not available. However, Danckwéft$and
Sherwood and Pigfotfl provide solutions for three specific Omgél“: NeKsol (7)
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From these relationships we obtain: al. 2 the gas-liquid interface is a highly complex region within
which the trace species may assume a variety of configurations,
loe= 1/S+ Kyed Sk (8) differing perhaps in the degree of hydration or orientation.

Therefore, we will retain the possibility that the gas-phase
. . . . molecule which strikes the liquid surface may form a complex
Chemlca_l InFer_acnons at the Interface. Interactions specific \ hich resides on the surface but does not participate in the mass
to the gas-liquid interface open a new channel for the removal 5..ommadation or surface reaction processes. The total species

of gas-phase species distinct from the mass accommodatiory, t4ce density is designatedra® (cm2), which includes the
coefficiento.. Modifications to the circuit in Figure 1a include eciesn;

surface reactions which depend on the nature of the interaction * 5, the millisecond time scale of the droplet experiments, the
at the gasliquid interface. In one approach suggested by g 500 species (or complex) rapidly reaches steady state or

o . oo .
Hansor?! interactions at the gas liquid interface are taken into equilibrium with the gas-phase species. Therefore, the density

account by inse_,rting the resistor_Il/ b_etween the two terms ot surface species represents a net one-time uptake of a fixed
1/SandkgedSkolin €q 8 as shown in Figure 1b. The expression , mper of molecules, independent of the-ghiguid interaction

for ymeasis now timet. The surface uptake coefficient due to the formation of a

Thus,a is a measure of the ratio/kgesin €q 5.

1 1 1 1 © complex at the surface is obtained from:
=t t— 9
Y meas I‘diff S .+ ; (C/4)I"I rscxt — nscx (15)
* S—a + 1 ’
S T At the relatively low gas-phase densities Y3010 cm3)

characteristic of our experiments, the liquid surface is well below
Here I's represents the effect on the uptake of surface proc- satyration, and an equilibrium value foe¥ing = A%q (cm)

esses. . . can be defined® Further, as in eq 13, detailed balance at the
At the relatively low temperature of our experiments, the syrface can be invoked to show that¥ng = &/4k™yes Note,
adsorption coefficienS is expected to be close to unit§#24 sinceng may be different fronms, (specifically,ne = Nng) Kges
For simplicity, here we will assum8=1. Equation 9 viaeq 8  may be different fronkes(specifically,kses = ksed. The uptake
is now simplified to coefficientI'< is then given by
1 ri +1+ % (10) L= (4fct) A% = LK g (16)
Vmeas diff r+ ———
S kdes+ 1 The magnitude of’<* is relatively small, on the order 18,
Q r_b even at the shortest gakquid interaction times of the droplet

apparatus. Its effect on the gas uptake is therefore evident only
We can identify two interfacial processes that are to be included if the overall uptake coefficienfmeasis on the same ordéf.
in Ts. 1. Enhancement of uptake due to a chemical reaction of The effect of such a complex formation is in fact observed in
the species at the interfacde¢") and 2. enhancement of uptake the uptake of ammonia on high-pH (low solubility) aqueous

due to formation of surface species or complexgs(. The solutions, as will be described in a following section.
overall surface uptake coefficient, is Solubility and Reactivity in the Bulk Liquid . In this section
we derive an expression fdr, which takes into account the
I,=T"+T> (11) effect on gas uptake of Henry’s law solubility and chemical
reactions of the species in the bulk liquid. We begin with the
These two surface parameters are discussed below. equilibrium relationship between gas-phases{¢iiand solvated
Surface Chemical Reactioiihe effect on the gas uptake of  NHgz(aqg) concentrations which is determined by the Henry’s law
surface reactions is formulated in termsmfandks, in eq 5, constantH (M atm™) as
and the surface uptake coefficiehif*" is obtained by noting
that, in the absence of bulk uptake, NH3(g)$ NH,(aq) (17)
NgCls /4 = Ngkyy (12) The Henry’s law constant, H is defined as
From conditions of detailed balance at the surface we obtain [NH;(ag)]= Hpyy, = [NH5(9)] RTH (18)
Ch = Kyedls (13) HereR is the gas constant in units of atm MK andpyy, is
479 the partial pressure of ammonia (atm). In the aqueous phase,

NHs(aq) interacts with water and*Hand in equilibrium the

Therefore, following relationships are in effect:

rern = ksun/kdes (14)

This formulation ofT's is analogous to the formulation of in
terms of a ratio of rate constants. N K’ N

Surface SpeciesGas-phase molecules interacting with the NHy(aq) + H (aq)=NH, (aq)  Ky) (20)
surface form a surface specific species which, under some
conditions, can lead to a measurable gas uptake. Before weHereK, = ki/k; andKy' = ki'/k/'. Ky andKy' are related by,
examine this process, we note that in eqs 5 and 12 we identifiedthe dissociation constant for water, ks = Ky/Ky. The values
the surface specias with the mass accommodation process and units for these parameters are listed in Tables 3 and 4
and surface reaction (if any). However, as discussed in Shi et(Appendix 2).

NH;(aq) + H,0 % NH,"(aq) + OH (ag) () (19)
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The total capacity of the liquid to contain the two ammonia
species can be expressed in terms of an effective Henry's law
constantH* defined as

{[NHy(ag)] + [NH," (aa)}} = [NH4(@)IRTH  (21)

with

H* = H(1+ K, [H']) =HI + KJ[OH]) =
H + HK/[OH ] (22)

The first term in eq 22H) is the physical solubility of Nk}
and the second term is that of the ion NHIn the uptake
process the effect of these two solubilities is represented by
F50|(NH3) and F50|(NH4+).

