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The uptake of gas-phase ammonia by sulfuric acid surfaces was measured as a function of temperature (248-
288 K), gas-liquid interaction time (2-15 ms), and acid concentration (20-70 wt % H2SO4) using a droplet
train apparatus. The uptake coefficient increases as a function of acid concentration and reaches unity at
about 55 wt % H2SO4. The increased NH3 uptake in acid solution is apparently due to reaction between NH3

and H+ at the gas-liquid interface. The results yielded parameters required to model the reaction of NH3

with H+ at the gas-liquid interface. These uptake experiments were expanded to include a detailed study of
gas transport to a moving train of droplets. An analysis of previous sulfuric acid aerosol neutralization
experiments shows that the uptake of ammonia by ternary NH3-H2SO4-H2O solutions is significantly lower
than that by fresh binary H2SO4-H2O solutions. At typical tropospheric water and ammonia vapor
concentrations, NH3 uptake coefficients need to be included in detailed microphysical models of sulfuric acid
aerosols.

Introduction

Aerosols play an important role in the atmospheric chemistry
of both the stratosphere and the troposphere. Aerosols also affect
the earth’s climate by directly scattering radiation, and indirectly,
by serving as cloud condensation nuclei (CCN). The number
of cloud droplets formed is directly proportional to the number
density of cloud condensation nuclei. The size, density and
composition of these cloud droplets in turn determine the effect
of clouds on the Earth’s albedo.1

Ammonium (NH4
+) and sulfate (SO4-2) are two of the

primary ionic components in cloud condensation nuclei. Am-
monia (NH3) in the atmosphere originates primarily from surface
sources, including decaying organic matter and chemical fertil-
izers. Sources of sulfur in the atmosphere include biogenic
species such as CH3SCH3, H2S, OCS, anthropogenic sources
(mostly SO2), and volcanic emissions (principally SO2). These
emitted species are in the S(IV) oxidation state and are further
oxidized in the atmosphere to form S(VI), principally H2SO4,
which in turn plays a key role in the formation of aerosols.

Current models for tropospheric aerosol growth depend on
the condensation rates of gaseous ammonia, sulfuric acid, and
water vapor.2 Because atmospheric water vapor levels are high,
aerosol growth rates are largely governed by the uptake of H2-
SO4 and NH3 vapors. Recent measurements have shown that
the uptake coefficient for H2SO4 vapor is near unity (essentially
collision limited).3,4 Well determined values for the uptake
coefficient for NH3(g) by acidic aerosols are required for
quantitative modeling of atmospheric aerosol growth rates.

Knowledge of the ammonia uptake rate is also important in
view of a recent suggestion5,6 that ternary nucleation of NH3-
H2SO4-H2O vapors is a likely explanation of fast new particle
formation rates inferred from field measurements of ultrafine
particles.5,7-8 Modeling of such particle formation rates in the

atmosphere depends critically on the competition between
condensation on preexisting particles and new particle nucle-
ation. New particle formation is favored by slow gas uptake
rates on preexisting particles, which increase steady-state vapor
levels.9

Previous studies of NH3(g) interactions with H2SO4 liquid
surfaces include a molecular beam scattering study10-13 and
several flow reactor aerosol neutralization experiments.14-17 In
the scattering study the absence of detectable inelastic scattering
was interpreted as evidence for a unity uptake coefficient on
concentrated H2SO4 solution (98.8 wt %). In the aerosol studies,
ammonia-aerosol interaction times are mostly on the order of
seconds. On the basis of composition changes observed in
collected aerosols, NH3(g) uptake coefficients ranging from 0.1
to 0.5 were deduced. In all these studies, the concentration of
NH3(g) was such that the composition of the aerosol was
changing significantly during the experiment, making it difficult
to extract kinetic parameters for binary sulfuric acid solutions.

In the present work we study the interaction of NH3(g) with
H2SO4/H2O surfaces, using the droplet train apparatus. The gas-
phase NH3 density was low (5× 1012 cm-3), and the gas-
liquid interaction time was on the order of milliseconds. The
low gas-phase concentration of NH3(g) and the short gas-liquid
interaction time minimize droplet composition changes. The
uptake of gas-phase ammonia by aqueous sulfuric acid was
measured as a function gas-liquid interaction time (2-15 ms),
acid concentration (20-70 wt % H2SO4), and temperature
(248-288 K). The results yielded parameters required to model
the reaction of NH3 with H+ at the gas-liquid interface.

A proper understanding of gas phase diffusive transport of
the trace gas to the droplet train is central to an accurate analysis
of our uptake data. In our previous gas uptake experiments with
aqueous droplets, the flow tube pressure was relatively high
set by the equilibrium water vapor pressure (4-20 Torr). This
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limited the range of pressures over which we could test our
understanding of gas-phase diffusion. By contrast, in the present
studies with sulfuric acid droplets, the partial pressure of H2O
vapor is relatively low. For example, for a 70 wt % H2SO4

solution at 250 K, the equilibrium water vapor pressure is only
0.02 Torr. The overall pressure in the flow tube is then
determined principally by the inert carrier gas. Under these
conditions, it is possible to significantly expand our previous
studies of trace gas uptake by a moving train of droplets and
place our understanding of gas-phase diffusive transport on a
firmer footing.

The apparatus, basic experimental procedure, data analysis
and modeling used in this study are described in the preceding
companion article.18 Here, we will present only those aspects
of the experiment, which are specific to the NH3-sulfuric acid
studies.

Experimental Section

Uptake measurements of NH3(g) on sulfuric acid were
performed using a droplet train apparatus similar to the one
shown in Figure 2 of the preceding article.18 The apparatus was
modified to allow work with cold concentrated acid droplets as
described by Robinson et al.19 Gas uptake was measured by
passing a fast-moving (1500-3000 cm/s) and monodisperse (50
to 350µm in diameter) collimated train of aqueous acid droplets
through a 30 cm long longitudinal low-pressure flow tube which
contained trace amounts of NH3 entrained in a flowing mixture
of carrier (rare gas) and water vapor. Carrier gases are introduced
at the entrance of the reactor. Trace gases (diluted in rare gas)
are introduced through one of three loop injectors located along
the flow tube. By selecting the injector and the droplet velocity,
the gas-droplet interaction time can be varied between 2 and
15 ms.

