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Inhibition of efflorescence in mixed organic–inorganic particles

at temperatures less than 250 K
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It is now well recognized that mixed organic–inorganic particles are abundant in the atmosphere.

While there have been numerous studies of efflorescence of mixed organic–inorganic particles

close to 293 K, there are only a few at temperatures less than 273 K. Understanding the

efflorescence properties of these particles at temperatures less than 273 K could be especially

important for predicting ice nucleation in the upper troposphere. We studied the efflorescence

properties of mixed citric acid–ammonium sulfate particles as a function of temperature to better

understand the efflorescence properties of mixed organic–inorganic particles in the middle and

upper troposphere. Our data for 293 K illustrate that the addition of citric acid decreases the

ERH of ammonium sulfate, which is consistent with the trends observed with other systems

containing highly oxygenated organic compounds. At low temperatures the trend is qualitatively

the same, but efflorescence can be inhibited by smaller concentrations of citric acid. For example

at temperatures o250 K an organic mass/(organic mass + sulfate mass) of only 0.33 is

needed to inhibit efflorescence of ammonium sulfate. In the upper troposphere the organic

mass/(organic mass + sulfate mass) can often be larger than this value. As a result, particles in

the upper troposphere may be more likely to remain in the liquid state than previously thought

and solid ammonium sulfate may be less likely to participate in heterogeneous ice nucleation in

the upper troposphere. Additional studies are required on other model organic systems.

1. Introduction

Measurements show that both organic and inorganic materials

are abundant in atmospheric aerosols,1 with the ratio of

organic species to inorganic material depending on location,

aerosol source and season. In addition, single particle

measurements suggest that the dry organic mass fraction,

organic/(organic + sulfate), in the upper troposphere ranges

from 0.3 to 0.8 with more variation below 5 km. There are also

abundant data from single particle measurements that show

that organic and inorganic materials are often internally mixed in

the same particles.2–4 These internally mixed organic–inorganic

particles can undergo a range of phase transitions including

deliquescence and efflorescence.

Efflorescence occurs when an aqueous aerosol is exposed to

a low relative humidity and the inorganic and/or organic

components crystallize. The reverse process is deliquescence,

where a crystalline particle exposed to a high relative humidity

takes up water to form an aqueous droplet. Deliquescence is

thought to be a thermodynamically controlled process and

occurs at a higher relative humidity than efflorescence.

Between the deliquescence relative humidity (DRH) and

efflorescence relative humidity (ERH) is a metastable region

where particles can be crystalline, partially crystalline, or

aqueous droplets, depending on their history. Recent work

has shown that in most cases the organic component in the

mixed organic–inorganic particles will not effloresce since

the concentration of any one organic species is small.5 The

inorganic component, however, can deliquesce and effloresce.

Understanding and predicting the deliquescence and

efflorescence properties of mixed organic–inorganic particles

may be important for several reasons. For example laboratory

studies have shown that N2O5 hydrolysis is more efficient on

aqueous deliquesced particles compared to effloresced

particles.6,7 In addition effloresced particles are smaller than

the corresponding deliquesced particles and have different

optical properties.4,8 Modelling studies suggest that the

hysteresis effect of sulfate can change the direct effect by as

much as 16%.9

Recently several studies have focused on the deliquescence

and efflorescence of mixed organic–inorganic particles.5,10–24

To date, however, most of these studies have focused on

temperatures around 293 K, and there has only been one

study of the efflorescence properties of mixed organic–inorganic

particles at temperatures less than 273 K.25 While room

temperature studies are useful for understanding the phase

properties of atmospheric aerosols in the lower troposphere,

information on the temperature dependence of these phase

transitions are still needed for predicting the deliquescence and

efflorescence properties of aerosol particles in the middle and

upper troposphere. In the following we have investigated the

efflorescence properties of mixed organic–inorganic particles

at temperatures down to 233 K.