The extent to which the full capacity of the liquid to hold
the ammonium species (designatedgy(NH41)) is accessible
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solution over the full range of Knudsen numbers even for a
single stationary droplet. However, an empirical formulation
of diffusive transport to a stationary droplet developed by Fuchs
and Sutugif! has been shown to be in good agreement with
measurements (see Widmann and D®&yis

Using the FuchsSutugin formulation, Hanson et &.
extracted an expression fbki as

1 0.75+0.28%,

—_—= 28

i Ky (1+Ky) (8)
Here,K, is the Knudsen numbers defined add, wherel is

the gas-phase mean free path wittr3Dy/T; d; is the effective
diameter of the droplets for the diffusive process. Equation 28
is a more accurate treatment of gas-phase diffusion than was
used in our earlier studi€ddowever, in the range of the earlier

to the uptake process depends on the forward reaction rates irptUdies the two treatments are in close agreement.

egs 19 and 20. The limiting effect of these reaction rates is taken
into account by the term\y, as shown by the expanded view
of I'y in Figure 1c. This conceptual formulation Bf has been
verified by comparison with more exact treatments by Sherwood
and Pigford (see egs A1-5 and A1-6 in Appendix 1, and’%hi

Expressions foF'so(NH3), I'so(NH4™), andT'ix, are obtained
from eq Al-4 together with eq 3-12 in Danckwéftsdy
appropriate extrapolations.

1 o at
= — 23
I, (NHy) 8RTH\/ D, (23)
1 C[OH] /at
= = (24)
rSOl(NH4+) 8KbRT Dl
1 ¢t [1
I, 4HRTA Dk, (25)

HereD, is the liquid-phase diffusion coefficient for the species.
Note that eqs 23 and 24 are the integral forms of the solutions,
giving the average uptake from time O to timén eq 25 k; is

the pseudo-first-order reaction rate for the formation of,NH

in egs 19 and 20:

ky =k + K'H'] (26)
Using circuit analysisly, in Figure 1c can be expressed as
ri - : 1 27)
1—"S.OI(NHS) + 1 1
Con Too(NH,5)

Under the conditions of our ammonia uptake experiments, the
decoupled expression fdr, in eq 27 agrees with the exact
treatment (eqs A1-5 and A1-6) to better than 2%n the
calculations that follow, the liquid-phase diffusion coefficient
D, and its temperature dependence are obtained from Hough
ton28 At 291 K, D; = 2.01 x 1075 cm? s~ 1 for both NH; and
NH,*. Rate coefficientk andk;' are obtained from Emerson
et al?® and Eigen et al and are listed in Table 4 (Appendix
2).

Gas-Phase Diffusionlt was pointed out by Shi et akthat

Our early experiments, described in Worsnop ef @lave
shown that diffusive transport to the train of moving droplets,
closely spaced (312 droplet diameters), is independent of
droplet diameter but depends rather on the diameter of the
droplet-forming orificed such that, in eq 28} = (1.9+ 0.1)d.

In other words, the measurements showed that as the diameter
of the droplets was changed over a range of about a factor of 6,
with other factors kept constant, the gas uptake per unit area
(i.e., ymead remained constant. Further, diffusive transport was
adequately described by eq 28 withdepending only on the
orifice diameter as indicated. Thereforg,is to be considered

the effective diameter for the diffusive process.

Recently performed N§{g) uptake measurements on sulfuric
acid droplets, described in the following companion paper, made
it possible to perform studies of diffusive transport over a wide
range of Knudsen numberK{ = 0.05-4.5) with uptake
coefficients ranging from 0.06 to 8 .The results of these
measurements confirmed the earlier findings of Worsnop %t al.
that diffusive transport to the train of moving droplets is
independent of droplet diameter. The new more extensive studies
yield df = (2.0 £ 0.1)d. The studies also showed that, over the
full range of Knudsen number&{ from 0.05-4.5) and mass
accommodation coefficientsa(from 0.01 to 1), gas-phase
diffusive transport is in accord with the formulation of Fuchs
and Sutugir?!

The diffusion coefficienDg (cn? s71) for NH3 in the water
vapor plus helium background gas is computed as shown in
Worsnop et aP

pH 20 pHe

Dy-He

(29)

D,—H,0

Here,p is the partial pressure of the subscripted gas species,

and Dyn,-H,0 @and Dnws-—He @re the binary gas-phase diffusion

coefficients for species NHn H,O and He, respectively.
Gas-phase diffusion coefficients for Nkre not available

in the literature. However, they can be calculated by using the

-CHEMKIN computer progranm? At 298 K Dnp,-H,0 = 0.215

atm cn? s, DNHg —He = 0.901 atm cra s1 and DnHg—Ar =
0.233 atm cri s L. Calculations show that those coefficients
with rare gases vary aB-’, while Dyn,—p,0 Varies asr?9. In

the calculations oDy, the average temperature between the
droplet surface and the ambient gas was used. This way of

gas-phase diffusive transport of a trace gas to a train of dropletstreating the temperature gradient in the ambient gas is discussed
has not been treated analytically. In fact, gas-phase diffusive in Worsnop et af. |t is also shown there that the effect of this

transport does not lend itself to a straightforward analytical

gradient on the droplet temperature is negligible.
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Effect of NH3; Uptake on pH. As NHs(g) enters the liquid, Filter
it diffuses into the bulk and via the reactions shown inegs 19 X
and 20 it generates [OH or consumes [H]. As a result, the 2 _1 He-H;0
pH of the liquid increases within the diffusion layer. Under the <_Ca”'er Gas
conditions of the droplet experiments, equilibrium is not attained, Droplet
and the pH near the surface is time dependent. Generation
The near surface pH is calculated using the Acuchem program Region
as outlined in Appendix 2. The calculations show that forsNH Vibrating

(9) densities in the range 18-2 x 10" cm3 used in our Orifice

when the initial pH is set in the region betweengH 2—10.

