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Abstract

The mass transfer rate of pure ammonium nitrate between the aerosol and gas phases was quanti"ed experimentally by
the use of the tandem di!erential mobility analyzer/scanning mobility particle sizer (TDMA/SMPS) technique. Am-
monium nitrate particles 80}220 nm in diameter evaporated in puri"ed air in a laminar #ow reactor under temperatures
of 20}273C and relative humidities in the vicinity of 10%. The evaporation rates were calculated by comparing the initial
and "nal size distributions. A theoretical expression of the evaporation rate incorporating the Kelvin e!ect and the e!ect
of relative humidity on the equilibrium constant is developed. The measurements were consistent with the theoretical
predictions but there was evidence of a small kinetic resistance to the mass transfer rate. The discrepancy can be
explained by a mass accommodation coe$cient ranging from 0.8 to 0.5 as temperature increases from 20}273C. The
corresponding timescale of evaporation for submicron NH

4
NO

3
particles in the atmosphere is of the order of a few

seconds to 20 min. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Secondary inorganic aerosol (SIA) is formed in the
atmosphere by homogeneous and heterogeneous reac-
tions between gas-phase species. SIA consists mainly of
ammonium, nitrate and sulfate and typically comprises
25}50% of the "ne aerosol (Gray et al., 1986; Heintzen-
berg, 1989). Ammonium nitrate (NH

4
NO

3
) is a major

component of SIA and is formed from the reaction be-
tween gas-phase ammonia } coming mainly from ferti-
lizers, animals, and biological decay } and gas-phase
nitric acid. Ammonium nitrate typically accounts for up
to 10}30% of the "ne aerosol mass (Wexler and Seinfeld,
1990), even more in some areas of the Western US and
Northern Europe. A signi"cant fraction of the aerosol
NH

4
NO

3
is associated with particles 100}300 nm

in diameter (John et al., 1990). NH
4
NO

3
is volatile

under typical atmospheric conditions; it can evaporate
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producing NH
3

and HNO
3
. The process is described by

the reversible reactions

NH
4
NO

3
(s) Á NH

3
(g)#HNO

3
(g)

NH`
4
(aq)#NO~

3
(aq) Á NH

3
(g)#HNO

3
(g).

The direction of the reaction for pure ammonium
nitrate particles depends on the ambient temperature and
relative humidity. Those two factors determine the value
of the equilibrium constant and drive the reaction to
either the formation or evaporation of the particles. Am-
bient temperature and relative humidity values also spec-
ify the physical state of the NH

4
NO

3
particles that can be

either solid or liquid. NH
4
NO

3
particles in typical ambi-

ent temperatures deliquesce at around 60% relative hu-
midity but do not crystallize until relative humidity is
decreased to less than 10% (Ten Brink, personal com-
munication).

Several studies have theoretically described the
NH

4
NO

3
partitioning between gas and aerosol phases
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assuming thermodynamic equilibrium between the gas
and particulate phases (Tanner, 1982; Bassett and Sein-
feld, 1984; Hildemann et al., 1984; Chang et al., 1986;
Walter et al., 1990; Bai et al., 1995). This assumption
implies that the mass transfer rate is rapid enough com-
pared to the timescale of interest so that the gas-phase
concentrations of HNO

3
and NH

3
satisfy

c
NH3

) c
HNO3

"K(¹, RH),

where c
i

are the concentrations of species i"NH
3
,

HNO
3

and K(¹, RH) is the equilibrium constant for
ammonium nitrate, calculated as a function of ambient
temperature and relative humidity. This equation is ap-
plicable to pure ammonium nitrate particles. If sulfate or
other electrolytes are present, K depends in general on
their concentrations (Seinfeld and Pandis, 1998).