Sulfuric acid solutions were prepared by diluting known
volumes of reagent grade sulfuric acid (95-98 wt %) with
known volumes of distilled water. The concentrations were
determined from the densities of the solutions which were
measured by weighing 10 mL aliquots.20 The accuracy of these
concentration measurements is about(0.5 wt %.

The droplet stream was produced by forcing the acid solution
through a platinum electron microscope aperture surrounded by
a doughnut-shaped piezoelectric ceramic. Before flowing through
the nozzle aperture, the acid solution was precooled using an
external temperature controlled circulating bath. A chromel-
alumel thermocouple in a stainless steel sheath was fixed in
place just above the aperture and provided a continuous measure
of the droplet stream temperature. As the droplets traverse the
flow tube, they equilibrate with the ambient water vapor. To
minimize evaporation, which would change droplet surface
temperature and concentration, a flow of H2O in helium matched
to the water vapor pressure over the acid droplet was introduced
into the droplet generation region of the flow tube. In previous
experiments with this apparatus, direct measurements of water
vapor densities demonstrated that droplet surface acid concen-
trations in the gas/droplet interaction region are within 0.5 wt
% of their initial value and that the droplet temperature is known
to within ∼ ( 2 °C.21

Gas uptake is determined by measuring the trace gas
concentration (ng) downstream of the flow tube as the surface
area of the droplets is changed in a stepwise fashion, by varying
the driving frequency of the piezoelectric ceramic. A measured
decrease in the trace gas signal (∆ng) resulting from an increase
in the exposed droplet surface area corresponds to an uptake of
the gas by the droplet surface. The uptake coefficient (γmeas),

as defined in Shi et al.,18 was obtained from the measured change
in trace gas signal via eq 1:

The parameters are defined as in Shi et al.,18 Fg is the carrier-
gas volume rate of flow (cm3 s-1) through the system,∆A )
A1 - A2 is the change in the total droplet surface area in contact
with the trace gas, andng andng′ are the trace gas densities at
the outlet of the flow tube after exposure to trains of droplets
of areaA2 andA1, respectively (ng ) ng′ + ∆ng).

The gases exiting the reaction zone flow through a multipass
absorption cell (White cell) with an effective path length of
about 750 cm. The NH3 vapor is detected via tunable infrared
diode laser differential absorption. The NH3 absorption line used
in these experiments is at a frequency of 965.3538 cm-1, with
a line strength of 4.32× 10-19 cm2 molecule-1 cm-1.22 Initial
trace gas densities of∼5 × 1012 cm-3 (typical in these
experiments) yield a fractional absorbance of∼10%.

Pressure differences between the flow tube and the droplet
collection chamber were monitored and balanced. In other recent
experiments19,23 the pressure balance was checked further by
monitoring the concentration of an inert reference gas, typically
methane, which is added to the flow. The change in the density
of the inert gas monitors the effect of the sweep-out and/or
pressure unbalance as droplet frequency is changed. In the
present ammonia study, absorption lines for an appropriate
reference gas were not available with the diode laser. However,
changes in methane concentration due to sweep-out or pressure
unbalance observed in previous studies were less than 0.5%,
whereas NH3 concentration changes due to uptake were in the
range of 7-70%, depending on the droplet composition and
temperature.

Modeling NH3(g) Gas-Liquid Interactions

In our droplet train experiments, a gas-phase species, in this
case NH3(g), interacts with liquid droplets and the disappearance
of that species from the gas phase is monitored. The disappear-
ance of the species is expressed in terms of a measured uptake
coefficient,γmeas, which is related to the experimentally observed
flux (J) into a surface as

As is discussed in the companion paper,18 gas uptake is a
function of several inter-related processes which may include
gas-phase and liquid-phase diffusion, mass accommodation,
Henry’s law solubility, bulk phase, and surface reactivity.
Therefore, the parameterγmeasrepresents a convolution of these
processes, and the experimental challenge is to separate the
contributions of these processes to the overall gas uptake.21,23,24

Following the discussion in the previous paper and references
therein, it is convenient to express the overall uptake process
in terms of a resistance formulation,

whereΓdiff represents the rate of gas diffusion;S is the surface
adsorption coefficient, defined as the fraction of collisions that
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results in thermal accommodation of the trace gas onto the
surface; Γs represents the effect on the uptake of surface
processes;R is the mass accommodation coefficient (the
probability that a molecule enters the bulk liquid phase upon
collision with the surface); andΓb represents the rate of
dissolution and reaction (if any) of species within the bulk liquid.
This formulation aids the deconvolution of the various processes
that control the overall gas uptake rate. In what follows, we
will briefly discuss the bulk phase terms (Γdiff andΓb) and then
we will focus on the interfacial model that accounts for mass
accommodation (R) and surface reactivity (Γs). In particular,
the formulation of surface reactivity within the gas liquid
interface will serve as a key to understanding how NH3 uptake
varies in acid solutions. Surface reactions may cause the uptake
coefficient to exceed the limitation normally set by the mass
accommodation coefficient.

Gas-Phase Diffusion.As discussed in the companion paper
and references therein,18 gas-phase diffusive transport of a trace
gas to droplets does not lend itself to a straightforward analytical
solution. However, an empirical formulation of diffusive
transport to a stationary droplet developed by Fuchs and
Sutugin25 has been shown to be in good agreement with
measurements, see Widmann and Davis26. Using the Fuchs-
Sutugin formulation, Hanson et al.27 extracted an expression
for Γdiff as

Here,Kn is Knudsen numbers defined as 2λ/df, whereλ is mean
free path andλ ) 3Dg/cj; df is the effective diameter of droplets
for the diffusive process. In our early experiments, it was shown
that diffusive transport to the train of moving droplets, closely
spaced (2-12 droplet diameters), is independent of droplet
diameter but depends rather on the diameter of the droplet-
forming orifice d. (See Worsnop et al.24) Worsnop et al.24

experimentally established the relationship betweendf andd as
df ) (1.9 ( 0.1)d.