experiment, the pH is altered by the ammonia entering the liquid [& o Loop Injector
. L
In what follows, unless otherwise stated, all pH values quoted TracegasinHe —= r‘g"j/\r/ Droplet/Gas
have been adjusted for the effect of ammonia uptake. ] : '”;‘%3%‘;’”
. ol
Experimental Section Photodiode . B
Ammonia uptake studies on a millisecond time scale were o ionization - j@:-H -
conducted using a droplet train apparatus shown schematicallyMass Spectometer ] ©-neraser
in Figure 2 and described previousl fast-moving (1506 Tunable Diode L
3000 cm/s), monodisperse spatially collimated train of aqueous Laser R .
droplets was passed through a 30 cm long longitudinal low /’*&7 : ,E Pump Droplet
pressure (620 Torr) flow tube which contains the gas-phase He-HpO Rﬁ“é‘;’ﬂ %ﬂ'erﬁgorr‘
ammonia at a density in the ranged@ 2 x 10 cm=3 ﬁ%g; ambe
entrained in a flowing mixture of helium and water vapor. The “,g'sp

flowing carrier gases are lntroFiuced at the entrance of the Figure 2. Schematic of droplet train flow reactor apparatus. Description
reactor. The flowing trace gas is introduced through one of three js tound in the text.

loop injectors located along the flow tube. By selecting the gas
inlet port and the droplet velocity, the gas-droplet interaction of H,O in both the droplet generation chamber and in the flow
time can be varied between 2 and 15 ms. tube® The present experiments were done with the partial
The stream of droplets is produced in a separate chamber bypressure of KO in the reaction zone between 17.5 and 2.15
a vibrating orifice 7Qum in diameter which generates droplets  Torr, corresponding to temperatures between 20-ahél °C,
in the range 156300 um in diameter, depending on the respectively. The lower temperatures, belo#) are obtained
frequency of orifice vibration. The surface area of the droplets by evaporatively cooling the droplets which are supercooled
passing through the flow tube is changed in a stepwise fashionput not frozerf. Overall pressure balance in the flow tube is
by changing the orifice driving frequency. The density of the further checked by sequentially monitoring the concentration
trace gas is monitored with a quadrupole mass spectrometerof a reference gas, in this case NO (which is likewise
The uptake coefficient{mead, as defined by eq 3, is calculated  photoionized). Because NO is effectively insoluble in water,
from the measured changar) in trace gas signal via eq 30.  any change in NO concentration with droplet switching deter-
mines the “zero” of the system and is subtracted from observed
_ 4R, g changes in Nkitrace gas concentration.
Vmeas™ Eo\ln n’ (30) The reagent NEI(99.5%) and the reference gas NO (99.998%)
’ were purchased from Matheson Gas Co. The species were
diluted in helium and were used without further purification.
In most experimental runs the density of ammonia in the flow
tube was about X 10 cm~3. However, to test various aspects
of the experiment, in specific experimental runs the density was
varied from about 5¢< 10'2to 3 x 104 cm=3. The density of
NO was in the same range. The droplets were prepared with

HereF is the carrier-gas volume rate of flow (€rsr%) through
the systemAA = A; — A is the change in the total droplet
surface area in contact with the trace gas, ay@hdng are the
trace gas densities at the outlet of the flow tube after exposure
to droplets of ared, andA; respectively iy = ng' + Ang).

The apparatus in these studies varies in one significant way . "~ - .
from the previously described system. In the earlier studies the iNitial PH (designated as pifin the range from O to 13. The

species in the mass spectrometer were ionized conventionallyIOW pH V\(/qu set W(ijth sulfuric.acid ?nd The hiﬁ,h rF]’H with ﬁaOH.
by electron impact. Since electrons ionize both water and AS Was discussed, ammonia molecules which enter the water

ammonia, this method is not suitable for detecting a small alter the near-surface pH of the droplet via reactions shown in

amount of ammonia (mass 17) in the presence of a large amoun€dS 19 and 20, making it more basic. This effect which is a
of water. In the present experiments ammonia ions are produceq‘unmIOn Of, NH(g) density is taken into account as described
by photoionization with ultraviolet lighti(= 121.6 nm) from N Appendix 2.

a microwave discharge of 1 Torr hydrogen in helium. The light
produced in this way selectively ionizes ammonia but not water
vapor. Photoionization is performed between two sampling Uptake Measurements.Uptake measurements were per-
apertures of the differentially pumped vacuum system. Sampling formed as a function of droplet area, gas flow rate, gas-droplet
in this lower pressure region rather than in the flow tube reduces contact time, droplet temperature and droplet pH. As an example
significantly clustering of ammonia with water molecules. of the measurements, we show in Figud a plot of Infy/ny’)

An important aspect of the experimental technique is the for NHsz as a function oEAA/4F4 at 291 K and pH= 0.3. Here
careful control of all conditions within the apparatus. Water TAA/4Fy was varied by changing the gas flow rate and the
vapor pressure control is especially important because thedroplet surface area\@®). Each point is the average of at least
temperature of the droplets is determined by the partial pressurel0 area change cycles and the error bars represent one standard

Results and Analysis
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Figure 3. Plot of In(ng/ny") as a function oftAA/4Fy for ammonia.
Droplet pH= 0.3, droplet temperaturg; = 291 K. Line is the least-
squares fit to the data. Slope of the lineyigeas.

1
BE T T T T
6F

4

Lo

F1s i

0.1

Yo

Ty

)
T

0.001 | | | |

Gas-Droplet Contact Time (ms)

Figure 4. Ammonia uptake coefficient, as a function of gasdroplet
contact time. Droplet pi= 1 and 10.1, droplet temperatufg = 291
K, and NH; density= 4 x 10 cm™2. The solid lines are calculations
based on egs 4 and 27, and the circuit analogue of Figure la.

deviation from the mean in the experimental/n value. As is
evident in eq 30, the slope of the plot in Figure 3 yields a value
of Ymeas FOr this data setymeas= 0.048+ 0.002. Such plots
were obtained for the full range of uptake studies. In these
studies the uptake signAh/n varied typically from 2% to 30%.
The linearity of the plots over an order of magnitude in the
uptake signal validates the measurement procedure.
Uptake as a Function of Gas-Liquid Interaction Time.
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Figure 5. Ammonia uptake coefficient, as a function of pH. Droplet
temperatureTy = 291 K, gas-droplet contact time= 5 ms and

ammonia density ranging from ¢ 103 to 2 x 10" cm™2. The solid

line is a calculation based on the model discussed in the text.

here the uptake is dominated By,~* which is time dependent.
On the other hand, at pH 1, on the time scale of 10 nig,*

is less than 0.03. Therefore, in this regidh, 1, is negligible
compared tax~1, and the uptake is governed by mass accom-
modation. Solid lines in Figure 4 are model calculations based
on eq 4 and the circuit analogue of Figure 1c, using values of H
ando. obtained from the measurements. The modeling includes
the effect of a surface complex (vi&), as will be discussed.