Field measurements of ammonia and nitric acid con-
centrations have in general supported the use of the
equilibrium assumption (Spicer, 1974; Russell et al., 1983;
Hildemann et al., 1984; Chang et al., 1986; Allen et al.,
1989). However, the few available laboratory measure-
ments of the NH

4
NO

3
evaporation rate have yielded

contradictory results. Most of these measurements sug-
gest that the NH

4
NO

3
evaporation rate is slower than

mass transfer theory predictions (Larson and Taylor,
1983; Richardson and Hightower, 1987; Harrison et al.,
1990). These discrepancies were reconciled by introduc-
ing the accommodation coe$cient, a, a kinetics-origin-
ating factor describing the interface limitations to the
mass transfer between the aerosol and gas-phases. The
coe$cient is yet not well understood; the process is be-
lieved to be inhibited by a resistance in transport of
molecules across the particle/air interface. When a is unity
there is no interfacial resistance. For "ne particles that are
in the kinetic and transition regimes, as a decreases surface
accommodation starts limiting the overall transport rate
(Seinfeld and Pandis, 1998). Our lack of understanding of
the mass accommodation coe$cient of semi-volatile aero-
sol species and especially ammonium nitrate is one of the
most important obstacles in simulating their atmospheric
concentrations (Wexler and Seinfeld, 1990).

Past experimental studies resulted in contradictory
results regarding the value of the accommodation coe$-
cient for ammonium nitrate. Larson and Taylor (1983),
using aqueous NH

4
NO

3
particles with a mass median

diameter of 400 nm, reported an accommodation coe$-
cient value of unity suggesting negligible resistance to
mass transport of ammonium nitrate from the aerosol to
the gas-phase. Richardson and Hightower (1987) mea-
sured changes in the size of NH

4
NO

3
particles at low

RH. They reported an evaporation rate 50 times lower
than predicted and estimated accommodation coe$cient
values decreasing from 0.02 to 0.004 during the 4 h of
their evaporation experiment. Harrison et al. (1990) mea-
sured the evaporation of NH

4
NO

3
aerosol particles at

relative humidities of 97 and 30}60%, respectively. They
reported that particles at low RH evaporate at a constant
rate suggesting the probable existence of some kinetic
constraint. Kirchner et al. (1990) used a technique involv-
ing a liquid jet technique to measure the absorption rates
and, hence, mass accommodation coe$cients of HCl,
HNO

3
and N

2
O

5
vapors on aqueous particles. The trace

gases were introduced in a vertical #ow tube with a
known initial concentration where they are absorbed on
the jet surface and di!used further into the liquid. The
concentration of the trace gases after approximately 1 ms
was measured to determine the extent of absorption and
compare with theoretical predictions. They reported an
accommodation coe$cient greater than 0.01 for HNO

3
with their results showing negligible dependence on RH.
Bergin et al. (1997) combined their light scattering coef-
"cient measurements of ammonium nitrate aerosol with
an evaporation model and reported an accommodation
coe$cient value close to unity. Their use of particles
larger than 300 nm and the small evaporation of the
particles resulted in signi"cant uncertainty of the deter-
mined coe$cient.

The above available information on NH
4
NO

3
accom-

modation coe$cient values is contradictory. At this time,
aerosol models that require input of a value for this
accommodation coe$cient use values ranging from 0.001
to 1 (Wexler and Seinfeld, 1992; Meng and Seinfeld,
1995). A value of 0.01 was recently used in the Eulerian
model of Meng et al. (1998). We need to decrease the
uncertainty surrounding the NH

4
NO

3
mass accommo-

dation coe$cient and its timescale of evaporation. Our
approach will be to measure the size changes of evaporat-
ing ammonium nitrate particles at relative humidities as
low as 10% where the particles are almost completely
dehydrated. We use sensitive measurement techniques
that enable us to examine particles in the lower end of the
transition regime and compare the results with an up-
dated theoretical model.

