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Abstract
The evaporation of submicrometer ammonium nitrate (NH NO ) aerosol coated with an organic "lm was measured


in order to determine the e!ect of the "lm on mass transfer rate and equilibration time of the semi-volatile inorganic.
Ammonium nitrate (NH NO ) particles 100}200 nm in diameter were coated with dioctyl phthalate (DOP) and allowed


to evaporate in a constant temperature laminar #ow reactor. Evaporation rates for the organic-coated particles were
compared to pure ammonium nitrate evaporation at 22 and 273C. A decrease, up to 50%, in NH NO evaporation rate


due to the presence of the DOP "lm was observed. The decrease in evaporation due to the DOP can be described
mathematically at 223C by a decrease in the accommodation coe$cient for NH NO , a   , from 0.4 (the pure

 ,& ,NH NO value) to 0.25 for the DOP-coated NH NO Similarly, at 273C, a decrease in a   from 0.3 for the pure




,& ,NH NO to 0.25 for the DOP-coated particles was estimated. The decrease in evaporation rates can also be explained


by a decrease in NH NO e!ective di!usivity. The implications to NH NO formation and evaporation in the




atmosphere are discussed.  2000 Elsevier Science Ltd. All rights reserved.
Keywords: Atmospheric aerosol; Organic aerosol; Organic "lms; Equilibrium timescale

1. Introduction
Ammonium nitrate (NH NO ) aerosol is formed from


the reaction of gas-phase ammonia and nitric acid and
may comprise as much as 30% of the "ne aerosol mass
(Wexler and Seinfeld, 1990). Under typical atmospheric
conditions, NH NO is volatile and the equilibrium


assumption has been traditionally used to model its concentrations in the atmosphere (Basset and Seinfeld, 1984;
Hildemann et al., 1984; Bai et al., 1995). However, this
assumption relies on the rapid mass transfer of HNO

and NH between the aerosol and the gas phase. Dassios

and Pandis (1999) proposed that this assumption is valid
for pure submicrometer NH NO particles. Their


measurements took into account the dependence of
NH NO evaporation on temperature, relative humid
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ity, gas-phase concentrations, the Kelvin e!ect, and mass
accommodation. However, mass transfer of NH NO


can be potentially hindered by other factors, such as
surface or "lm e!ects, which have not been addressed
previously. This study focuses on the e!ect of an organic
"lm on the evaporation rate of NH NO aerosol under


similar conditions to those measured by Dassios and
Pandis (1999).
Typically, organic species represent 25}65% of the "ne
aerosol mass, where NH NO is mostly found (Wol!


et al., 1991; Sloane et al., 1991; Chow et al., 1994; Turpin
and Huntzicker, 1991; Turpin et al., 1991). Of these
species, up to 70% can be secondary organic, particularly
during heavy smog episodes. Since secondary organic
species are formed from the condensation of low-volatility products of the photooxidation of primary hydrocarbons, the formation of secondary organic "lms on
preexisting atmospheric aerosol is possible (Gill et al.,
1983). Organic "lms could also be formed by primary
organic species during the atmospheric processing
(e.g. cloud processing, relative humidity cycling, etc.) of a
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particle containing both organic and inorganic components (Gill et al., 1983; Ellison et al., 1999). The e!ect of
organic "lms has been mostly addressed in studies investigating aerosol water absorption, aqueous droplet evaporation, and cloud condensation nuclei (Andrews and
Larson, 1993; Hameri et al., 1992; Shulman et al., 1997;
Xiong et al., 1998; Cruz and Pandis, 1998). However,
little is known about the e!ect of organic "lms on the
evaporation of semi-volatile inorganic aerosol such as
NH NO .


In this study the evaporation of NH NO aerosol


coated with dioctyl phthalate (DOP) is measured at 22
and 273C. The results are compared to pure NH NO


aerosol evaporation and to the theory developed by
Dassios and Pandis (1999). DOP was chosen as the
surrogate organic to model organic "lms that might
hinder the mass transport of the inorganic core species
during evaporation. This compound was chosen due to
its hydrophobicity, high molecular weight, propensity to
form uniform "lms, and other properties that make it
a good model for organic "lm studies (Ziemann and
McMurry, 1998; Liang et al., 1997; Cruz and Pandis,
1998). DOP is condensed on the NH NO aerosol and


the coated particles are allowed to evaporate in a temperature-controlled laminar #ow reactor. The coating process and evaporation measurements are described below.