Uptake as a Function of pH. The gas-phase diffusion
corrected uptake coefficient as a function of pH is shown in
Figure 5. The data were obtainedlat 291 K, and a gas liquid
interaction time of 5 ms. The gas phase Nt¢nsities in this
set of data range from ¥ 108 to 2 x 10" cm~3. For each
data point in the figure, the actual pH, as affected by the
ammonia uptake, is calculated as shown in Appendix 2. The
solid line in the figure represents calculated valueggbased
on the previously discussed model.

The nature of the uptake process is conveniently interpreted
from data at the two extremes of pH. As mentioned, at low pH,
TI'y is large and therefore if surface effects are relatively small,
then in this region the uptake is governed by the mass
accommodation coefficierd. That is, in this regioryg = o.

At high pH,'sqis small compared to. and uptake is dominated
by I'soi and surface effects, if any.

In the midrange, going from pH 10 to 7, the uptake rises due
to increasing solubility of Ni" (reactions in eqs 19 and 20),
herey, is determined byl'so (NH4"). The model calculation
shown in Figure 5 shows leveling gf, in two regions; around
pH 5 and then around pH 1. The experimental data are in accord
with this trend. The plateau around pH 5 is due to the reaction

In Figure 4 we show the gas-transport-free uptake coefficient rate of NH; with H,O which limits the uptake process Mg, L.

yo as a function of gas-droplet contact time for pH1.0 and
pH = 10.1 at 291 K. Gas diffusion is taken into account via

The slow rise between pH 5 and 3 reflects an increadg.in
due to NH; reaction with H (eq 20). In this region[', = T'ixn.

egs 4 and 28. The gas-phase ammonia density in these studieAs pH decreases furthel,x, continues to increase and the

was 4x 10 cm3. At pH 1, within the accuracy of our data,
the uptake coefficient is independent of géiguid contact time

uptake becomes limited by the mass accommodatio(See
eq 4.)

on our experimental time scale. On the other hand, the pH 10.1 Mass Accommodation Coefficient.The mass accommoda-

uptake exhibits a clear time dependence.
The time dependence of, is governed by solubility.

tion coefficients obtained from the uptake measurements at pH
= 1 are shown as a function of temperature in Figure 6. The

Referring to Figure 1a and eq 27, time dependence of the uptakefigure also includes the measurements of Bongartz ét al.

will be evident if'soit = o~L. At pH = 10, 5ot ~ 100 and
Tsol ~ I'b. As will be showno~1is on the order 10. Therefore,

obtained at 298 K and Ponche efait 290 K. As can be seen,
their results are in good agreement with our data.
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Figure 6. Mass accommodation coefficiemt for ammonia as a
function of temperature. Solid line is a calculation based on eq 31 with
AGqps Obtained from Figure 7.

T (K)
310 300 290 280 270 260 250
T T T T T T
7F ]
6r b
5k 4
r )l
3F 4
2
& 2k 4
3
x
n 0.1 - -]
¥ 7F ]
o e .
3 Sk p
4 §
3
s i
0.01 | 1 1
3.2 3.4 3.6 3.8 4.0x10°
1T (KT

Figure 7. Semilog plot ofa/(1-a) versus 1T for ammonia (see eq
31). The solid line is the least-squares fit to the data, providing values
for AHgps = —9.02+ 0.8 kcal/mol andASy,e—= —35.9+ 2.9 cal/(mol

K).

It was shown by Jayne et &that the mass accommodation
coefficient can be expressed as

o _ @ _ eXF(_AGobs)
1-a kdes RT

The parameteAGgpsis the Gibbs energy of the transition state

(1)

Shi et al.
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Figure 8. 1/yo for ammonia at pH= 13 andT = 291 K as a function
of t¥2. Solid line is the least-squares fit based on eqgs 4, 27, and 23,
negative intercept indicative of surface complex. Dashed line is the

best fit with positive intercept which assumes no surface complex (see
text).

intercept ofa™L. (See egs 4, 23 and 27.) Such a plot of the
uptake coefficient at pH= 13 andT = 291 K as a function of
t12is shown in Figure 8 as a solid line. It is immediately evident
that the measurements are not in accord with eq 4. The best fit
straight line plot leads to a negative intercept. Similar results
are obtained at the three other temperatures studied; 283, 273,
and 264 K. The dashed line is the best straight line fit to bulk
phase parameters with a forced nonnegative intercept. Although
this line does skirt the error bars of the data, still we consider
this fit inadequate.

To interpret the ammonia uptake data in Figure 8, we turn to
our earlier SQ uptake studie$® Qualitatively the uptake of
ammonia at high pH is expected to be similar to that o 80
low pH. The uptake of S@ however, is simpler, since its
physical Henry's law constant is smali (= 1.6 M atnt?! at
291 K) so thatymeasas calculated from eq 4 is10~4, too small
to be measured with the droplet apparatus. In fact, in the SO
experiment we did observe a measurable uptake with the notable
feature that the product of the uptake coefficient and the-gas
liquid interaction time is a constant (i.€meast = C).