It is possible to formulate plausibility arguments suggesting
why diffusive transport to a train of moving droplets depends
on the diameter of the droplet-forming orifice, rather than on
the diameter of the droplets. However, a convincing analytical
formulation explaining this observation has so far not been
obtained. Work toward this goal is continuing.

As was stated earlier, because of the low H2O vapor pressure
of the sulfuric acid droplets, the NH3(g) uptake measurements
facilitated the study of diffusive transport over a wide range of
Knudsen numbers (Kn ) 0.05-4.5) with uptake coefficients
ranging from 0.06 to 1. These studies are described in the
Appendix to this paper. The results confirmed the earlier
findings that diffusive transport to the train of moving droplets
is independent of droplet diameter, yielding a value ofdf )
(2.0(( 0.1)d whered is the orifice diameter. The studies showed
that over the full range of Knudsen numbers, gas-phase diffusive
transport is in accord with the formulation of Fuchs and
Sutugin25 as expressed by eq 4.

On the basis of these results, we defineγo as the uptake
coefficient in the limit of “zero pressure”, i.e., in the absence
of gas diffusion limitations,

Solubility and Reactivity in the Bulk Liquid. In this section
we discuss the effect of Henry’s law solubility and chemical

reactions of the NH3 in the acid solution. The principal
equilibrium processes governing NH3 solubility in acid solutions
are

Kb′ is the equilibrium constant for reaction 7,Kb′ ) kf′/kr′. The
overall solubility of NH3(g) can be expressed as an effective
Henry’s law coefficientH* (M atm-1) given by the sum of
physically dissolved NH3(aq) and protonated NH4+(aq).

Here pNH3 is the partial pressure of ammonia (atm), andR is
the gas constant (atm M-1 K-1).

In acid solutions (pH< 2), the H+ concentration is so large
that the protonation step in the equilibrium is shifted far toward
NH4

+, makingH* sufficiently large (>109 M/atm) so that on
the millisecond time scale of the droplet train experiment
reaction 7 is irreversible. In other words, in the droplet train
experiments under highly acidic conditions, reevaporation of
dissolved NH3 can be neglected. Under those conditions,Γb is
determined by the forward reaction rate in eq 7, which is
expressed by the termΓrxn.28

Herek1 is the pseudo first-order reaction rate for the formation
of NH4

+ in eq 7, given by

The rate constantkf′ in eq 10 is 4.3× 1010 M-1 s-1 at 293
K.29 With this value ofkf′, Γb is larger than 8 for pH< 2. The
1/Γb term is negligible compared to 1/R, and therefore,Γb is
not rate limiting for NH3(g) uptake in acid solutions for pH<
2.

Interfacial Processes.Processes occurring at the gas-liquid
interface can be taken into account via the kinetic model
described in the companion paper (eq 5 in Shi et al.;18 also see
Nathanson et al.,30 and Hanson31):

Here the subscripts g, s, and l represent the gas, surface, and
liquid state of the species. In eq 11, the reverse processes going
from the bulk to the interface (i.e., reverse rates parallel toksol

and krxn) are accounted for byΓb and, as was noted, can be
neglected for NH3 uptake into acid solutions. Interfacial
processes are then formulated in terms of mass accommodation
(depending onksol andkdes) and surface reaction (depending on
ksurf). As was stated in the preceding paper,

As in Shi et al.,18 here also, the adsorption coefficientS is
expected to be close to unity.30,32 For simplicity, here we will
assumeS ) 1. Thus, the mass accommodation coefficientR
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depends on the ratioksol/kdes, constrained to a maximum
probability of unity by the adsorption collision rate.

Further, if we assume thatΓb ) Γrxn . 1, as is the case for
NH3 uptake into acid solution

Here, as before,Γs represents the effect on the uptake of surface
processes.

The mass accommodation coefficient is expressible as33,30

In the companion paper,18 it was shown that, in aqueous
solutions, in the pH range 0-4, the NH3(g) uptake was limited
by mass accommodation, and with reference to eq 14,R for
NH3(g) is characterized by∆Hobs ) -9.02( 0.8 kcal/mol and
∆Sobs) -35.9( 2.9 cal/(mol K). This corresponds to a negative
temperature dependence ofR, with R varying from 0.35 to 0.08
between 260 and 290 K.

Surface Reactivity. In aqueous solution (pH> 0), NH3(g)
uptake is described by mass accommodation as in eqs 13 and
14, with no evidence of surface reaction.18,34In contrast, as will
be shown in the next section, the rate of NH3(g) uptake into
sulfuric acid solutions (H2SO4 concentration>20 wt %)
increases sharply with acidity and the measured uptake coef-
ficient is larger than the mass accommodation coefficient (R)
for aqueous solutions. This increase is most consistently
explained by a surface reaction as characterized byΓs in eq 13.
(See Discussion section.) This surface reaction is most likely
an acid catalyzed formation of NH4+ analogous to the bulk phase
reaction in eq 7. That is,

where the protonation of NH3 occurs within the interface without
species uptake into the bulk solution.

Surface reaction channels within the gas-liquid interface have
been observed for a number of aqueous and acid systems. These
include the reaction of ClONO2 with HCl in H2SO4-H2O
solution,35,36reactions of halogen molecules with aqueous halide
ions (e.g. Cl2, Br2 + Br-, I-),37 ClNO2 + I- reaction in aqueous
solution,38 and, most recently, acid and base-catalyzed D/H
isotope exchange for deuterated ethanol on aqueous solutions.39

The distinguishing feature of these studies is the observation
that uptake rates are linearly proportional to reactant concentra-
tion, as opposed to the square root dependence for liquid
diffusion-limited bulk reactivity (eq 9). In all these cases it was
possible to distinguish between surface and bulk liquid reaction
channels by performing a detailed analysis of uptake kinetics.