2. Experimental
The experimental setup used in this study is shown in
Fig. 1. The main components include the particle generation system, the organic coating system, the constant
temperature laminar #ow reactor, and the particle sizing
system. The function of these components is described
below. The tandem di!erential mobility analyzer
(TDMA) setup and laminar #ow reactor used to measure
NH NO evaporation are described in detail in Dassios


and Pandis (1999). The latest addition to the system
consists of a particle coating system as described in Cruz
and Pandis (1998).
2.1. Particle generation
The NH NO particles are formed from the atom

ization (constant output atomizer 3076; TSI, Inc.) of
a double de-ionized water}NH NO solution (1 wt%)


fed by a syringe pump. The aerosol is then dried in the
di!usion dryer at RH(6%. This low relative humidity
is maintained throughout the experimental system.
The dry NH NO particles then enter the neutralizer


where they are exposed to a Kr-85 bipolar source and are
allowed to reach a nearly Boltzmann distribution of
charges. The dry charged NH NO aerosol then enters



Fig. 1. TDMA experimental setup.
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the "rst di!erential mobility analyzer (DMA1; electrostatic classi"er 3071A, TSI Inc.) where a nearly monodisperse distribution of particles is generated by selecting
the corresponding voltage for the desired peak diameter.
The initial diameters used in these experiments were 100,
120, 140, 180, and 200 nm. This diameter range allows
#exibility for observing evaporation for a greater range of
temperatures, given that NH NO particles of these


sizes will not evaporate completely for T(303C during
the residence time of interest (Dassios and Pandis, 1999).
The monodisperse NH NO aerosol distribution can


either bypass or enter the organic coating system depending on whether pure or coated NH NO evaporation is


being measured. If the NH NO particles are coated


with DOP, (NH ) SO aerosol must be used to measure
 
the thickness of the organic "lm during condensation
because it does not evaporate as is the case with
NH NO . This procedure is described in the following


sections.
2.2. Organic xlm coating
Filtered dry air is allowed to pass through a stainlesssteel heating coil (¹ '503C) and then through the

glass saturator containing the desired organic for coating. In the case of this experiment, the coating organic is
DOP. The saturator bottle "lled with DOP is kept in
a constant temperature water bath at T"903C. The
organic-saturated air is then mixed with the monodisperse NH NO aerosol exiting DMA1 and the mixture


is then allowed to enter the laminar #ow reactor. The
organic "lm thickness depends on the mixing ratio of
organic-saturated air to aerosol #ow rate and can be
varied by changing these #ows. Fig. 2 shows the organic
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"lm coating results for a representative experiment.
A "lm of roughly 10 nm thickness is created by the time
the particles reach point A in the reactor, while at point
D the "lm has grown an additional 4 nm. Once the
organic "lm thickness is set by controlling the individual
#owrates, the "nal distribution shows a variability of less
than 5% in "nal particle diameter and of less than 10%
in total number concentration during each experiment,
which indicates that the system is stable. Using the
amount of DOP condensed on the particles one can
estimate the vapor pressure of DOP in the gas phase
during the coating stage to be of the order of 10\ Pa.
This is of the same order of magnitude as the concentrations of semi-volatile organic compounds in the
atmosphere (Seinfeld and Pandis, 1998).
2.3. Constant temperature laminar yow reactor
The laminar #ow reactor is a 2.54 cm i.d. SS tube of 4 m
in length. The reactor is kept at constant temperature by
a heating/cooling water jacket, which is controlled by a
constant temperature water bath. There are four sampling
ports on the reactor, which are located at 1 m intervals
from the inlet. The sampling ports are labeled as A (1 m),
B (2 m), C (3 m), and D (4 m) (Fig. 1). These sampling
ports allow for variation in reactor residence time and
intermediate measurements of particle size change during
the evaporation experiments. The temperature control
system allows only a$0.13C variance in temperature as
observed from measurements along the "ve sampling
ports, thus validating the assumption of isothermal conditions during evaporation (Dassios and Pandis, 1999).
2.4. Particle sizing
The particle sizing system consists of DMA2 and the
condensation particle counter (CPC, 3010 TSI, Inc.;
scanning mobility particle sizing system (SMPS) 3934
TSI, Inc). The particle distributions can be measured at
any of the reactor sampling ports as well as before and
after the reactor. Total distribution sampling times can
be between 1 and 6 min. Accurate and repeatable results
were observed with sampling times of 3 min.
2.5. Procedure

Fig. 2. Sample (NH ) SO size distributions as measured by
 
SMPS before and after condensation of DOP. The initial uncoated distribution shown has a peak diameter of 105 nm, while
the DOP-coated distributions have a "lm thickness of 9 nm at
reactor sampling port A and a "lm thickness of 13 nm at sampling port D.