A simple way to explain this observed behavior is to assume
that SQ forms a surface complex at the gas liquid interface,
most likely in an ionic form H—HSQG;™. That is, the collision
rate of gas phase species with the droplet surface is sufficiently
high, such that a species surface layer can be established in a
fraction of a millisecond which is faster than the experimental
gas liquid interaction time. Therefore, as stated in the modeling
section of this paper, on the time scale of the uptake experiments,
this surface complex is in equilibrium with the gas-phase species

between gas phase and aqueous phase solvation. The masmnd provides a one-time, time-independent contribution to the
accommodation measurements are then expressed in terms afiptake flux.

eq 31 by plotting In¢/1—a) as a function of IV. The slope of
such a plot is—AHgdR and the intercept iAS,/R. Such a
plot for ammonia but on a log scale is shown in Figure 7 and
yields AHops = —9.02 4+ 0.8 kcal/mol andASpe—= —35.9 +

2.9 cal/(mol K). The solid line in Figure 6 is a plot of eq 31
with these parameters.

Uptake at High pH: Ammonia Surface Complex.As stated
earlier, at high pHJI'sg ~ T'p,. Therefore, in the absence of
surface effectsy, ! = T'soi * + o1 and one would expect a
plot of 1/, as a function of2to be a straight line with positive

The physical Henry’s law constant of ammonia is about 30
times higher than that of SOAs a result, uptake due to the
solvated ammonia is measurable even at the high pH end of
our studies. Therefore, the clear surface complex-type behavior
observed for S@is not unambiguously evident in the Nidp-
take data. However, it does seem reasonable to assume that the
deviation of the high pH data from the uptake based on bulk
phase parameters shown in Figure 8 is due to a surface complex.

In past uptake studies with acetaldeh$adand formalde-
hydel® we also observed deviations from bulk phase kinetics,
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300 T T T T T TABLE 1: A% for Different Molecules
temperature A%q(cm) A%q(cm) A%q(cm) for A% (cm) for
250 i (K) for NH3 for SO, formaldehyde acetaldehyde
o T=291K 263 0.69 0.12
5 Tk 267 0.29
200 - v T=264K 1 273 0.53
283 0.42 0.13
R 291 0.27
Z 1501 —
TABLE 2: Henry's Law Constant at 293 and 273 K
H (M atm™?) H (M atm™)
1001~ 7 at293 K at273 K
this work 34.2 76.3
50 i Sorina et af®2 40.5 96.8
Sherwood® 30.1 45.7
Clegg and Brimblecomijé 77.7 220.4
0 L I L 1 Hales and Drewé$ 93.9 236.0

000 002 004 006 008 010 012 )
a Extrapolated from higher temperature.

t1/2 (8)1/2

Figure 9. 1/yo for ammonia as a function a2 Lines are nonlinear ~ Of the other three molecules. As is evideAgeq exhibits a
model fits taking into account solubility and a surface complex. Circles Negative temperature dependence. Using the valué3gfisted
are same data shown in Figure 8. in Table 1, the surface density* can be computed. For

) ) ammonia, witmg= 10" cm3, n ranges from 2.6« 102 cm2
suggesting the presence of a surface complex. What ties thegt 291 K to 7.8% 1013 cm2 at 264 K.
molecules forming a surface complex together is the possibility  Taking into account surface saturatiog can be expressed
of these species to form an ionic complex. (Acetaldehyde can 557
undergo aldol condensation forming the enolate ion, and

formaldehyde at high acidity is thought to form a protonated o Ninax

surface species.) g™ =——7 (32)
Ammonia likewise falls into the ion-forming category with 14—

a possible Ni*—OH~ surface complex formation. On the other A%y

hand, the uptake of acetone which does not form an ionic
complex and has a Henry’s law constant (47.7 M dtatt 291 whereNmax is the maximum number of adsorbed molecules on
K) comparable to Nk shows no deviation from bulk liquid-  the surface (cr¥) (i.e., the number of molecules required to
phase kineticg® form a monolayer).

As indicated in Figure 8 by the dashed line skirting the error ~ The surface species density* can also be expressed in terms
bar extremities of the data, a fit consistent with bulk phase of the agueous ammonia concentration by using the equilibrium
kinetics can be obtained. However, we believe that the deviation relation between gas- and aqueous-phase ammonia. That is,
from bulk phase kinetics shown by the best fit line is real. This

is based on the observations that the trend shown in Figure 8 noX = _max (33a)
o . R

by the best fit line is also evident at the other three temperatures 14+ b

studied. Further, the uptake data at low pH show no time

dependence, confirming that the time dependent deviation from

bulk kinetics shown in Figure 8 is due to a surface complex as Where

represented by eq 10 via eq 16. We will therefore analyze the o

data in terms of a surface complex. b = Ny,HRTM, /(A" Nap) (33b)

The surface uptake coefficiefit™, due to the formation of
complex at the surface is given by eq 16, as Xis the mole fraction of solvated ammonia, which under our
experimental conditions at 291 K is 2.6 1076 N, is

> = 4/(ct) nSCX/ng = 4/(ct) A‘”‘eq Avogadro’s numberp is the HO density in g/crf, andMu,0

is the molecular weight of water. Equation 33a is in the form

Herens™ is ammonia surface species density (éesponsible of the Langumir expression as used by Castro et’and
for the additional uptake. The gas-phase diffusion-free uptake Karpovich and Ray® Hereb is expressed in terms afGags
coefficientyg is obtained from analysis based in Figure 1b with the free energy of the surface species with respect to the solvated
I'* as defined by eq 16. speciesh = exp(AGagdRT). Assuming a typical value dfimax

The high pH uptake results at four temperatures studied were= 1 x 10 cm~2, our experimental data yieldHaqsand ASygs
individually fitted to the surface model discussed, with Henry’s as—2.94+ 0.7 kcal/mol and—13.7 £ 2.6 cal/(mol K), respec-
law constantH, and A®%.q as the two parameters to be fitted. tively. At 291 K, AGags for ammonia is—6.7 kcal/mol.
The experimental results and the model fits are shown in Figure Henry’'s Law Constants. The Henry's law constants for
9. The gas-phase NHlensity in these experiments was about ammonia obtained from our measurements along with literature