2. Theory

In this section, we derive an expression for the reduc-
tion in diameter of an ammonium nitrate particle evapor-
ating in a constant temperature, relative humidity, and
background HNO

3
(g) and NH

3
(g) concentrations en-

vironment. We assume that particles produced upon
drying of droplets of ammonium nitrate solutions are
spherical (Leong, 1981). An NH

4
NO

3
particle introduced

in a low NH
3
/HNO

3
gaseous concentrations environ-

ment evaporates as the aerosol attempts to equilibrate
with its surroundings. Neglecting latent heat e!ects and
assuming dilute conditions, the di!usive molar #ux in
moles s~1 is (Seinfeld and Pandis, 1998):

J
i,R1

"!4pR
1
D

i,!*3
F(Kn

i
, a

i
)(c=

i
!c

i
), (1)
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dD
1

dt
"2

=

=
0

Cb!Sc#4D
HNO3

D
NH3

F(Kn
HNO3

)F(Kn
NH3

)K(¹, RH) expA
2pt

l
R¹R

1
BD

oD
1

MW
NH4NO3

. (9)

J
NH4NO3,R1

"2pR
1Cb!Sc#4D

HNO3
D

NH3
F(Kn

HNO3
)F(Kn

NH3
)K(¹, RH) expA

2pt
l

R¹R
1
BD (5)

where R
1

is the particle radius, D
i,!*3

is the di!usivity of
gas i(i"NH

3
, HNO

3
) in air, c=

i
and c

i
are the concentra-

tions of the species far from and at the particle surface,
respectively, Kn

i
"j

i
/R

1
is the Knudsen number and j

i
is the mean free path of gas i molecules. F(Kn

i
, a

i
) is the

correction term for the kinetic and transition regime.
Fuchs and Sutugin (1971) proposed the following expres-
sion

F(Kn
i
)"

1#Kn
i

1#0.3773Kn
i
#1.33Kn

i
(1#Kn

i
)/a

i

, (2)

where a
i
is the mass accommodation coe$cient for gas i.

For the purposes of this study we assume that a
NH3

"

a
HNO3

"a
NH4NO3

"a, e!ectively using the accomodation
coe$cient as a parameter to describe limitations to mass
transfer.

A modi"ed Kelvin equation can be used to account for
the vapor pressure increase over the curved particle sur-
face (Appendix A). The equilibrium condition, corrected
to account for particle curvature, will then have the form

c
NH3

c
HNO3

"K(¹, RH)expA
2pt

l
R¹R

1
B, (3)

where p is the surface tension and t
l
is the molecular

volume of the particle.
At the particle surface, thermodynamic equilibrium is

assumed to hold (Eq. (3)). The characteristic time to
achieve equilibrium at the gas}particle interface is of
the order of 10~5 s, four orders of magnitude less than
the timescale of interest } a few seconds (Seinfeld and
Pandis, 1998).

Stoichiometry indicates a 1 : 1 : 1 molar ratio of pro-
duction of gaseous HNO

3
and NH

3
to consumption of

NH
4
NO

3
during evaporation, or

!J
NH3,R1

"!J
HNO3,R1

"J
NH4NO3,R1

, (4)

where J
j,R1

are the molar #uxes of j"NH
3
, HNO

3
,

NH
4
NO

3
at the particle surface.

Equating the two #uxes for the gaseous species as
calculated from (1) and combining them with the equilib-
rium condition (3) one gets the transition-regime Kelvin-
e!ect-corrected rate of evaporation of ammonium ni-
trate:

where b and c are given by

b"D
HNO3

c=
HNO3

F(Kn
HNO3

)#D
NH3

c=
NH3

F(Kn
NH3

), (6)

c"[D
HNO3

c=
HNO3

F(Kn
HNO3

)!D
NH3

c=
NH3

F(Kn
NH3

)]2, (7)

and are zero in a puri"ed air system. A similar expression
without the Kelvin e!ect has been proposed by Wexler
and Seinfeld (1990).

In order to convert the evaporation rate to a rate of
change in size we use the mass balance for the particle

d

dt Ao
4

3
pR3

1B"
=

=
0

J
NH4NO3,R1

MW
NH4NO3

(8)

where MW
NH4NO3

is the molecular weight of ammonium
nitrate, o is the particle density, = is the mass of the
particle at the relative humidity of interest, and=

0
is the

dry NH
4
NO

3
particle mass. =/=

0
can be calculated

using an atmospheric aerosol thermodynamics model
(Ansari and Pandis, 1999) versus relative humidity. Fi-
nally, the rate of change in particle diameter due to
evaporation is

Use of this expression requires the value of K(¹, RH)
which can also be estimated based on the model of Ansari
and Pandis (1999).