Low temperature ERH measurements may be especially

important for predicting ice nucleation in the troposphere.
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Deliquesced particles (free of foreign nuclei such as mineral

dust) can only form ice by homogeneous nucleation, whereas

effloresced particles can potentially act as heterogeneous ice

nuclei.25–30 It has been shown that effloresced ammonium

sulfate particles can act as good heterogeneous ice nuclei

under certain conditions. These effloresced ammonium sulfate

particles may compete with other effective ice nuclei in the

atmosphere, and as a result, they could play an important role

in climate and the aerosol indirect effect.28 Closely related to

the above, Jensen et al.31 examined the properties of cirrus

clouds at low temperatures in the tropical tropopause

layer (TTL) and concluded that ice number concentrations,

ice crystal size distributions and cloud extinctions were

inconsistent with homogeneous nucleation. The authors

suggested heterogeneous ice nucleation on effloresced

ammonium sulfate particles as a possible mechanism to explain

the in situ and remote-sensing measurements. Froyd et al.32

also suggested heterogeneous ice nucleation on effloresced

ammonium sulfate particles as a possible mechanism to

explain the composition of residual particles from evaporated

cirrus ice crystals near the TTL. This mechanism assumes

that mixed organic–inorganic particles will effloresce in the

TTL or upper troposphere.

There are some data that suggest that the efflorescence

properties of mixed organic–inorganic particles may be

different at low temperatures compared to 293 K. Studies by

Mullin and Leci33,34 more than 40 years ago have shown that

the rate of nucleation in concentrated citric acid aqueous

solutions decreases at temperatures less than 273 K,33 possibly

due to an increase in viscosity at lower temperatures. The rate

of efflorescence of mixed organic–inorganic particles may

decrease at lower temperatures due to an increase in viscosity

as well. In addition recent studies have shown that aqueous

organic components35,36,37 and aqueous organic–inorganic36

particles can form glasses under atmospherically relevant

conditions.38 The formation of glasses should limit efflorescence.

On the other hand, Wise et al.25 studied mixed palmitic

acid–ammonium sulfate particles at temperatures down to

245 K and found that insoluble palmitic acid had little effect

on the efflorescence properties of ammonium sulfate.

In the following we study the efflorescence properties of mixed

citric acid–ammonium sulfate particles as a function of temperature.

Citric acid (COOH–CH2–COH(COOH)–CH2–COOH, molar

weight: 192.12 g mol�1) contains three carboxyl groups

(–COOH) and an alcohol group (–OH) and exists in the

atmosphere in small quantities.39 We also investigated the

glass transition temperatures of mixed citric acid–ammonium

sulfate solutions using a Differential Scanning Calorimeter

(DSC) in order to relate efflorescence limitation to glass

formation of the particles. Citric acid has recently been used

as a model system to represent oxygenated organics in the

atmosphere.35,38 Also aqueous solutions of citric acid often

form glasses at low temperatures.40,41 Ammonium sulfate was

chosen for these studies since it is an important inorganic

species in the atmosphere. Also, for the conditions studied

by Jensen et al. discussed above, the sulfate was fully

neutralized to ammonium sulfate, which has recently been

supported by single particle mass spectrometer data taken at

the tropical tropopause.32

2. Experimental

The technique used to study efflorescence has been described

in detail elsewhere.17,19,42 A brief overview is provided here

with a focus on details specific to the current experiments. The

system consists of an optical microscope (using polarized light)

coupled to a temperature controlled flow cell. The bottom

surface of the flow cell is a hydrophobic glass slide upon which

the particles of interest are deposited and observed. Relative

humidity in the cell was controlled by a continuous flow of a

mixture of humid and dry N2. Typical flow rates were

approximately 1.5 L min�1.

Efflorescence experiments were conducted at five temperatures

ranging from 293 K to 233 K. During experiments the

particles were first deliquesced by exposing them to an RH

close to 100%. Next the humidity was reduced to approximately

50% RH in one step and then decreased by approximately

0.1% RH per minute for the remainder of the experiments.