The effect of surface reactions on trace gas uptake is
formulated in terms ofns andksurf in eq 11 and as derived in
Shi et al.18 (their eq 12), the surface uptake coefficientΓs is

Formally, ng (cm-3) and ns (cm-2) are the gas-phase and
surface concentrations of ammonia andksurf is the pseudo-first-
order rate constant for the reaction of the interfacial ammonia
with the H+ ion.

A quantitative calculation ofΓs requires knowledge of the
magnitudes of these interfacial parameters. However, since these
parameters are not known, they have to be estimated. We will
assume that the interfacial parameters are linearly proportional
to their bulk phase counterparts. In this approximation, we take

the vapor-liquid interface to be a sharp but finite transition, a
few molecular diameters thick, within which the molecular
density increases from the gas to the liquid. We will assume
that the thicknessδ of the interface is 10-7 cm (10 Å).

The bulk-liquid-phase concentration nl of ammonia can be
expressed in terms of the gas-phase concentration, Henry’s law
coefficient (H) for ammonia andfNH3, the activity coefficient
of NH3 in acidic solutions. In accord with our assumption that
the interfacial parameters are linearly proportional to their bulk
phase counterparts, the ratio (ns/ng) can be expressed as

wherec1 is an assumed constant of proportionality between the
interfacial and bulk-liquid-phase ammonia concentrations.

In terms of the bulk phase parameters, the rate constantksurf

is

HereaH+ is the bulk concentration (or activity) of H+, c2 is the
constant of proportionality between the interfacial and bulk H+

concentrations, andkf′ is the rate for the NH3(aq) reaction with
H+ in the bulk phase. (See eq 7.)

The activity coefficient of NH3 in acidic solutions is not
known. Therefore, we will approximate it with the activity of
wateraH2O. (See Hanson.36) The activity of water is a dimen-
sionless parameter, defined as unity in pure water, which
decreases with increased acidity.40,41 With these assumptions,
the surface uptake coefficientΓs ) Γs

rxn for ammonia is
expressed as

The Henry’s law coefficient is obtained from the fitted values
obtained in Shi et al.18 Convenient representations ofaH2O and
aH+ can be obtained from Tabazadeh et al.42 and Michelsen,43

respectively. These in turn provide analytical expressions for
the exact formulation of Carslaw et al.41 The rate coefficient
kf′ is a diffusion-limited rate (see eq 10), and therefore, its
temperature dependence will be inferred from the temperature
dependence of the diffusion coefficient.29

Note that, in the formulation of eq 19, the dependence ofΓs

on reactant concentration (or activity,aH+) is linear. By contrast
the bulk phase reactive uptake coefficient (Γrxn, in eq 9) depends
on the square root of reactant concentration. With the assump-
tions stated above, the surface kinetics in eq 19 is characterized
by the constants of proportionalityc1 andc2. The experimental
uptake data will provide the productc1c2.

Results and Analysis

Uptake Measurements.As an example of NH3 uptake data,
we show in Figure 1a and b plots of ln(ng/ng′) as a function of
cj∆A/4Fg at 250 K and 70 wt % H2SO4. Here cj∆A/4Fg was
varied by changing the gas flow rate and the effective droplet
surface area (∆A). Each point in the figure is the average of at
least 10 area change cycles with the error bars representing one
standard deviation from the mean in the experimental∆ng/ng

value. In this experiment, the water pressure was set to 0.02
Torr, corresponding to the equilibrium H2O vapor pressure of
a 70 wt % H2SO4 solution at 250 K. The measurements shown
in Figure 1a and b were performed under the same conditions
except for the carrier gas pressure. The pressures in the
experiments of Figure 1a and b were 4 Torr of He (Kn ) 1)

ns/ng ) c1 fNH3
HRTδ (17)

ksurf ) c2 aH+ kf′ (18)

Γs
rxn ) 4 c1 aH2O

HRT [c2 aH+] kf′δ/cj (19)

1/γo ) 1 + 1/(Γs + ksol/kdes) (13)

R/(1-R) ) ksol/kdes) exp(-∆Hobs/RT+ ∆Sobs/R) (14)

NH3(s) + H+(s)98
ks2

NH4
+ (s) (15)

Γs
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cj
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and 23 Torr Kr (Kn ) 0.05), respectively. (Note the abscissa
scale differs in the two figures.) The higher pressure experiments
were part of the gas-phase diffusive transport studies. The slopes
of the lines in Figure 1a and b yield values forγmeasof 0.74(
0.02 and 0.060( 0.001, respectively.

Data plots similar to these shown in Figure 1 were obtained
for the full range of uptake studies. In these studies the uptake
signal∆ng/ng typically varied from 7% to 70%. The linearity
of these plots over an order of magnitude validates the
measurement procedure, indicating that the uptake is well
described by a single value ofγmeas, as in eq 1. The difference
in uptake rates for the two plots in Figure 1 is due to the effect
of gas-phase diffusion (Γdiff), which is much slower in 23 Torr
of Kr than that in 4 Torr He. In fact, using eqs 4 and 5, it is
evident that theγmeasvalues in both Figure 1a and b correspond
to γo ) 1 for NH3(g) uptake into 70 wt % H2SO4. (See
Appendix.)

Uptake as a Function of Gas-Liquid Interaction Time .
In Figure 2 we show the measured uptake coefficientγmeasas
a function of gas-liquid contact time for 20, 40, and 70 wt %
H2SO4 at 285 K. As is evident, no time dependence is observed
in this data set. This is in accord with expectations since for
sulfuric acid concentrations>20 wt %, the effective solubility
is large (H* ) 1.8 × 1011 M atm-1 for 20 wt % H2SO4) and
therefore Γb . 1. On the millisecond time scale of our
experiments, the uptake is limited byR andΓs as described by
eq 13.

In the sections that follow, uptake will be expressed in terms
of γo after correctingγmeas for gas-phase diffusion via eqs 4
and 5. For the results in Figure 2,γmeasvalues of 0.24, 0.50,

and 0.77 for 20, 40, and 70 wt % H2SO4 correspond toγo values
of 0.34, 0.82, and 1.01, respectively.