10" cms, values for this parameter are shown in Table 2 and are plotted
The parameteA®q obtained from the fits for ammonia at  in Figure 10 as a function of %. Our solubility data analysis
the four temperatures and the previously measiféd values includes the salting-out effect of NaOH which is used to set
for sulfur dioxide, formaldehyde, and acetaldehyde surface the base pH of the aqueous droplets. This effect is less than
species are listed in Table'1635As shown in the tableA®™ 10%. The line in the figure is the least-squareslbygs 11T fit

for ammonia is somewhat higher but on the same order as thatto the present data and the data of Sc¥imehich were obtained
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Figure 11. Ammonia uptake coefficiento in NH3y/SO, codeposition
studies as a function of gas-phase;8@nsity. Aqueous surface initially
at pH, = 4, NHz density= 5 x 10%® cm3, T = 273K. Line is a
numerical calculation described in Appendix 2.
under conditions similar to ours; that is at high pH (our
measurements were at pH 13, Sorina’s at pH 14). The data  in the data for both species is the dependence of the uptake on
of Sherwood® were obtained at a high concentration of aqueous pH. At high pH ammonia uptake is governed principally by
NHs. The measurements of Hales and Dretv@gere obtained solubility and surface species uptake. As pH decreases the
at pH= 4 and 7 and those of Clegg and Brimblecor#z pH effective Henry’s law constant increases and the uptake rises
= 7. (See Discussion.) The Henry's law constant (M a%m correspondingly tending toward a plateau limited by the mass
over the temperature range of 26350 K derived from the fit accommodation coefficient. Since {3 an acid, its uptake as
is expressed by a function of pH exhibits the opposite pattern.
Mass Accommodation.The mass accommodation coefficient

logH = —3.221+ 13967 (34) for ammonia increases from 0.08 at 290 K to 0.35 at 260 K.
Clearly, our data are in agreement with the measurements of This negative temperature dependence is consistent with the
Sorina? but deviate from the data of Hales and Dreweand nucleation model which was formulated to explain the uptake
Clegg and Brimblecomb®. As will be discussed, we believe of a large number of previously studied species. The Gibbs
that the straight line fit is currently the best representation of parameters for ammonia that s&Hqps = —9.02 kcal/mol and
the ammonia Henry’s law constant. ASyps = —35.9 cal/(mol K) are similar to those measured for

Codeposition StudiesThe uptake of NHwas also studied  alcohols?®23

in co-deposition experiments where a known amount o} SO Surface Complex.We certainly want to understand the nature
gas was added to the flow of NHjas. The ammonia uptake of the surface complex observed in our experiment. Specifically,
coefficientyo in such a NH/ SO, codeposition study is shown  we want to know the connection (if any) between the measured
in Figure 11. The initial pH of the droplet was set atqrH 4, surface complex and the Gibbs surface exc&8s The Gibbs
the temperature was 273K and the NHensity was held surface excesd () is calculated from surface tension)(data
constant at 5¢< 1013 cm~3. Qualitatively the results in Figure  (see, for example, Lewis et &ft,eq 29.20). That is,
11 are easily understood. In the absence of, 3D an NH
density of 5x 10" cm™3, the near surface pH of the droplet = 2((3_0) (35)
shifts to pH= 9.2 because of the OHproduced via eqgs 19 RT\0X
and 20. In this region the solubility of ammonia is low and the
uptake coefficiento has a relatively small value of 0.015. As  Here, as beforeis NH; aqueous phase mole fraction. Equation
SO, is added, the H produced in the reaction S& H,O — 35 yields the surface excess concentration rather than the total

H* + HSO;~ acidifies the solution increasing the effective surface concentration; however, under our experimental condi-
ammonia solubility and hence its uptake. The ammonia uptake tions, the two are nearly equ#.

rises with SQ density until the uptake plateau with pH is ~ Using the available Nk-H,O surface tension datdat 291
reached, (corresponding to the plateau observed in Figure 5).K with ng =1 x 10" cm™3, the surface exced$=1.4 x 10

The solid line in the figure is the result of model calculations Mmolecules cm?, and the free energy of the Gibbs surface excess
which take into account the Sgcidificaﬂon (See Appendix AGS is —2.1 kcal/mol. Recent time-dependent surface tension
2). As is evident the measurements are in accord with thesemeasurements with high concentration ffdlutions performed
calculations. A reverse co-deposition study in which the SO by Donaldsoff are in accord with eq 35.

1T (K

Figure 10. Henry's law constants for ammonia as a functioriTof.
Line is the least-squares semilogarithm fit to our data and the data of
Sorina et al.

density was held constant and the N#tensity was varied was As is evident, the surface species observed in our studies
also conducted and was likewise found to be in accord with cannot be associated with the thermodynamic Gibbs surface
calculations. excess of eq 35. The valuemf* is about 3 orders of magnitude
) ) larger tharl”. At comparable Nk{(g) densitiesns* ~ 2 x 103
Discussion compared td”~1 x 10' molecules cm?2. Correspondingly,
The ammonia uptake data lend themselves to comparison withat 291 K, AGags = —6.7 kcal/mol compared taAGy = —2.1

the earlier results obtained for $& The most evident feature  kcal/mol. We note that the SGurface complex measured in
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previous uptake studi&s was likewise about three orders droplet at pH 8 (such as might be the case for a deliquescent

magnitude higher than the Gibbs surface excess. sea-salt aerosol), the surface-to-bulk ratio of ammonia is about
Recently, Simonelli et & used a “sum frequency generation” 1. In this case surface chemistry, specifically photochemistry

technique to probe the interface of aqueous ammonia solutions.of the surface complex, may be important. This possible effect

The spectrum confirmed the existence of a surface complex. will be investigated in future studies.