During the experiments images were taken every 15 s by a

camera coupled to the microscope. Particles ranged in size

from 5–30 mm in diameter. For each particle, the efflorescence

relative humidity (ERH) was considered to be the first

appearance of solid in the particle, even if the particles

appeared only partially crystalline.

Ammonium sulfate (Fisher, 99.8%) and citric acid

(Sigma-Aldrich, 99+%) were used as supplied. Bulk mixtures

were prepared gravimetrically and dissolved in millipore

filtered water (18.2 MO). To prepare the particles the solution

was passed through a nebulizer to produce submicron

particles. These particles were directed towards a hydrophobic

glass slide where they coagulated into supermicron droplets.

The compositions of particles and/or solutions are typically

reported in dry mole fraction citric acid. This dry mole

fraction is calculated by the following equation:

XCA;dry ¼
nCA

nCA þ nAS
ð1Þ

where XCA,dry is the mole fraction of citric acid in a dry

(containing no water) particle or solution, nCA is the moles

of citric acid and nAS is the moles of ammonium sulfate.

Keep in mind, however, that this does not imply the particles

and solutions are completely dry. This nomenclature is used

since it is a convenient method for representing the citric

acid-to-ammonium sulfate ratio in particles and solutions.

Glass transition temperatures of different citric acid–ammonium

sulfate–water solutions were performed in a commercial

DSC (TA instruments Q10). In one set of experiments, the

mass fractions of the total solutes (citric acid and ammonium

sulfate) varied between 0.603 and 0.7916, whereas XCA,dry

stayed constant at 0.7. In the second set of experiments, the

total mass fraction of solutes was kept at roughly 0.6, whereas

the XCA,dry was changed. All experiments were performed with

bulk samples. Ammonium sulfate (Fluka, >99.5%) and citric

acid (Fluka, >99.5%) were used as supplied. The glass

transition temperatures were determined as the onset of the

heat signal in the heating cycle, and have accuracy in the

absolute temperature of �0.9 K.36
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3. Results

3.1 ERH of pure ammonium sulfate (XCA,dry = 0.0) vs.

temperature

Prior to studying mixed organic–inorganic particles, we studied

the efflorescence properties of pure ammonium sulfate

particles as a function of temperature. This provided a reference

point for the mixed organic–inorganic particles, as well as a

way to validate our system for low temperature studies.

Measurements shown in Fig. 1 (solid symbols) are our

results for pure ammonium sulfate particles. The solid symbols

refer to the average RH. Since efflorescence is a stochastic

process, all the particles did not effloresce at the same RH even

for the same temperature. The error bars represent a combination

of the range over which 95% of the particles efflorescence (2s)
as well as the uncertainty from measuring the relative humidity.

The data suggest that efflorescence of ammonium sulfate

between 293 K and 233 K is relatively insensitive to temperature;

this trend follows closely the temperature trend for deliquescence

of ammonium sulfate, which only varies by roughly 4% RH

over 50 K.43 Also included in Fig. 1 are results from other

groups that have studied the same temperature range. The

previous studies include a range of different techniques including

an electrodynamic balance (EDB)44 where a particle is

suspended in an electric field and aerosol flow tubes45,46 where

the particles are suspended in a gas flow. The good agreement

between our measurements and previous measurements where

particles were not in contact with a surface suggests that the

hydrophobic support in our experiments do not significantly

affect our efflorescence results, a conclusion that is consistent

with previous studies from our laboratory18,19,47 and other

groups.21,48

3.2 ERH of mixed ammonium sulfate–citric acid particles at

room temperature

Shown in Fig. 2 are our results for mixed ammonium sulfate–

citric acid particles at room temperature. Similar to Fig. 1, the

symbols represent the average efflorescence relative

humidity. For experiments where more than 20 particles were

observed at a given concentration, the error bar corresponds

to �2s for the results as well as the uncertainty of the

hygrometer (B1.1%). In cases where less than 20 nucleation

events were observed the error bars correspond to �7.8%.