2.1. Ammonium nitrate thermodynamics

Several expressions have been proposed for the dis-
sociation constant of solid ammonium nitrate, K(¹), (Eq.
(3)) and its dependence on temperature and relative
humidity; the most frequently used ones are depicted in
Fig. 1. The discrepancies suggest that theoretical models
using di!erent forms of K(¹) can lead to di!erent esti-
mates of the evaporation rate. The expression proposed
by Mozurkewich (1993) will be used here because it
reproduces better the available measurements of Tang et
al. (1981) for the (NH

4
)
2
SO

4
}NH

4
NO

3
system (Ansari

and Pandis, 1999), it uses updated thermodynamic data,
and represents, in a sense, the average of the published
equilibrium constants.

Recent experimental studies have shown that the crys-
tallization RH of aqueous ammonium nitrate particles is
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Fig. 1. Proposed forms of the dissociation constant of solid NH
4
NO

3
as a function of temperature.

very low. It has been shown (Ten Brink, personal com-
munication) that at relative humidity as low as 10%,
NH

4
NO

3
particles are still supersaturated aqueous solu-

tions as a result of the hysteresis phenomenon. Models
that describe the evaporation of particles that have been
generated upon drying of an ammonium nitrate solution
droplet should account for the presence of a super-
saturated aqueous solution instead of a dry aerosol.

For a dry NH
4
NO

3
particle, the dissociation constant

remains the same for relative humidities less than the
deliquescence relative humidity (approximately 60% for
NH

4
NO

3
at the temperature range of interest). However,

for a supersaturated liquid NH
4
NO

3
particle the gas-

phase ammonia and nitric acid concentration product at
the particle surface increases as relative humidity de-
creases below 60%. Fig. 2 shows the estimated dissocia-
tion constant for a wet NH

4
NO

3
particle as a function of

relative humidity at various temperatures using the
Gibbs free energy minimization model (GFEMN) of
Ansari and Pandis (1999). One should note the discrep-
ancy between the values of the dissociation constant for
the wet- and dry-particle cases. For example, at 40% RH
and 253C (Fig. 2), the `drya and `weta dissociation con-
stant values di!er by 45%. Thermodynamic data is avail-
able for the relative humidity range 40}94% and values
below 40% are based on approximations for the dissocia-
tion constant.

3. Experimental

The technique used for measuring the change in size of
the NH

4
NO

3
particles is the tandem di!erential mobility

analyzer (TDMA) (Liu et al., 1977; Rader and McMurry,
1986). The experimental setup consists of two di!erential
mobility analyzers (DMAs, TSI Inc., model no. 3071)
working in series, an NH

4
NO

3
particle generator and an

evaporator (Fig. 3). Ammonia and nitric acid vapors are
removed from the air stream using packed beds of citric
acid and sodium bicarbonate. The NH

4
NO

3
solution is

initially atomized and a polydisperse water droplet distri-
bution is generated. The particles are then dried in a silica
gel dryer. The aerosol is next introduced into the "rst
DMA (or DMA-1). A neutralizer applies an equilibrium
bipolar charge on the particles and the DMA selects
particles of a certain electrical mobility. Because the
aerosols used in these experiments are smaller than
200 nm, practically all of the selected particles have a unit
charge and thus have the same size. In that way DMA-1
transforms a polydisperse aerosol to a nearly monodis-
perse one with a known diameter.

The monodisperse aerosol is then introduced into
a laminar #ow reactor where particles are allowed to
evaporate in an ammonia-, nitric acid-, organics-free
environment at low relative humidity (around 10%). The
4-m long reactor (evaporator) consists of two concentric
cylinders. A constant temperature bath is used to circu-
late water through the outer cylinder whereas the aerosol
#ows in the inner tube that is 2.54 cm in diameter. The
aerosol stream is mixed with a puri"ed air#ow before
entering the evaporator, heated to the same temperature
as the outside water in order to provide isothermal con-
ditions throughout the process. An average residence
time of 30 s is used in most experiments. Downstream the
evaporator particles from the centerline streamlines are
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Fig. 2. Predicted equilibrium constant (K"[NH
3
(g)][HNO

3
(g)]) for aqueous NH

4
NO

3
solutions as a function of RH and temper-

ature. Solid lines are the results of the GFEMN model (Ansari and Pandis, 1999) whereas dashed lines are extrapolations for the low RH
range. The dotted line represents K(¹) for a dry particle at 253C below its DRH.