However, the qualitative nature of the data precludes identifica-

tion of the surface species with Gibbs surface excess or theAppendix 1

surface species observed in our experiments. At this point, the £, -t solutions for the Gas Uptake Processed. Uptake

co_nnection of surface species observed in our measurement tq ; iraq by SolubilityWhen the gas uptake is governed solely
Gibbs .surface excess or to th? mass alccommodanon Process 1By mass accommodation and solubility, the results of Danck-
not evident. (See Discussion in Shi et'3l. werts? yield the expression

Henry’'s Law Constants. As is evident from the data in Table
2 and Figure 10, there are significant differences in the values t U N
for the ammonia Henry’s law constants found in the literature. o) = j;a erfe(gt™™) exp@’t) dt (A1-1)
The values of H fall into two groups: Those of Hales and ° t
Drewes?! and Clegg and Brimblecomfreare higher than the ) o o
measurements of Sorid&and Sherwood? The present study ~ Wheret is the gas-liquid interaction time,
yields H-values in agreement with those of Sorina and Sher-
wood. _ o _ = 4HRT@’2
There is one significant difference between the way the two
groupings were measured. The higkkvalues were measured ) , o
with solutions at relatively low pH. Clegg and Brimblecombe's @ndH andD; are species Henry's law constant and liquid-phase

values were obtained by a reanalysis of the calculation of €hen diffusion coefficient. o )

which were in turn based on experimental data of Van _Th_e exact solution to this integral can be found in CPAnk

Krevelerf? performed with buffered solutions at pH7. Hales  Yielding

and Drewes’ data were obtained at gt and 7. On the other

hand, the lower values of H were all obtained at high pH (Sorina yo() = & erfc(g\/i)eXpQZt) + Zg\/z - 1| (A1-3)

at pH = 14, Sherwood at pH= 12.6, present study at pH gzt 4

13). One might argue that the higher pH measurements tend to . o )

be more accurate since in that region the hydrolysis processne resistor model (egs 4 and 27) is in agreement with eq A1-3

(eq 19) does not have a significant effect on the ammonia 0 better than 6%! . . N

equilibrium. Therefore, at this point we recommend the lower 2. Uptake Limited by Irreersible Reaction and Solubility.

value of H as expressed in eq 34. When_ _the gas _uptake is governed by mass accommodation,
Codeposition.One might expect that the presence of a surface solubility, and_ irreversible chemical reactions, the work of

complex such as was observed in the,SMd NH; uptake Danckwert$? yields

studies would have some chemical consequences. So far this -

has not been observed. Neither the codeposition studiesy(t) = {ﬁ)z—[g\/fl erf(\/@) +

presented in this work nor earlier studies of S(take in the 9" -k

presence of hydrogen peroxieshow significant deviations

from uptake predicted by bulk liquid-phase chemistry.
Atmospheric Implications. For compounds which are highly

soluble, mass transport to atmosp_hgric aerosols is a function OfHereg is as defined in eq Al-%,

the mass accommodation coefficieat and the gas-phase , qer rate coefficient.

diffusion uptake coefficientI{g). The parameten. is rate For the NH experiments, on the millisecond time scale of

limiting whena < I'yis. The mass accommodation coefficient the droplet apparatusyt is greater than £ and the resistor

for NHs was measured to be in the range G-0835 as the 1 n4e| (eqs 4 and 27) is in agreement with eq Al-4 to better
temperature decreases from 290 to 260 K. The magnitude of o 2927

Tt depends on the size of the droplet. At 400 Torr (charac- 3 yptake Limited by Rersible Reaction and Solubilitfhe

teristic of the upper tropospheré&)i is larger than 0.1 for ona0ity of aqueous solutions to contain ammonia species

aerosols with diameters less tham. A significant fraction i creases with acidity. (See reactions shown in egs 19 and 20.)
of tropospheric aerosols is in this size range. Therefore, realistictha effect on NH uptake of increased capacity is expressed

modeling of ammoniaaerosol |nteract|ons shoulq yt|||ze aC- by Danckwert& in terms of an enhancement factras
curate values of the mass accommodation coefficient.

Finally, we compare the amount of surface Ns observed I',=ET, (A1-5)
in this work) to the ammonia content in the bulk liquid for an
atmospheric aqueous droplet of diameter d. The surface to bulkwherel', andI'so are as defined in eqs 27 and 23, respectively.
content ratio is given by Jayne etél. In the case where both forward and backward reactions are
first order, Sherwood and Pigfdfprovide an analytic expres-
sion for enhancement factér as:

K2 Vx

. S . K? — 15
For a 10um cloud droplet at pH 6, in equilibrium with gas-

phase NH, the ratio of ammonia on the surface compared to K /Kleerf(a /K2 — l)} (A1-6)

the bulk is small, about IG. On the other hand, for a gZm 2a

ac (A1-2)

gPerfc@vt) exp @' - kt')) — ki dt’} /t (A1-4)

is the forward pseudo-first-

(S%1 d2 Acxeq

surface to bulk (NH) = & FRT

(36)

E=Q1+ K)[ 1+ exp@?)[erf(Ka) — erf(a)] —
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Here for ammonigK = Ky/[OH™], k; is as defined in eq 26,  TABLE 3: Parameters Used in the Calculations of Uptake
anda = /kt/[K(K—1)]. In their original equation (eq 389 of Coefficient and Surface pH

Sherwood and Pigfotd), E is designated afK kit). We note expressioh reference
that Danckwerts' made a transcription error in his use of the  H(NH,)  exp(~7.44+ 3214.4T) this work
Sherwood and Pigford resuftz. H(SO)  exp(—10.41+ 3168.6T) ref 53
Under the conditions of the Nfktudies, the resistor model ﬁb Egg;)) expglil(%_lfdfllglé?lnj) 0.0441) fe; gg
iS i i _ 9 a exp(-10. - re
(eq 27) is in agreement with eq A1-6 to better than 2%. K exp(—23.6-+ 1550 1T — 1.229% 10°T2) b
Appendix 2 a Concentrations is in mol/l; unit for H is M atr. ° Fitted to data