This is a conservative estimate based on the maximum 2s
observed in our experiments where more than 20 nucleation

events were observed. Our results illustrate that the addition of

citric acid slowly decreases the ERH of ammonium sulfate in

the particles. At 0.25 mole fraction the decrease is approximately

10% RH. At 0.3 mole fraction the particles did not effloresce at

all, even when exposed to our system’s minimum (RH o 1%)

for longer than an hour. Also shown in Fig. 2 are results from

other groups who studied the efflorescence of mixed citric

acid–ammonium sulfate particles at room temperature.

Choi and Chan used an EDB to study a citric acid mole

fraction of B0.59. In these studies they did not observe

crystallization, consistent with our measurements.16 Zardini

et al. used both an EDB and hygroscopicity tandem

differential mobility analyzer (HTDMA) to study efflorescence.

All the data from Zardini et al. are in excellent agreement with

our data except at XCA,dry = 0.2, where they see a slightly

higher ERH than observed in our studies. When comparing

the data sets a relevant parameter is the change in ERH when

going from pure ammonium sulfate to XCA,dry = 0.2. Zardini

observed a decrease in ERH between 0–3%; whereas, we

observed a decrease between 2–15%. Considering the

uncertainties in the measurements the differences between data

sets appear to be relatively small.

The general trend illustrated in Fig. 2 (decrease in efflorescence

with addition of organic compounds) for citric acid–ammonium

sulfate is consistent with the trends observed with systems

Fig. 1 Measurements of the efflorescence of pure ammonium sulfate

as a function of temperature. Filled squares are this study, unfilled

symbols represent ref. 44–46, 49, 63–66.

Fig. 2 Efflorescence of citric acid–ammonium sulfate particles at

room temperature. Filled squares represent this study, unfilled circles

represent Choi and Chan,16 unfilled triangles are Zardini et al.20 For

compositions of 0.33 and 0.5 Zardini et al.20 did not observe

efflorescence at RH values greater than or equal to an RH of 10%.

Experiments were not carried out at RH values less than 10%, and

the symbols and error bars at these compositions are used to indicate

this fact.
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containing other highly oxygenated organic species. To illustrate

this point, we compare in Fig. 3 the results from our citric acid

studies with previous measurements from our group which

utilized a similar apparatus. Included in the figure are results

for malonic acid, glycerol and levoglucosan.19 The results

illustrate that all systems have a similar trend, but there are

significant quantitative differences between the systems. For

example at a mole fraction of 0.3 the citric acid system does

not effloresce whereas the malonic acid system effloresces at

roughly 20.7% RH.

The differences between systems shown in Fig. 4 may be

explained by classical nucleation theory. In our experiments

the efflorescence relative humidity is expected to be limited by

the rate of homogeneous nucleation of ammonium sulfate in

the particles since the rate of crystal growth is almost

instantaneous based on observations of particles during

efflorescence events. According to classical nucleation theory

the rate of homogeneous nucleation of crystalline ammonium

sulfate in the particles can be described by the following

equation, where the nucleation rate, J, is the number of nuclei

formed for a unit volume and time.50

J ¼ A exp � 16pg3v2

3k3T3ðlnSÞ2
þ DG0

kT

" #
ð2Þ

where A is a pre-exponential factor, k is Boltzmann’s constant,

v is the molecular volume of ammonium sulfate, T is temperature,

S is the supersaturation of crystalline ammonium sulfate, g is

the interfacial energy between the embryo and the surrounding

liquid and DG0 is a molecular rearrangement term (which is

strongly correlated to viscosity). As discussed previously, one

possible explanation for the variation in efflorescence from

system to system is that g varies significantly from system to

system. This would lead to considerably different nucleation

rates at a similar relative humidity since the surface tension is

cubed. Another possibility is that at low RH, viscosity may

become significant and vary from system to system at high

mole fractions of organics. In this case, viscosity can limit the

nucleation rate (through DG0). A final possibility is that the

degree of supersaturation at a given RH varies significantly

from system to system due to non-ideal behavior.