Fig. 3. TDMA/SMPS experimental setup. Laminar #ow conditions apply throughout the process including inside the DMAs.

introduced in a scanning mobility particle sizer system
(SMPS, TSI Model 3934) consisting of a second DMA
(DMA-2) and a particle counter (Condensation Nuclei
Counter, TSI Inc., Model 3010). DMA-2 scans the entire

voltage range and thus the "nal size distribution is mea-
sured.

Experiments were run for initial particle diameters in
the range of 80}220 nm and for temperatures in the range

K.G. Dassios, S.N. Pandis / Atmospheric Environment 33 (1999) 2993}3003 2997



Fig. 4. Results from experiments run at 213C. Circles represent the experimental measurements and error bars indicate one deviation
from the mean diameter observed. The solid line represents theoretical predictions for di!erent values of the accommodation coe$cient.

of 20}273C. To account for evaporation of the NH
4
NO

3
inside the DMAs and connecting tubing and discrepan-
cies between the two DMAs, calibration experiments
were run without the evaporator. The reduction in dia-
meter was found to be 2% or less. This change was then
used to correct the initial diameter during the main experi-
ments. The change in diameters reported in the following
sections have been corrected, and therefore correspond
to evaporation inside the laminar #ow reactor only.

4. Results

Results of evaporation experiments run at 213C are
presented in Fig. 4. Relative humidity in the evaporator
was measured to be around 10% for all experiments. At
this relative humidity, particles are still wet and the
corresponding values for the dissociation constant from
Fig. 2 are used in the theoretical model. The measure-
ments lie in the region de"ned by the two theoretical
predictions for accommodation coe$cient values of 1.0
and 0.6 (solid lines). The accommodation coe$cient
value that can best "t the results is around a"0.8. Also
plotted is the a"0.1 case that is clearly over-predicting
the observed "nal diameters at this temperature. Fig. 4
appears to indicate that the accommodation coe$cient
increases from 0.6 to 1.0 as the particle diameter increases
from 100}220 nm. However, such a dependence of the
accommodation coe$cient on size for such particles is
unreasonable. Uncertainties in the measurements,
transition regime theory, and parameters used are prob-
ably the cause for this apparent change.

Results for experiments at four temperatures in the
range 20}273C are presented in Fig. 5. Theoretical pre-
dictions in Fig. 5 are obtained using the best-"t accom-
modation coe$cient value for each temperature. These
values were calculated in the same way as in the 213C
case discussed above. Results indicate the general con-
sistency of the measurements with the mass transfer ex-
pression of Eq. (9) using a"0.5}0.8. Evaporation is
slower than what theory for a"1 predicts and a non-
unity accommodation coe$cient is necessary to describe
the observed evaporation rate. The measured accommo-
dation coe$cient appears to decrease with temperature
from 0.8 at 213C to 0.5 at 273C.

Fig. 6 depicts the a"1 case that frequently under-
predicts the results, especially for the "nal particle dia-
meters of less than 80 nm. These results illustrate the
sensitivity of our measurements to the accommodation
coe$cient value used.

These results are in quantitative agreement with the
suggestion of Clement et al. (1996), based on theoretical
arguments, that general values of accommodation coe$-
cients can di!er somewhat from unity but they should
not be much less than that in conditions and processes
having atmospheric relevance.

4.1. Sensitivity analysis and discussion

A number of uncertain parameters are used in our
theoretical model. These parameters could potentially
explain the apparent deviation of the measurements from
the theoretical (a"1) results. Their e!ects are discussed
below.
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Fig. 5. Experimentally observed vs. theoretically predicted values of the "nal diameter for the best-"t value of accommodation
coe$cient.