The main goal of this study is to determine the e!ect of
an organic "lm on NH NO evaporation. Given that


condensation of the organic "lm and evaporation of
NH NO occur simultaneously within the reactor, one


needs to determine which portion of the change in size
is due to evaporation of the inorganic core and which is
due to condensation of the organic "lm. To decouple
these two processes, a control experiment using a nonvolatile inorganic core (e.g. (NH ) SO ) is performed to
 
determine the mass change due to the organic "lm
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condensation. A monodisperse distribution of (NH ) SO
 
is used to measure the amount of organic mass deposited
on the particles due to condensation of the organic "lm.
Fig. 3 illustrates the changes in diameter that occur for
(NH ) SO and NH NO particles during coating/
 


evaporation. The (NH ) SO particles continue to grow
 
due to DOP condensation until they reach equilibrium
between sampling ports A and B. The NH NO par

ticles, however, evaporate as well as grow due to DOP
condensation, resulting in a net loss of NH NO mass


(Fig. 3). The DOP volume gained due to condensation of
the "lm can be determined from the (NH ) SO experi 
ments. As a "rst-order approximation, because of the
small di!erence in size between the NH NO and


(NH ) SO particles, we assume that the same mass
 
condensed on both particles. Also, this experiment assumes that DOP shows no preference for condensing on
(NH ) SO or NH NO , thus condensing equally on
 


both substrates. This assumption is consistent with the
results of Cruz and Pandis (1999), who did not observe
any preference for the condensation of DOP on a number of di!erent inorganic and organic aerosol particles
under similar conditions. Thus, the DOP volume is subtracted from the NH NO /DOP particle volume in or

der to calculate the real NH NO volume change due to


evaporation. Evaporation rates for NH NO are deter

mined for the last 3 m of the reactor, between sampling
ports A and D, in order to minimize the e!ects of simultaneous condensation and evaporation during an experiment. Sampling port A is chosen over port B as the initial
point, in order to maximize residence time and increase

the likelihood of measuring signi"cant changes in diameter due to evaporation.
The mass of NH NO evaporated between sampling


ports A and D, *M   , is determined from
,& ,*M   "(<   !<  " )o  
,& ,,& ,,& ,,& ,-

where <   and <  " are the volumes of
,& ,,& ,NH NO in the particle at sampling ports A and D,


respectively, and o   is the density of NH NO . In
,& ,

order to calculate the values for <   and
,& ,<  " for the coated particles, a complete series of
,& ,measurements for a full experiment at a given temperature and residence time consists of the following steps:
1. Measurement of size of the (NH ) SO particles coated
 
with DOP at sampling port A. The measurements are
performed at the 1 m sampling port to quantify the
amount of DOP condensation between DMA1 and
the sampling port A, <  :
"-.
<  "nD,&1-\"-. !nD,&1-   .
"-.
 
 

(2)

Eq. (2) describes how the "nal diameters measured at
, are used to calculate
port A, D
,& 1- \"-.
<  This measurement with (NH ) SO is per"-.
 
formed once the coating system and reactor temperatures are stable. Also, <  will be used to calculate
"-.
the initial amount of NH NO in the particles at


port A.
2. Measurement of size of the NH NO particles coated


with DOP at sampling port A. The measurements for
the same initial particle diameters are repeated for
NH NO particles at the 1 m sampling port, in order


to measure the corresponding diameter for the
NH NO -DOP particles, D  
:


,& ,- U"-.
<   "nD,&,-U"-. !<  .
,& , 
"-.

Fig. 3. Measured peak diameters for (NH ) SO and
 
NH NO along the reactor during a typical experimental run.