3.3 ERH as a function of temperature

Fig. 4 shows the efflorescence results for the five temperatures

studied. Qualitatively, the trend observed at lower temperatures

remains the same, where increasing amounts of organic cause

a slight reduction in ERH followed by a complete inhibition.

However, at 248 K and 233 K the efflorescence is inhibited

at lower mole fractions, at 0.25 and 0.2, respectively.

This suggests that at low temperatures efflorescence can be

inhibited by smaller concentrations of citric acid.

Fig. 3 Room temperature comparison between citric acid (this study)

and several organics studied previously in our laboratory.19
Fig. 4 Efflorescence data for different dry organic mole fractions of

citric acid–ammonium sulfate particles. Different panels represent

different temperatures, solid points represent observed efflorescence

events and unfilled points are non-efflorescing mixtures. The dashed

line is included to help guide the eye.
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Fig. 5 shows the same data as Fig. 4, replotted in RH–

temperature space. This figure more clearly illustrates that the

efflorescence for XCA,dry = 0.0, 0.1 and 0.15 is relatively

insensitive to temperature. A linear fit for these three data

sets shows slopes between 0.03 and 0.07% RH per Kelvin.

Fig. 5 also illustrates that at XCA,dry = 0.2 and 0.25 the ERH

is a strong function of temperature, with a sudden change in

ERH at 233 K and 248 K for XCA,dry = 0.2 and 0.25

respectively. Similar to Fig. 4, this shows that at low temperatures

(o250 K) and high organic concentrations (XCA,dry = 0.2 and

0.25) efflorescence appears to be inhibited.

Recently in a notable set of experiments Wise et al.25 studied

the efflorescence properties of ammonium sulfate particles

coated with palmitic acid down to approximately 245 K. These

authors observed efflorescence at approximately 35% RH for

the entire temperature range studied and noted that the organic

coating had little effect on the efflorescence of ammonium sulfate.

One likely reason for the difference between our results and the

results by Wise et al. is the properties of the organic material

studied. Palmitic acid is insoluble in water. On the other hand,

citric acid is water soluble and does not crystallize under the

conditions we explored.

3.4 Explanation of temperature dependence

Again, the temperature dependence of the ERH may be

rationalized with classical nucleation theory and eqn (2).

One possible explanation for the efflorescence inhibition

illustrated in Fig. 4 and 5 is that the particles which were rich

in organics (0.20 and 0.25 mole fractions) and at lower

temperatures do not reach a large supersaturation with respect

to ammonium sulfate (S(NH4)2SO4
), possibly due to non-ideal

solution behaviour. As a result the driving force for efflorescence

(i.e. S variable in eqn (2)) is smaller at the lower temperatures

and in the most concentrated particles. To explore this we

calculated the S(NH4)2SO4
reached in all experiments

where efflorescence was observed using the e-AIM model.51

These results are represented by solid symbols in Fig. 6.

Although e-AIM assumes that ion–organic component inter-

actions are minor, it has been used to represent this system in

1 : 1 mole ratio previously with some success.52 In general,

supersaturations with respect to ammonium sulfate ranged

from 30 to approximately 75. Next we calculated lower limits

to the S(NH4)2SO4
reached in the experiments where efflorescence

was not observed. The results from these calculations are

represented by the open symbols in Fig. 6. To calculate these

lower limits we used the e-AIM model and an RH of 10%. In

the experiments where no efflorescence was observed S(NH4)2SO4
-

values greater than 150 were reached which is clearly larger

than the S(NH4)2SO4
-values reached in the experiments where

efflorescence was observed. We conclude that low S(NH4)2SO4
-values

at the lowest temperatures and in particles with greater organic

component loadings cannot explain our observations.53–56

The inhibition trend at low temperatures observed in our

experiments may be related to crystallization studies in

aqueous citric acid solutions carried out 40 years ago.33 The

authors argued that the decrease in nucleation events at lower

temperatures was due to an increase in viscosity which would

increase DG0 in eqn (2). An increase in viscosity could also

explain the observed inhibition of efflorescence of mixed

ammonium sulfate–citric acid particles at the lowest temperatures

in our experiments.