Fig. 6. Experimentally observed vs. theoretically predicted values of "nal diameter for the unity accommodation coe$cient case.

The equilibrium constant is a strong function of tem-
perature (Fig. 1). Any temperature gradient throughout
the process would in#uence our results. We have been
constantly measuring the temperature at "ve sampling
points throughout the evaporator and deviations of a
maximum of $0.13C were observed, proving the valid-
ity of isothermal conditions. We estimated that a reduc-
tion in K(¹, RH) by as much as a factor of four is
necessary to explain the lower evaporation rates. For

example, at 253C, the wet-particle dissociation constant
used in the model is approximately 130 ppb2 and the
value that would match the results to the theory for
a unity accommodation coe$cient is 25 ppb2. This rela-
tively small sensitivity to K(¹, RH), is the result of the
square root dependence of the evaporation rate on
K(¹, RH) (Eqs. (5) and (9)). An error of approximately
2.53C is necessary and this possibility can therefore be
excluded. The dependence of the equilibrium constant on
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Table 1
Model sensitivity for the evaporation of a 160 nm particle at 233C

Parameter Value used Perturbed by E!ect on "nal diameter
(nm)

Surface tension, 120 #10% !0.4
(ergs cm~2) !50% #2.2

Di!usivity, 0.11 #10% !3
(cm2 s~1) !10% #3.7

=/=
0

1.05 (at 10%RH) #25% !2

Fig. 7. Estimated characteristic times for mass transfer of ammonium nitrate aerosol between the aerosol and gas phase for ambient
temperatures of 21, 25 and 273C.

RH is also uncertain, especially for this low RH region
(Fig. 2). However, the observations once more cannot be
explained by either small errors in RH or by the uncer-
tainty of the constant dependence on RH.

Non-zero gaseous concentrations of ammonia and ni-
tric acid can bring the system closer to equilibrium and
explain a slower evaporation rate. To verify the e$cient
removal of these species, we run additional experiments
with double pairs of air purifying "lters working in series
and we obtained the same results. Also, a mass balance
on the NH

3
and HNO

3
vapor accumulation during

evaporation showed their concentrations to be negligible.
The estimated concentration of the vapors produced
from the evaporation of NH

4
NO

3
are not su$cient to

slow down the rate of evaporation by more than a few
percent. Our results were also invariant to the number
of particles present proving that the gas-phase con-
centrations of NH

3
and HNO

3
produced during evapor-

ation have negligible in#uence on the evaporation
rate.

A sensitivity analysis of the model to parameters such
as the surface tension and the di!usivity is presented in
Table 1 for a 160 nm particle and a temperature of 233C.
Using a surface tension value even lower than that of
pure water fails to reproduce the "nal diameter observed.
A =/=

0
value corresponding to 50% RH still only

slightly a!ects the "nal diameter. The e!ect of these
parameters on the "nal diameter is minor and cannot
explain the deviations of measurements from the a"1
theoretical predictions.

For the case where particles are solid, the dissociation
constant for all temperatures is signi"cantly less than the
case we are examining, as previously discussed in the
thermodynamics section. The corresponding theoretical
driving force for evaporation is then too small and
cannot explain the observed evaporation rate. Only

3000 K.G. Dassios, S.N. Pandis / Atmospheric Environment 33 (1999) 2993}3003



an accommodation coe$cient greater than unity can
match the measurements to theory in this case. This
provides indirect evidence that our particles were indeed
wet.