. . in CRC handbook.
1. Near-Surface pH.To obtain the time-resolved surface pH,

a solution is required for the differential equations that TABLE 4: Reaction Rate Coefficients Used in Numerical
simultaneously take into account chemical reaction, liquid-phase Calculations?

diffusion, and mass transport at the interface. The general reaction rate coefficient ref
equation for the concentration; 6f species (NH(aq), NH;™, 1. NFH(@) — NH- (a C/(AA1.66 this work
H*, OH") in the liquid phase is NFk(@) ™ s (2q) i
) 2. NHz(aq)— NH3 (g) Ca/(A4AXHn,RT), st this work
aC, G, 3. NHs(ag)+ H,0 — NH;m + OH™ 5 x 1°, st ref 56
—=D,— — kG (A2-1) 4. NHs" + OH™ — NHs(aq)+ H,0 3 x 101, M~tst  ref56
ot X 5. NHs(ag)+ H* — NHa" 43x 109 M-1st ref29
_ S - o 6. NH;* — NHa(aq) + H* 24.6, st ref 29
Here,D; is the species diffusion coefficient in the liquikl,is 7. SG(g) — SO (aq) To/(4AX)1.66 x this work

the pseudo-first-order reaction rate in the bulk liquid for itie 102, st

species. A numerical solution for the differential equations is 8 SQ(@)—S% (@) = Co/(4AxHsoRT), s this work
convenie_ntly i_mpler_nented using tl?!’a:ucherrprog_]ram5.2 O_ur 1?)'_ a%g‘F)JjH'iZ‘j ;’(;(ic?"’) +T_|2'—(|) ggi ig i/l—l o1 g g;
strategy in using this program to simulate species reacting andy ;. sg(ag)+ OH- — HSO;- 1.1x 100 M-tst ref27
diffusing into the liquid is to divide the liquid into bins of 12, HSQ™ — SOy(aq)+ OH- 6.5x 103, 51 ref 27
discrete thickness going from the surface into the liquid. The 13. H,O—H* + OH" 1.4x 103 st ref 30
program can only handle a maximum of 99 species and 200 14. H" + OH™ — H,O 1.4x 10" M~tst ref30

reactions. Therefore, we limit our treatment of the liquid to twice  a Numerical values of the rate coefficients are Tor= 295 K.
the diffusive depthdt*2) so that we can obtain a solution within

the confines of the program. This layer is divided into 15 bins 14 T T T T T T
of equal size Ax) with the species in each bin uniformly
distributed. (The number of bins was varied to confirm that 15 12 - .

bins provided an adequate resolution.) The droplet diameter in
our experiments is in the range 15800 um. This is large
compared to the diffusion depth of abouu. Therefore, the

droplet surface can be treated as a plane. =Ll
Using the basic definition of differentials and assuming that 8 o ]
species can diffuse only to adjacedt() and (+1) bins, the 7 s
diffusion term, (first term on the right-hand side of eq A2-1) 3 61 B
can be approximated as
4 -
"C@ _ D,
D, o = Ez(c‘(‘] +1)+CUA—1)—2CQJ) (A2-2) oL |
Equation (A2-1) is then simplified to 0 L L L L ! L
0 2 4 6 8 10 12 14
¥CJ) b Initial pH,

—(C(@+ 1)+ C@—-1)—2CJ) — kC ()

ot NG Figure 12. Near-surface pH as a function of initial pH5olid line is
(A2-3) a numerical calculation at ga$iquid contact timet = 5 ms. Dashed
line is the equilibrium calculation based on eq A2-6. Circles are
Within the Acuchenmcomputer program, the diffusion raig/ numerical calculations for a gaiquid contact time of 300 s simulating

AX2 is treated simply as another “reaction” rate. The liquid- equilibrium condition.

phase diffusion coefficierd; is obtained from Houghtoff As

an example, the SQOdiffusion coefficient at 290 K is 9.5« 300 s (circles). As expected, at this relatively long-gguid

1076 cn?/s. All parameters used in the calculation are listed in interaction, equilibrium is approached and the numerical calcu-

Tables 3 and 4. lation yields results in accord with the equilibrium condition.
The calculated surface pH values for [jH)] = 1 x 10 It is evident that for pH less than about 4, equilibrium

cm3, at the gas liquid interface (bin no. 1), are shown in Figure between gas phase NHind the liquid-phase species is not

12. The results are displayed as a function of.pFhe solid attained on the millisecond time scale. For pt2, the initial

line is the numerical solution of differential equations for typical [H™] concentration is sufficiently large so that the additional

experimental gas-liquid contact time of 5 ms. The dashed line OH™ generated by Nkidoes not affect pH. In the region of pH

is an equilibrium calculation based on charge balance, which > 4, equilibrium is established rapidly and the surface pH

can be found in the thesis of SHiln Figure 12, we also show  obtained from numerical modeling is about the same as predicted

numerical model calculation for gas liquid interaction time of by equilibrium calculations.
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This model calculation provides a value for the total amount
of NH3 species that entered the liquid during tim&herefore,
the uptake coefficiengo can be obtained by equating the total
NH3 species that entered per unit area@@)gyct. This way
of computingyo is in the good agreement (better than 4%) with
the resistor model of Figures 1a and c.

2. Codeposition of NH with SO,. The uptake by droplets
of NHg in the presence of gas-phase S®numerically calcu-
lated simply by taking into account additional reactions involv-
ing S(IV) species. The equilibrium conditions for S&re

SO,(g) = SO,(aq) (A2-R1)
SO(aq)+ H,O=HSO,” + H"  (A2-R2)
SO,(ag)+ OH™ = HSQ,” (A2-R3)

The solid line in Figure 11 was calculated via the above
equations using thAcuchenprogram. The rate constants used
in the calculations are listed in Table 4.
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