Uptake as a Function of Acidity. In Figure 3,γo is plotted
as a function of acidity. This is a specific set of data obtained
at 285 K (closed diamonds). The solid line is a plot of eq 13
with R ) 0.11 as determined by Shi et al. (see eq 14).18 In
calculatingΓs (eq 19), the value ofc1c2 is (5.4( 2.0) × 10-4

obtained via a global fit to uptake data at all temperatures
studied. (See next section.) For completeness, the plot includes
experimental results on aqueous droplets obtained by Shi et al.
at a slightly higher temperature of 291 K (open symbols) and
at a gas-liquid contact time of 5 ms.18 Acidity is defined as
-log[aH+], where aH+ is the activity of H+. For aqueous
solutions, [aH+] ) [H+] and acidity is equivalent to pH. In
sulfuric acid solutions, the activity of H+ is calculated using
the multicomponent mole-fraction-based thermodynamic model
of Carslaw et al.41

As discussed in Shi et al., the decrease in the uptake rate for
pH > 4 is due to limitation imposed by NH3 physical solubility
(eq 6).18 In this pH range the formation rate of NH4

+ is reduced
due to low H+ concentration (eq 7). The plateau in the NH3

uptake rate approached at pH< 4 in aqueous solution, is due
to limitation imposed by the mass accommodation coefficient.

Figure 1. Plot of ln(ng/ng′) versuscj∆A/4Fg for NH3(g) on 70 wt %
H2SO4: T ) 250 K, water vapor pressure) 0.02 Torr. (a) Carrier gas
of 4 Torr He (Kn ) 1), γmeas) 0.74( 0.02. (b) Carrier gas of 23 Torr
Kr (Kn ) 0.05),γmeas) 0.06( 0.001. Both measurements correspond
to γo ∼ 1, after accounting for gas diffusion via eq 5.

Figure 2. Uptake coefficientγmeasas a function of gas-liquid contact
time for NH3(g) on 70 wt % H2SO4 (upper curve), 40 wt % H2SO4

(middle curve), and 20 wt % H2SO4 (lower curve) atT ) 285 K.

Figure 3. The uptake coefficientγo for NH3 as a function of-log-
[aH+]. The solid line is the plot of eq 13 with parameters as given in
the text. Uptake results of Shi et al. (ref 18) on aqueous solution are
shown as open symbols.
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In this region,Γb is much larger thanR, Γs is negligible, and
therefore hereγo ) R (eq 3 and 5). As will be shown, the
increase inγo, beyondR in concentrated H2SO4 solution, can
be explained by a surface reactivity.

Uptake as a Function of Temperature.In Figure 4, we
show a plot of the uptake coefficientsγo as a function of
temperature for 20, 40, 55, and 70 wt % sulfuric acid. The figure,
which is on a logarithmic scale, also shows the mass accom-
modation coefficients for NH3 on aqueous solution at pH) 1
measured by Shi et al. as open circles.18 (See Figure 6 in Shi et
al.18). The negative temperature dependence ofR is consistent
with previous results.18,33 It is important to note that with
increasing H2SO4 concentration the magnitude ofγo increases
and the temperature dependence ofγo decreases. The uptake
coefficientγo reaches the limit of 1 for H2SO4 >50 wt %, at
which pointγo is independent of temperature.

The lines in Figures 3 and 4 connecting the experimental
points are plots of eq 13 including the value ofR measured by
Shi et al. 18 and the surface NH3 and H+ reaction channel
calculated via eq 19. The best fit to the data is obtained with
the value of the productc1c2 in eq 19 equal to (5.4( 2.0) ×
10-4 (see eqs 17 and 18). This single value ofc1c2 was used to
fit the data at all temperatures.

Discussion

Interactions at the Gas-Liquid Interface. Figures 3 and 4
contain the principal findings of this study. In Figure 3, ammonia
uptake is presented as a function of acid concentration from 70
wt % sulfuric acid to pH 13 (-log[aH+] ) -4.0 to 13,
respectively). The present work together with that of Shi et al.18

is the first presentation of the NH3(g) uptake over a range of
17 orders of magnitude in H+ activity.

As was noted in the preceding paper, the uptake coefficient
above pH 10 is limited by the physical solubility of NH3.18 With
increasing acidity, the solubility increases, and the uptake
coefficient rises toward a plateau at about pH 2, whereγo ) R,
as discussed in Shi et al.18 Perhaps the most notable feature in
Figure 3 is the further rise ofγo at higher acid concentrations,
with γo reaching unity at∼50 wt % H2SO4.

One might guess that the increase inγo for higher acid
concentrations (> 10 wt % H2SO4) is due to an increase in the
mass accommodation coefficient. However, two observations
argue against this explanation. First, the uptake coefficient (γo)

exhibits a plateau between pH) 0 and 3, suggesting that the
increase below pH) 0 signals the onset of a new process.
Second, in the uptake experiments with HCl(g) on sulfuric
acid,19 where no such increase in uptake with acidity was
observed, the mass accommodation coefficient was shown to
be independent of sulfuric acid concentration. We suggest that
the increase in NH3 uptake with acidity for pH< 0 is indicative
of a separate process, most likely a surface specific reaction of
NH3 with H+ ions near the gas-liquid interface.

The hypotheses of a surface specific reaction is supported
by the observation that, in the region of increasing uptake (pH
0-55 wt % H2SO4), the rising part of the uptake coefficientγo

is best fitted by a functionΓs linear inaH+ as formulated in eq
19. This is illustrated in Figure 5. Here we have extractedΓs

values from experimental data via eq 13, and rearranged those
values via eq 19 so that data obtained at different temperatures
could be displayed on the same plot.44 This entailed dividing
Γs by the factorf(T) ) 4aH2OHRTkf′ δ/cj and plotting the resulting
expression as a function ofaH+ in logarithm space. Data are
shown for the five temperatures studied. Error bars are calculated
from uncertainties in Figure 4 using eq 13. The straight line is
the best fit to the functionΓs ) f(T)c1c2(aH+)n. This procedure
yieldsn ) 0.98( 0.16 andc1c2 ) (5.6 ( 2.0) × 10-4, which
is in near exact agreement with the previously determined value
c1c2 ) (5.4 ( 2.0) × 10-4. A dependence proportional to the
square root of activity (aH+1/2) consistent with bulk phase
reaction does not fit the data. Clearly, the plot confirms the
linear dependence ofΓs on aH+, in accord with the hypotheses
of a NH3-H+ surface reaction.