3.5 Possible connections with glass transition temperatures

As mentioned in the Introduction, recent work has shown that

both organic particles and mixed organic–inorganic particles

can form glasses at low temperatures of atmospheric

relevance.35,36 Prior to our work there have not been any

reports of glass transition temperatures of citric acid–ammonium

sulfate–water solutions. Below we investigated the glass transition

temperatures of these solutions using a DSC and relate these

values to the observed efflorescence conditions.

Shown in Fig. 7 (solid symbols) are the glass transition

temperatures, Tg, we determined for mixed citric acid–ammonium

sulfate–water solutions as a function of total mass fraction

Fig. 5 Efflorescence data from this study combined with calculated

glass transition data (see text for further details). The dotted line

represents the Tg of a binary mixture of water and citric acid

(XCA,dry = 1.0). The dash-dot line and open symbols correspond to

ternary mixtures with XCA,dry = 0.7.

Fig. 6 The supersaturation required to induce efflorescence, Scritical,

observed in our experiments. The solid points correspond to observed

efflorescence events while unfilled points represent the lower limit

associated with non-efflorescing mixtures.
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solutes. Each Tg is a mean value of two single measurements.

Note we were unable to measure glass transition temperatures

for a wider range of solute mass fractions or for different

XCA,dry-values since in these solutions either ice or ammonium

sulfate crystallization was observed before reaching the glass

state. The solid line through the square symbols is a

parameterization of the experimental data for XCA,dry = 0.7

using the Gordon–Taylor equation.57 Gordon and Taylor first

postulated an equation which allows computing the glass

transition temperature of aqueous solutions, Tg, as a function

of the mass fraction of the solute, w2:

TgðwÞ ¼
w1Tg1 þ 1

k
w2Tg2

w1 þ 1
k
w2

; ð3Þ

where w1 is the mass fraction of water, Tg1 and Tg2 are the

glass transition temperatures of pure water and of the solute,

respectively. For XCA,dry values of 0.7 we fit the experimental

data to this equation using Tg1 as 136 K.58,59 The parameters

from the fit are Tg2 = 273.6 K and k = 4.383.

Also shown in Fig. 7 (dashed line) is a parameterization of

the glass transition temperatures of citric acid–water solutions

taken from the literature.41 The citric acid–water data

correspond to XCA,dry = 1.0.

In Fig. 5, we have plotted the glass transition temperatures

for XCA,dry = 1.0 and 0.7 from Fig. 7 in RH–temperature

space. For both the binary and ternary systems we used the

extended-AIMmodel to relate the composition of the mixtures

to RH. Note that the Tg-values for XCA,dry = 0.5 and 0.3

shown in Fig. 7 have not been included in Fig. 5, since the

extended-AIM model is limited to temperatures above 180 K.

The Tg-values for XCA,dry = 1.0 and 0.7 shown in Fig. 5

should be upper limits to the Tg-values for XCA,dry = 0.0 to 0.3

(which is the composition range used in the efflorescence

experiments). This is because the addition of ammonium

sulfate decreases the Tg of the system as shown in Fig. 5 and 7.

As a result the Tg-values shown in Fig. 5 are insufficient to

argue that glass formation is responsible for the inhibition of

efflorescence observed in our studies with XCA,dry = 0.0 to 0.3.