The (NH ) SO particles grow due to DOP condensation,
 
which occurs primarily in the "rst third of the reactor volume.
This pro"le is used to calculate the amount of DOP condensed
on the NH NO distribution. The NH NO particles are




shown to grow due to DOP condensation and shrink due to
NH NO evaporation, thus having a smaller "nal diameter.



(1)

(3)

This is done to correct for evaporation of NH NO


between DMA1 and sampling port A, in order to
calculate the initial mass of NH NO for evaporation


between sampling ports A and D (Eq. (3)).
3. Measurement of size of the (NH ) SO particles coated
 
with DOP at sampling port D. The "nal (NH ) SO
 
diameters after DOP condensation are used to determine the volume change, < " , by the time they reach
"-.
the reactor outlet (Eq. (4)). From this value, it is
possible to determine how much DOP has condensed
on the particles between sampling ports A and
D (< " !<  ), which may be used to derive com"-.
"-.
plete condensation rate pro"les for the system if necessary:
< " "nD,&1-U"-." !nD,&1-  
"-.
 
 

(4)

4. Measurement of size of the NH NO particles coated


with DOP at sampling port D. The measurements for
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the same initial particle diameters above are repeated
for NH NO in order to measure the corresponding


"nal diameter for the NH NO }DOP particles,


D  
. This "nal diameter is then used to
,& ,- \"-."
calculate the "nal volume of the NH NO core after


evaporation by
(5)
<  " "nD,&,-U"-." !< " .
 
"-.
,& ,Therefore, by measuring "nal diameters for the coated
(NH ) SO and NH NO particles at two points in the
 


reactor, <   and <  " can be calculated and
,& ,,& ,a *M   value can be obtained. The above procedure
,& ,was repeated for NH NO and (NH ) SO initial par

 
ticle diameters ranging from 100 to 200 nm at 22 and
273C. The residence time for evaporation is determined
by the #owrate through the reactor and was set to be 21 s
for all coated measurements.

3. Theory
The theoretical expression which describes the evaporation rate of an NH NO particle is (Dassios and Pan

dis, 1999)

3901

is a parameter that describes the kinetic limitations to
mass transfer. Dassios and Pandis (1999) measured
a   values for the evaporation of pure NH NO


,& ,ranging from 0.8 to 0.5$0.2 as temperature increases
from 20 to 273C. In this study, the theory presented
above is used to analyze the coated NH NO evapor

ation experiments in order to determine any change in
evaporation e$ciency due to the presence of the organic
"lm.

4. Results
The results for the evaporation of pure and DOPcoated NH NO at 273C are presented in Fig. 4. The


average DOP "lm thickness for the experiments at 273C
was 14$3 nm, and was maintained constant with size.
At this temperature, the fraction of NH NO that evap

orates for the pure experiment decreases from 0.72 to 0.42
with increasing particle diameter between 100 and
200 nm (Fig. 4). In the case of the DOP-coated particles,
the mass loss upon evaporation drops more sharply with
size, from 0.84 to 0.22 for the same range of sizes. This

dD
= [b!(c#4D  D  F(Kn  )F(Kn  )K(¹, H)exp(a)]
 "2
&,- ,&
&,,&
MW   ,
,& ,dt
oD
=


4pt
a"
,
R¹D

b"D  C  F(Kn  )#D  C  F(Kn  ),
&,,& ,&
,&
&,- &,c"[D

C F(Kn  )!D  C  F(Kn  )],
&,- &,-
&,,& ,&
,&

(6)

where D is the NH NO particle diameter, W is the wet



mass of the particle at a given relative humidity, = is

the dry particle mass, D is the di!usivity of species i,
G
K(¹, RH) is the equilibrium constant for NH NO


(Mozurkewich, 1993; Ansari and Pandis, 1999), C is the
G
bulk gas-phase concentration of i, o is the particle density, p is the particle surface tension, t is the particle
molecular volume, and R is the gas constant. The corrections for transition regime mass transfer by Fuchs and
Sutugin (1971) are also incorporated in the theory as
1#Kn
G
F(Kn )"
,
G
1#0.3773Kn #1.33Kn (1#Kn )/a
G
G
G G
(7)
2j
Kn " G .
G D