The factorsc1 andc2 relate surface to bulk liquid values for
solvated ammonia and H+ (eqs 17 and 18). The small magnitude
of c1c2, of order 5× 10-4, is not surprising. The interfacial
density of H+ is expected to be much lower than that in the
bulk. Both calculations and experiments show that there is a
substantial barrier for ions to approach the surface of an aqueous
medium. In an experiment using laser induced second harmonic
generation, Eisenthal estimated that an H+ ion density at the
surface is about two orders magnitude lower than in the bulk.45

We do not have a reliable guide for estimating the surface
density of ammonia. However, ifc2 were on the order 0.01 as
suggested by the work of Eisenthal,45 thenc1 (the ratio of surface

Figure 4. The uptake coefficientγo for NH3 as a function of
temperature. Solid points are from this study. Lines are the plots of eq
13 with R obtained by Shi et al. (ref 18). Best fit to the data yieldsc1c2

) (5.4 ( 2.0) × 10-4 (see eq 19). Mass accommodation coefficients
for NH3 on aqueous solution at pH) 1, measured by Shi et al. (ref
18), are also shown (open circles).

Figure 5. Dependence ofΓs on aH+. Values ofΓs derived fromγo via
eq 13 are adjusted as shown to facilitate display of data at all
temperatures studied. The straight line is the best fit to the functionΓs

) f(T)c1c2(aH+)n; f(T) ) 4aH2ORTkf′δ/cj. Solid line gives best-fitc1c2

andaH+ power law as labeled.
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to bulk concentration of ammonia) would be about 0.056. This
value obviously depends on several assumptions used in the
formulation of eq 19, among them, for example, is the assump-
tion that the physical solubility of NH3 in acid solutions can be
approximated by the activity of water, that is, byfNH3 = aH2O.

Two conclusions can be drawn from Figure 5. First, the linear
dependence on acid activity rather than onaH+1/2 dependence
provides the best fit to the experimental results. Second, the
formulation of uptake that includesR and Γs as described in
eqs 3, 15, and 19 accounts for the experimental observations
including the plateau ofγo ∼ 0.1 in the pH region between 0
and 6.

Comparison with Previous Surface Studies.The results of
three types of experiments can be usefully compared to the
current work: gas uptake studies, beam studies, and aerosol
neutralization studies.

Gas Uptake Studies.As was previously mentioned, a surface
reaction channel at the gas-liquid interface was observed in
several previous gas uptake studies.35-39 In all these studies
including the current one, two main factors identify surface
reactions: (1) Enhancement of uptake over values that would
be observed based on bulk phase processes and (2) a linear
dependence of the enhancement on reactant concentration in
the region of enhanced uptake. There is however, one notable
difference between the previous and present surface reactivity
studies. In the halogen/halide,37 ClNO2+I- 38 and CH3CH2OD
isotope exchange39 studies, the uptake coefficient initially
increased (linearly) as a function of reactant concentration and
then reached a plateau at a value of the uptake coefficient (γo)
less than unity. In those studies the plateau value ofγo < 1
most likely reflects interfacial barriers between surface adsorbed
species and solvated ions, similar to the free energy barrier
inferred from negative temperature dependentR observations.
(See discussion in Shi et al.39) By contrast, in the present NH3(g)
uptake study,γo ) 1 at high acidities. This implies, that, even
though the concentration of the H+ ion at the interface is greatly
reduced, the protonation of NH3 is so highly favored (and the
mobility of H+ within the interface so large) that at high
acidities, every ammonia molecule that strikes the surface
irreversibly reacts to form NH4+. In this case there is no
interfacial barrier to limit surface reactivity.

We note that uptake coefficients approaching unity have been
observed in several other uptake studies on H2SO4 solutions
both with and without indication of surface reactions. In the
uptake of ClONO2 + HCl on sulfuric acid, enhanced uptake
due to surface reactivity was observed.36 However the experi-
ment was performed at low temperature (203 K), whereR
approaches unity, precluding separation of mass accommodation
and surface reaction. Poschl et al. observed near unity uptake
coefficients for gas-phase H2SO4 on liquid sulfuric acid, but
this is most likely due to nearly unit mass accommodation
probability.4

The uptake of HCl on H2SO4 solution is governed by the
mass accommodation coefficientR, as indicated by a negative
temperature dependence, withγï < 1 for T > 240 K,
independent of sulfuric acid concentration.19 There was no sign
of surface reactivity. Even in concentrated acid solutions (40-
50 wt %) HCl uptake is limited by mass accommodation (R),
analogous to NH3 (and CH3CH2OH) in aqueous solution.18,39

It is evident that in both aqueous and acid solution, the uptake
of HCl requires dissolution of the species, involving dissociation
into H+ and Cl- ions. In contrast to ammonia that forms NH4

+

at the interface, the dissociation of HCl, requiring solvation of
both H+ and Cl-, does not occur at the interfacial region.