Nevertheless it is interesting to note that the glass transition

temperatures shown are very close to the temperatures and

RH values where we observed inhibition of efflorescence.

3.6 Atmospheric implications

This study has shown that relatively small quantities of citric

acid can completely suppress efflorescence of ammonium

sulfate at low temperatures. For example, Fig. 4 suggests that

at temperatures below 233 K, mixed citric acid–ammonium

sulfate particles will not effloresce if XCA,dry Z 0.2. This

corresponds to a dry organic mass fraction (organic mass/

(organic mass + sulfate mass)) of Z 0.33. Recent field studies

using single particle mass spectrometry suggests that the dry

organic mass fraction in the upper troposphere is 0.3 to 0.8.60

If we assume that 60% to 90% of the total organics mass is

water soluble61,62 in the free troposphere, we obtained a water

soluble organic mass fraction (organic mass/(organic mass +

sulfate mass)) of 0.18 to 0.72. It is interesting to note

that the dry organic mass fraction where we see inhibition of

efflorescence (Z 0.33) is within the composition range of

importance in the atmosphere (0.18 to 0.72). The current study

is only a first step toward understanding the ERH properties

of mixed organic–inorganic particles in the middle and

upper troposphere. Additional studies are required on other

model organic systems. Nevertheless our data do point out

that the efflorescence properties of mixed organic–inorganic

particles can be different at low temperatures compared

to room temperature and only small amounts of water soluble

organic material may be needed to inhibit efflorescence

of ammonium sulfate. As a result, particles in the upper

troposphere may be more likely to remain in the liquid state

than previously thought and solid ammonium sulfate may be

less likely to participate in heterogeneous ice nucleation in the

upper troposphere.

As mentioned above, we see a different trend to that

observed by Wise et al.25 who used particles composed of

palmitic acid and ammonium sulfate. The palmitic acid results

may be more relevant to conditions where the organics are

insoluble in water. Our citric acid results may be more relevant

for conditions where the organics are water soluble and do not

effloresce (i.e. remain in the liquid state or glass state) for

atmospheric conditions.

4. Conclusions

We studied the efflorescence properties of mixed citric

acid–ammonium sulfate particles as a function of temperature

to better understand the efflorescence properties of mixed

organic–inorganic particles in the middle and upper troposphere.

Our data for 293 K illustrate that the addition of citric acid

decreases the ERH of ammonium sulfate in the particles,

which is consistent with the trends observed with other highly

oxygenated organic systems. At low temperatures the trend is

qualitatively the same, but at these low temperatures efflorescence

can be inhibited by smaller concentrations of citric acid.

Fig. 7 Glass transition temperatures of citric acid–ammonium sulfate

solutions as a function of the total mass fraction of the solutes. Squares:

XCA,dry = 0.7; circle: XCA,dry = 0.5 and triangle: XCA,dry = 0.3.

The dash-dot line is a fit to the data for XCA,dry = 0.7 using eqn (3).

The dashed line is a parameterization of the glass transition temperatures

of citric acid–water solutions taken from the literature (see the text for

more details).
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In other words, this study shows that at low temperatures

relatively small quantities of citric acid can completely

suppress the efflorescence of ammonium sulfate. For example

at temperatures o250 K a citric acid dry mole fraction of only

0.2 is needed to inhibit efflorescence ammonium sulfate in the

particles. This corresponds to a dry organic mass fraction of

only 0.33. In the upper troposphere the dry mass fraction

of water soluble organics is often larger than this value.

Additional studies are required on other model organic

systems. Nevertheless our data do point out that the

efflorescence properties of mixed organic–inorganic particles

can be different at low temperatures compared to room

temperature and only small amounts of water soluble organic

material may be needed to inhibit efflorescence of ammonium

sulfate. As a result, particles in the upper troposphere may be

more likely to remain in the liquid state than previously

thought and solid ammonium sulfate may be less likely to

participate in heterogeneous ice nucleation in the upper

troposphere.
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