This expression contains the Knudsen number for the
particle, Kn , as well as the mean free path, j , and the
G
G
accommodation coe$cient, a , for the evaporating speG
cies. The a   is de"ned as the probability that an
,& ,evaporating molecule of NH NO will leave the particle


surface instead of returning to the surface. In e!ect, it

trend was also observed at 223C, where the NH NO


mass loss upon evaporation decreases from 0.56 to 0.32
for the pure particles and from 0.62 to 0.23 for the
DOP-coated particles with increasing initial NH NO


diameter. The measurements at 223C had an average
DOP "lm thickness of 10$2 nm. In general, the fraction
of NH NO mass lost due to evaporation is decreased


by the presence of the DOP "lm. The DOP coating e!ect
on the NH NO mass loss appears to be dependent on


size. That is, the DOP is more e$cient in decreasing the
evaporation rate for the larger particles ('150 nm).
Since the DOP "lm thickness was maintained constant with particle size, this alone cannot explain the
observed size dependence of the reduction in NH NO


evaporation.
In an attempt to quantify the observed e!ect of the
DOP "lm, the mass transfer theory presented in the
preceding section can be used (Eqs. (6) and (7)). Given
that the pure and DOP-coated experiments were conducted under the same conditions in terms of temperature,
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Fig. 4. Measured fraction of NH NO mass lost due to evapor

ation, *M   /M     , versus initial NH NO peak dia,& ,,& ,

meter. Results are shown for pure and DOP-coated NH NO


particles at 273C and a residence time of 21 s. The error bars
indicate the uncertainty in *M   as calculated from the
,& ,measured diameters.

relative humidity, residence time, and concentrations,
the "rst parameter to address is the accommodation coe$cient for NH NO . The theory does not explicitly


account for the additional mass transfer resistance presented by the organic "lm. Neglecting the "lm thickness
for the time being, the e!ect can be approximated as
a surface change and modeled with the same accommodation coe$cients. For the analysis, the "nal and initial
V   values measured from Eqs. (3) and (5) were
,& ,converted to NH NO particle diameters before


and after evaporation. Using Eqs. (6) and (7) the
a   values necessary to model the NH NO evapor,& ,

ation observed experimentally can be calculated for the
initial and "nal diameters. The results are presented in
Figs. 5 and 6 for the two experimental temperatures. At
223C, the average a   for pure NH NO evapor,& ,

ation is 0.4 while the DOP-coated NH NO evapor

ation is best described by an average a   of 0.25 (Fig.
,& ,5). The di!erences in evaporation between the coated and
pure NH NO particles were statistically signi"cant at


the 95% con"dence interval for particles larger than
120 nm. Similarly, at 273C, a decrease in a   from 0.3
,& ,for the pure experiment to 0.25 is observed for the DOPcoated experiments (Fig. 6). Even though the decrease in
average a   due the DOP seems less evident at 273C,
,& ,the dependence in diameter is more observable and
a   values as low as 0.16 are observed. Dassios
,& ,and Pandis (1999) reported a   values of 0.8$0.2
,& ,and 0.5$0.2 for pure NH NO evaporation at 20 and


273C, respectively. This indicates that our pure
NH NO evaporation measurements are in general


agreement with previous observations and that the
coated evaporation results are explained by an a  
,& ,value which is lower than those measured for the pure
NH NO in both studies. The observed dependance of



Fig. 5. Experimental results for NH NO evaporation at 223C.


The hollow squares represent the DOP-coated NH NO evap

oration experiments that are compared to the pure NH NO


evaporation (solid circles). The solid lines represent theoretical
predictions for evaporation using di!erent values of a   .
,& ,The error bars indicate the uncertainty in measured "nal diameters for the pure NH NO experiment and the uncertainty in


calculated "nal diameter for the coated NH NO particles.



Fig. 6. Experimental results for NH NO evaporation at 273C.