Beam Studies.The research group of Nathanson11-13 con-
ducted molecular beam scattering experiments of gases, includ-
ing NH3,10 from films of highly concentrated H2SO4/H2O
solution (98.8 wt %). In those studies, the time-of-flight yields
information on the degree of desorption of thermally adsorbed
(“trapped”) molecules. Uptake coefficients can be inferred from
the extent of thermal desorption. For concentrated acid films,
only species with high acid/base reactivity had uptake coef-
ficients approaching unity as indicated by the absence of thermal
desorption of trapped species. This includes NH3 uptake results
on 98.8% H2SO4, which is in agreement with results from our
present NH3 studies for H2SO4 > 55 wt %. While the scattering
experiments cannot directly distinguish surface and bulk reactiv-
ity, Fiehrer and Nathanson13 and Klassen et al.12 suggest that
the absence of thermal desorption is likely due to fast reactions
within the interface, much as inferred here for NH3 uptake in
concentrated acid solution. Near-unit collision efficiency was
also observed for isotope exchange of deuterated water and
formic acid on H2SO4 surfaces, indicative of fast proton
exchange. The inference ofγo ∼ 1 for ethanol (as well as
ammonia) uptake into concentrated acid is of particular interest.
The uptake behavior of CH3CH2OH is analogous to that of NH3
in which both have an uptake coefficientγï < 1 on aqueous
solutions.46,39 Fiehrer and Nathanson13 and Klassen et al.12

interpreted theγï ∼ 1 for CH3CH2OH on H2SO4 in terms of
its basicity in the highly concentrated acid solution, analogous
to NH3 (eq 15). Smallerγï values for other species correlate
inversely with basicity. The uptake behavior of HCl observed
by Robinson et al. can be understood from this perspective. The
acidic nature of HCl impedes dissociation in a highly acidic
medium and prevents surface reaction. In contrast, the basicity
of NH3 is so large thatγï ∼ 1 via protonation is observed even
at H2SO4 concentrations as low as 55 wt %.

Aerosol Neutralization Studies.To our knowledge, the only
previous studies to have investigated NH3(g) uptake into
concentrated sulfuric acid solutions were experiments where the
neutralization of acidic aerosols was measured.14-17,47 These
aerosol experiments differ from the current droplet studies in
that the entire volume of the submicron aerosol equilibrates with
the gas phase during the uptake experiment. Since the magnitude
of NH3 uptake is measured by the degree of neutralization of
the collected aerosol, the very nature of the experiment is such
that the composition of the sulfuric acid aerosol changes during
the experiment. In most cases the NH4

+/SO4
-2 ratio increases

up to about 1. This is in contrast to the droplet experiments
where the NH4+/SO4

-2 ratios remains<0.01, because of the
short gas-liquid exposure time and the relatively low NH3(g)
concentration (5× 1012 cm-3). Thus, the range of uptake
coefficients measured in the aerosol experiments, (0.1-0.5) is
most likely due to the changing aerosol composition as the H2-
SO4 solution is neutralized.

The aerosol experiments of Huntzicker et al.15 utilized an
atmospheric pressure aerosol flow tube coupled to a sulfate
analyzer, with a movable aerosol injector that permitted variable
aerosol exposure times. This experiment included NH3 uptake
measurements at relatively low H2SO4 neutralization. They
reported uptake coefficients in the range of 0.1-0.4, based on
a kinetic model that assumed a constant uptake coefficient,
independent of exposure time and composition. Our reanalysis
of their data indicates that the uptake rate changed with time.
The rate decreased as the aerosol was neutralized. In fact, for
the shortest exposure time (0.5 s), corresponding to small
composition changes (NH4+/SO4

-2 < 0.05), the observed uptake
rate matched the gas diffusion limit at one atmosphere. That is,
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the measured uptake rate is consistent withγo ) 1. For the
experiments where detailed time dependent results were re-
ported, reanalysis of the results indicates thatγo e 0.1 as the
NH4

+/SO4
-2 ratio approaches 1.

The aerosol neutralization studies make it evident that the
NH3 content of the aerosol affects the NH3(g) uptake rate. We
attempted to model NH3 uptake into NH3-H2SO4-H2O ternary
solution via eqs 13 and 19 using chemical activities (e.g.,aH+)
parametrized for the ternary solution by Clegg et al.48 To fit
the aerosol neutralization data, the productc1c2 in eq 19 has to
be 5-10 times lower for NH3 uptake into NH3-H2SO4-H2O
ternary solutions than that derived for the binary H2SO4/H2O
solution. This might reflect differences in NH3 activity (i.e.
physical solubility, represented byc1) or the surface acidity
(represented byc2) in the binary and ternary solutions. Such
differences might be expected since the added NH3, forming
ammonium sulfate, is likely to change the nature of the liquid,
both bulk and surface.

Atmospheric Implications
As has been stated earlier, the concentration of H2O vapor

in the atmosphere far exceeds the concentrations of both NH3

and H2SO4. Therefore, aerosol growth rates are relatively insen-
sitive to the H2O uptake coefficient and are governed primarily
by the uptake coefficient of NH3 and H2SO4. In Figure 6, we
show the ammonia uptake coefficient (γo) at 290 K as a function
of relative humidity (RH) obtained from Figures 3 and 4. These
NH3 uptake results, combined with recent measurements of
H2SO4 accommodation coefficients,4 indicate that on concen-
trated H2SO4 solution (RH< 30%) the uptake coefficients of
both NH3 and H2SO4 approach unity. Therefore, growth of con-
centrated H2SO4 aerosol is collision limited. However, the pres-
ent results show that NH3 uptake coefficients will be less than
unity in the troposphere, where relative humidity is typically
30-40%, corresponding to H2SO4 compositions of 40-50 wt
%.

The aerosol neutralization studies indicate that for the NH4
+/

SO4
-2 ratios larger than∼0.1, NH3(g) uptake coefficients are

likely to be less than unity even at low relative humidity (RH).
Taken together, the dependence of the uptake coefficient on
relative humidity presented here for binary H2SO4-H2O solu-
tions and the reanalysis of NH3 neutralization results imply that,
under tropospheric conditions, with either high RH (g40-60%)
or high NH3 content (NH4

+/SO4
-2 g 0.1-2), NH3 uptake

coefficients will be less than unity, often as low as 0.1.

The magnitude of the gas uptake coefficient can indirectly
affect aerosol nucleation in the atmosphere.9,49 Nucleation of
new aerosol particles is favored by slower uptake rates, since
nucleation competes with condensation growth of preexisting
aerosols. Slower uptake on preexisting particles results in higher
steady-state levels of condensable vapor. This in turn increases
the nucleation rate, which is a steep function of condensable
species concentration.