4.2. Timescale of evaporation

The characteristic time for the aerosol-to-gas phase
transport is of particular importance for understanding
the behavior of ammonium nitrate in our atmosphere.
The timescale of evaporation of an ammonium nitrate
particle of initial diameter R

1
can be computed using the

theoretical model with the measured values of the accom-
modation coe$cient at each temperature. This timescale
varies from a fraction of a second to several minutes, as
shown in Fig. 7. These values are in the low range of the
evaporation timescales calculated by Wexler and Seinfeld
(1992). Along with the accommodation coe$cient values,
these calculated timescales can be used in current aerosol
models to help better describe the dynamic transport of
ammonium nitrate between the gas and aerosol phases
(Meng and Seinfeld, 1995; Pandis et al., 1995). Aerosol
associated with the submicron size range can be con-
sidered to be in equilibrium with the gas-phase species
since the equilibration time of a few minutes is small
compared to other relevant timescales. For particles lar-
ger than 1 lm the timescale for equilibration is of the
order of an hour or more. For example, for a particle with
a diameter equal to 5 lm at 298 K, an equilibration
timescale of roughly 5 h is estimated. The assumption of
thermodynamic equilibrium will not be applicable in
general for the coarse-mode nitrate (Meng and Seinfeld,
1995). The calculated timescale is sensitive to changes in
temperature but not to relative humidity or gas-phase
concentrations.

5. Conclusions

We used the TDMA/SMPS system to measure the
change in diameter of ammonium nitrate aerosol that
evaporated for approximately 30 s in a pure-air environ-
ment at low RH. Relative humidity was measured to be
around 10%, and experiments were run for temperature
values in the range of 20}273C. The system showed a
dynamic behavior slightly slower than traditional non-
continuum regime mass transfer theory predictions. The
process of evaporation of ammonium nitrate aerosol
particles can be described by using a temperature-depen-
dent accommodation coe$cient varying from 0.8 to 0.5
in the temperature range of 20}273C.

The timescale for mass transfer and equilibration of
ammonium nitrate associated with the sub-micron ambi-
ent aerosol is estimated to be a few minutes. Particles
smaller than 100 nm in diameter can equilibrate in a few
seconds under typical temperatures. These results suggest

that submicron particles can be considered to be in
equilibrium with their gaseous precursors as the corre-
spondent timescale is very short compared to other at-
mospheric timescales of interest.

Our study focused on pure ammonium nitrate par-
ticles and did not consider other resistances to mass
transfer (organic "lms, `trappinga of NH

4
NO

3
inside the

particles, etc.) that could potentially slow down the
NH

4
NO

3
mass transfer in the ambient atmosphere.

These potential resistances will be the focus of additional
studies.
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Appendix A

Kelvin ewect

The change of Gibbs free energy accompanying the
formation of a single particle of pure ammonium nitrate
containing n molecules of the substance is

*G"n(g
4
!g

71
!g

72
)#4pR2

1
p, (10)

where g
4
is the Gibbs free energy of a NH

4
NO

3
molecule

in the solid phase, g
71

and g
72

are the Gibbs free energies
of HNO

3
and NH

3
molecules in the vapor phase and the

last term is the free energy associated with radius of
curvature R

1
and surface tension p.

The number of molecules in the particle, n, and the
drop radius are related by

n"
4pR3

1
3t

l

, (11)

where t
l
is the volume occupied by a molecule in the solid

phase. The change in Gibbs free energy, g, for a con-
stant-composition solid phase and isothermal conditions
is

dG"!

k¹

p
dp, (12)

k, p, ¹ denoting the Boltzmann constant, pressure and
temperature, respectively. By integration of (12) we get

g
4
!g

71
!g

72
"!k¹ ln

p#637%$
1
p&-!5
1

!k¹ ln
p#637%$
2
p&-!5
2

, (13)
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where p&-!5
i

is the vapor pressure of gas i over a #at surface
and p#637%$

i
is the actual equilibrium partial pressure over

the solid. Combining (10), (11) and (13) we get

*G"!

4pR3
1

3t
l

k¹ ln
p#637%$
1

p#637%$
2

p&-!5
1

p&-!5
2

#4pR2
1
p, (14)

*G is minimum at the point where

L*G

LR
1

"0 (15)

or at

RH
1
"

2pt
l

k¹ ln
(p#637%$

1
p#637%$
2

)

(p&-!5
1

p&-!5
2

)

. (16)

Rearranging, the Kelvin equation for ammonium ni-
trate is

c#637
HNO3

c#637
NH3

"c&-!5
HNO3

c&-!5
NH3

expA
2pt

l
R¹R

1
B. (17)
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