The hollow squares represent the DOP-coated NH NO evap

oration experiments that are compared to the pure NH NO


evaporation (solid circles). The solid lines represent theoretical
predictions for evaporation using di!erent values of a   .
,& ,The error bars indicate the uncertainty in measured "nal diameters for the pure NH NO experiment and the uncertainty in


calculated "nal diameter for the coated NH NO particles.



a   on size, which was also observed by Dassios and
,& ,Pandis (1999) is not easily explained by any available
theory.
4.1. Sensitivity analysis
The overall decrease in NH NO evaporation is


modeled by the theoretical framework presented as an
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increased kinetic limitation to mass transfer due to the
presence of the DOP "lm. Dassios and Pandis (1999)
conducted a sensitivity analysis in order to con"dently
conclude that the deviation from perfect evaporation
(a   1.0) in the pure NH NO experiments was real
,& ,- 


and not due to experimental error. The analysis included
looking at variations in temperature, surface tension,
di!usivity, and liquid water content in the particle. Overall, they concluded that the observed a   values were
,& ,di!erent from 1.0 and that other uncertainties in the
system could not account for the NH NO evaporation


rates observed. This exercise can be repeated for the
coated experiments in order to assess the contribution of
these parameters to the observed reduction in NH NO


evaporation. Given that the temperature variations and
the relative humidity (RH(10%) in our study were the
same as observed in Dassios and Pandis (1999), these
were not considered to be contributors to the measured
decrease in NH NO evaporation.


In order to examine the apparent size dependence of
the e!ect of the DOP "lm on NH NO evaporation, one


can look at parameters that a!ect mass transfer and have
a more direct e!ect on particle size. An example of such
a parameter is the surface tension, p, of the particle,
because it controls the Kelvin e!ect which is size dependent. The value for p used in the previous calculations
is 120 erg cm\ (0.12 J m\). This value was chosen by
Dassios and Pandis (1999) from a series of extrapolated
values available for NH NO (Stelson and Seinfeld,


1982; Mozurkewich, 1993; Wexler and Seinfeld, 1990).
The evaporation of NH NO was recalculated using


a di!erent value for the particle surface tension and for
the accommodation coe$cient values relevant to this
study. Even in the extreme scenario that the DOP "lm
decreases the surface tension of the particle from that of
pure NH NO to that of pure DOP (33 erg cm\) (Tao


and McMurry, 1989), there is no detectable e!ect on the
"nal diameter after evaporation. For example, a 200 nm
NH NO particle which is predicted to evaporate to


a "nal diameter of 152.6 nm after 21 s will actually evaporate to 153.5 nm assuming a lower surface tension (assuming T"273C, a   "0.5). Also, there was no
,& ,-
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observable size dependence on the amount of NH NO


evaporated from the particles assuming a lower surface
tension, beyond that which is normally observed in the
base case. For example, under the same conditions of the
previous case, a 100 nm NH NO particle would


be predicted to evaporate to 40.7 nm assuming p"
120 erg cm\ and to 43.7 nm if p"33 erg cm\. In other
words, a change in surface tension size due to the presence of the DOP does not capture the secondary dependence of evaporation on initial particle size which was
observed in our experiments (Figs. 5 and 6). Therefore,
the Kelvin e!ect alone cannot explain the decrease in
evaporation observed due to the DOP coating.
A size-dependant e!ective di!usivity for NH and

HNO , D , can be estimated which would model the
 
NH NO evaporation rates observed in the presence of


the DOP "lm. The D values quantify the net di!usion

of NH and HNO through the DOP "lm as well as into


the gas phase. These values were calculated by varying
D  and D  in Eq. (6) until achieving the evapor,&
&,ation rates observed experimentally. In all cases,
D  and D  are assumed to be equal. Table 1 is a
&,,&
summary of the D values necessary to reproduce the

evaporation rates observed for the DOP-coated
NH NO at 22 and 273C. The D values are calculated



for two assumptions of a   , 0.4 and 0.3, which cor,& ,respond to the values measured for pure NH NO evap

oration at 22 and 273C, respectively. No value is shown
for the 99.6 nm NH NO particle at 273C, because the


particle could not reach the "nal diameter observed experimentally in the given residence time (21 s) with a
lower di!usivity. The average D values calculated were

0.046 and 0.047 cm s\ for 22 and 273C, respectively
(Table 1). They can be compared with the values for
D  and D  in Eq. (6) which have been traditionally
&,,&
used in models for pure NH NO evaporation


(0.11 cm s\) (Dassios and Pandis, 1999; Wexler and
Seinfeld, 1992). This comparison indicates that the DOP
coating results in a decrease in NH NO di!usivity from


the particle by an average factor of 2.4. Given that the
"lm thickness was constant with size during the experiments, quantifying the observed decrease in NH NO