If, as suggested by Weber et al.,5 NH3-H2SO4-H2O ternary
nucleation is important in the atmosphere, then the relative
humidity dependence of NH3(g) uptake rates measured here and
neutralization dependence as suggested by the aerosol experi-
ments will be critical to microphysical modeling of steady-state
levels of NH3(g) in the atmosphere. Detailed modeling of
atmospheric aerosol microphysics will require extension of the
current NH3(g) uptake study on binary H2SO4-H2O liquid
solution to the ternary NH3-H2SO4-H2O systems.

Finally, the question must be raised about the applicability
of uptake coefficients obtained on macroscopic surfaces to
uptake on ultrafine aerosol particles. The latter are defined as
particles of diameter<100 nm, for which the surface tension
and the equilibrium vapor pressure are significantly increased.
It is not known how these perturbations affect the uptake rates.
Specifically, uptake rates onto critical clusters, containing on
the order of tens of molecules, might be significantly different,
affecting new particle nucleation rates. Full understanding of
gas/surface kinetics underlying aerosol microphysics, including
aerosol nucleation and growth, will require extension of the gas
uptake measurements to ultra-fine aerosol particles.
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Appendix
Gas-Phase Diffusive Transport.As noted in the text, and

discussed in the companion paper,18 gas phase transport to a
train of moving closely spaced droplets is well described by
the Fuchs and Sutugin formulation (eq 4). However, as stated
in the text, the transport rate does not depend on the droplet
diameter but rather depends on the diameter of the droplet
forming orifice.24

In the present uptake experiments on concentrated H2SO4

solutions, the H2O vapor pressure is low and therefore gas phase
diffusion rates are determined principally by the pressure of
the inert carrier gas. As a result, gas-phase diffusive transport
to the droplet train can be studied over a wide range of Knudsen
numbers. To confirm and better quantify our understanding of
gas diffusive transport, experiments were performed with several
inert carrier gases (He, Ne, Ar, Kr) over a range ofKn from
0.05 to 4.5.

The gas transport coefficient in eq 4 is formulated in terms
of the Knudsen number,Kn ) 2λ/df, wheredf is the effective
droplet diameter andλ is the mean free path, defined asλ )
3Dg/cj. The gas-phase diffusion coefficientDg for NH3(g) in a
mixed carrier gas is calculated by24

Figure 6. NH3 uptake coefficient,γo, as a function of relative humidity
at 290 K. Points are calculations obtained via eqs 13 and 19.

1
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)
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+
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Here,PH2O andPX are the partial pressures (atm) of the water
vapor and an inert carrier gas (X) in the flow tube, andDNH3-H2O

andDNH3-X are the binary diffusion coefficients for NH3(g) with
water vapor and the inert gas, respectively. The values for binary
gas-phase diffusion coefficients used in eq A-1 were calculated
using CHEMKIN.50 The program uses the following input
parameters for NH3(g): Lennard-Jones potential well depth (ε/
kB ) 481.0 K), Lennard-Jones collision diameter (σ ) 2.920
Å), dipole moment (µ ) 1.470 D), and rotational relaxation
collision number (Zrot ) 10.00).

In units of atm cm2 s-1, at 298 K, the calculated binary
diffusion coefficients areDNH3-H2O ) 0.215,DNH3-He ) 0.901,
DNH3-Ne ) 0.417, DNH3-Ar ) 0.233, DNH3-Kr ) 0.184. The
diffusion coefficients with rare gases vary approximately as T1.7,
while DNH3-H2O varies as T2.0.

Figure 1a and b illustrate the nature of gas-phase diffusion
studies. Here the NH3(g) uptake, in the form ln(ng/ng′) is plotted
as a function ofcj∆A/4Fg, for 70 wt % H2SO4 at 250 K. The
results shown in Figure 1a and b were obtained with carrier
gases 4 Torr He and 23 Torr Kr, respectively. The other
conditions of the experiment were identical. The slopes of the
solid lines in the figure yield measured uptake coefficientsγmeas

) 0.74 at 4 Torr He, andγmeas) 0.06 at 23 Torr of Kr. Both
values extrapolate, via eq 4, toγo ) 1.

In Figure 7 we plot the uptake coefficientsγmeasas a function
of the Knudsen number, for NH3(g) obtained on 70 wt % H2SO4

at 250, 263, and 284 K. Each point on the curve was derived
from plots such as shown in Figure 1. The Knudsen number
was varied by changing the carrier gas (He, Ne, Ar, Kr) and its
pressure in the range 3-24 Torr. The Knudsen number range
was further extended by varying the orifice diameter. Orifices
of several diameters were used. For simplicity of display, we
will group them into two categories: 22-30µm (open symbols)
and 57-70 µm (closed symbols). In a given experiment, the
diameter of the orifice was determined from liquid flow rate
and droplet velocity measurements.51 The solid line in Figure
7 is the best fit to the Fuchs and Sutugin25 equation (eqs 4 and
5) yielding γo ) 1.02 ( 0.04. The diffusive process is
independent of droplet diameter with the best fit obtained atdf

) 2.0(( 0.1)do, wheredo is the orifice diameter. This is in good

agreement with the earlier result of Worsnop et al.24 Such Fuchs
and Sutugin plots (γmeas vs Kn) were obtained for all the
temperatures and sulfuric acid concentrations studied, confirm-
ing our treatment of gas-phase diffusion forγo in the range 0.3
to 1. Previous studies demonstrated the validity of our gas
transport calculation at lower values ofγo. As noted in the text,
uptake rates were then reported asγo values obtained fromγmeas

values via eqs 4 and 5.
Figure 7 demonstrates the applicability of the Fuchs and Sutu-

gin formulation to the droplet train for a wide range of Knud-
sen numbers, gas mixtures, and uptake coefficients up toγo )
1. The data confirm that gas-phase diffusive transport to a stream
of fast moving droplets can be formulated in terms of an ef-
fective diameter which depends not on the diameter of the drop-
let but rather on the diameter of the droplet-generating orifice.
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