Table 1
E!ective di!usivity for DOP-coated NH NO particle evaporation


Initial diameter (nm)

D (cm s\), T"273C,

a   "0.3
,& ,-

Initial diameter (nm)

D (cm s\), T"223C,

a   "0.4
,& ,-

100
120
145
169
187
225

*
0.070
0.070
0.036
0.031
0.029

100
120
151
169
196
221

0.10
0.011
0.030
0.012
0.055
0.065

DOP "lm thickness is 14$3 nm for 273C and 10$2 nm for 223C experiments. This is not included in the initial diameter value.
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presence of the organic coating. Therefore, the equilibrium assumption for submicrometer particles appears to
remain valid when considering the possibility of organic
coatings similar to DOP.

5. Conclusions

Fig. 7. Predicted timescales of NH NO evaporation versus


initial particle diameter assuming the reduced a   measured
,& ,for the DOP-coated NH NO particles. Results for 22 and 273C


are shown.

evaporation as a decrease in overall di!usivity indicates
that NH and HNO di!usivities are a!ected by the


presence of the organic "lm. That is, the di!usivity of
NH and HNO through DOP is slow, thus resulting in


low values of D .

A rigorous interpretation of D requires developing

a new version of Eq. (6) which includes the DOP "lm.
This would allow some estimation of the di!usion of
NH and HNO through the DOP "lm. Also, the cal

culated values for D are size dependent and should not

be extrapolated to larger particle sizes and di!erent "lm
thicknesses than those presented in this study.
4.2. Implications to NH4 NO3 equilibrium timescales
The observed reduction in NH NO evaporation rate


for particles larger than 150 nm due to an organic coating
can a!ect the equilibration time for submicron atmospheric particles. Fig. 7 shows the predicted times for
evaporation of NH NO submicron particles, using the


reduced values of a   which were observed in the
,& ,DOP-coated experiments in Eqs. (6) and (7). The predicted times for evaporation indicate that for submicrometer particles, the equilibrium timescale is less than
approximately 30 min at 223C (Fig. 7). This represents
a small increase from the calculations for pure NH NO


evaporation by Dassios and Pandis (1999), which predicted an equilibrium time of less than 17 min for the
same particle size range. Likewise, the results at 273C
predict an evaporation time of less than 18 min for submicrometer organic-coated NH NO particles, which


represents only a 6 min increase in NH NO equilibrium


time over the pure particle, as predicted by Dassios and
Pandis (1999). For particles less than 0.7 lm, the equilibration time remains under 20 min at 223C, even with the

A small decrease in NH NO evaporation due to the


presence of the DOP "lm was observed at 22 and 273C.
The decrease in evaporation due to the DOP can be
parametrized by a decrease in the a   for pure
,& ,NH NO from 0.40 to 0.25 for the DOP-coated


NH NO at 223C Similarly, at 273C, a decrease in


a   from 0.30 for the pure experiment to 0.25 for the
,& ,DOP-coated experiments is estimated. Assuming these
values of a   for predicting evaporation times for
,& ,DOP-coated NH NO aerosol results in an increase in


equilibration time of only a few minutes (e.g., from 17 min
for a pure 1 lm NH NO particle to 32 min for an


organic-coated particles of the same size). Alternatively,
the observed decrease in NH NO evaporation can also


be explained by an e!ective di!usivity, D , which

ranges, depending on particle size, from 0.01 to
0.1 cm s\ for T"223C and from 0.03 to 0.07 cm s\
for T"273C. This is lower than the traditionally used
di!usivities for NH and HNO in air (0.11 cm s\).


Both models indicate that the DOP could inhibit the
mass transfer of NH NO between the gas and aerosol


phase, but the equilibration timescale for submicrometer
NH NO would still be of the order of minutes.


The results presented in this work are applicable to
nearly dry NH NO submicron aerosol coated with


organics similar to DOP. Since DOP is a liquid organic
which may form "lms over the core aerosol, other types
of coatings, such as solid or porous coatings, may show
a di!erent e!ect on the evaporation rate of NH NO .


Also, our results are applicable for an organic "lm thickness of approximately 10}15 nm. Finally, the e!ect of
water content must be further investigated as to determine the e!ect of organic coatings on the evaporation of
deliquesced NH NO particles, which would be relevant


to high relative humidity atmospheric conditions.
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