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Abstract. Secondary aerosol produced from marine bio-
genic sources in algal-rich coastal locations will initially be
composed of iodine oxide species, most likely I2O5, or its
hydrated form HIO3, formed as a result of iodine gas-phase
chemistry. At present, there is no quantitative hygroscopic
data for these compounds and very little data available for
iodate solutions (HIO3 and I2O5 share a common aqueous
phase). With increased interest in the role of such aerosol
in the marine atmosphere, we have conducted studies of (i)
the deliquescence behaviour of crystalline HIO3 and I2O5
at 273–303 K, (ii) the efflorescence behaviour of aqueous
iodate solution droplets, and (iii) properties (water activity,
density, and viscosity) of subsaturated and saturated iodate
solutions.

The deliquescence of I2O5 crystals at 293 K was ob-
served to occur at a relative humidity (DRH) of 80.8±1.0%,
whereas for HIO3, a DRH of 85.0±1.0% was measured.
These values are consistent with measured water activity
values for saturated I2O5 and HIO3 solutions at 293 K of
0.80±0.01 and 0.84±0.01 respectively. At all tempera-
tures, DRH values for HIO3 crystals were observed to be
higher than for those of I2O5. The temperature-dependent
DRH data, along with solubility and water activity data were
used to evaluate the enthalpy of solution (1Hsol) for HIO3
and I2O5. A 1Hsol value of 8.3±0.7 kJ mol−1 was deter-
mined for HIO3 which is consistent with a literature value of
8.8 kJ mol−1. For I2O5, we report for the first time its solubil-
ity at various temperatures and1Hsol = 12.4±0.6 kJ mol−1.
The measured water activity values confirm that aqueous io-
date solutions are strongly non-ideal, consistent with previ-
ous reports of complex ion formation and molecular aggre-
gation.

Correspondence to:B. J. Murray
(b.j.murray@leeds.ac.uk)

1 Introduction

Aerosols play an important role in many processes affecting
the atmospheric chemistry and climate of the Earth (Sein-
feld and Pandis, 2006). They can alter the Earth’s radiative
balance either directly by the scattering of solar radiation, or
indirectly by acting as cloud condensation nuclei (CCN) and
ice nuclei (IN) (McFiggans et al., 2006).

For a thorough knowledge of the physical behaviour of
aerosol in the atmosphere, a comprehensive understanding of
critical properties (e.g. water activity –aw, density –ρ, and
viscosity –η) of aqueous solutions, and deliquescence data of
relevant compounds is necessary. For some inorganic com-
pounds (primarily sodium and ammonium salts), such data
has been extensively reported in the literature (Martin, 2000)
and has been used in chemical-thermodynamic modelling of
single component and mixed aerosol systems (Clegg et al.,
1998; Wexler and Clegg, 2002; Topping et al., 2005).

The transformation from a solid crystalline phase to an
aqueous solution usually occurs at a narrowly defined thresh-
old value, known as the deliquescence relative humidity
(DRH). Conversely, when RH decreases, an aqueous solution
droplet first shrinks because of water evaporation and finally
crystallises at a lower threshold RH (below the DRH), known
as the efflorescence relative humidity (ERH) (Seinfeld and
Pandis, 2006). While deliquescence is a thermodynamically
controlled transition, efflorescence is kinetically controlled.

A direct link between biogenic iodine vapour release at
coastal sites and aerosol formation has been firmly estab-
lished through field campaigns (O’Dowd et al., 2002a; Mc-
Figgans et al., 2010) with supporting laboratory studies (e.g.
O’Dowd et al., 2002b; McFiggans et al., 2004; Burkholder et
al., 2004; Saunders and Plane, 2005). Whilst the speciation
of iodine, primarily the ionic forms, iodate (IO−3 ) and iodide
(I−), within marine aerosol has been discussed (Pechtl et al.,
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2007; Gilfedder et al., 2008), the relatively recent cited stud-
ies of coastal secondary particle formation involving iodine
oxides (see the review of O’Dowd and De Leeuw, 2007),
with the possibility of such aerosol also being important in
open-ocean and polar environments (Mahajan et al., 2010;
Saiz-Lopez et al., 2007), has necessitated a greater under-
standing of the solid-phase species I2O4, I2O5 and HIO3, as
well as their aqueous phases.

In this study we focus on I2O5 and HIO3 as I2O5 compo-
sition has been directly identified in laboratory-generated io-
dine oxide particles (referred to henceforth as IOPs) formed
in a ‘dry’ (low RH) environment (Saunders and Plane, 2005;
Saunders et al., 2010). On a practical level, it is not pos-
sible to study the solution properties of I2O4 as this solid
slowly disproportionates into I2(aq/s) and HIO3(aq) in water
(Daehlie and Kjekshus, 1964). More important however, is
that to date, the non-hygroscopic tetra-oxide has only been
indirectly inferred for IOP composition from a lack of ob-
served hygroscopic growth exhibited by particles (Jimenez
et al., 2003) – we will discuss this issue later in the paper
(see Conclusions and atmospheric implications).

Dissolution of the crystalline solids I2O5 and HIO3 leads
to a common iodate (IO−3 ) aqueous phase;

I2O5(s)+H2O→ 2HIO3(aq) → 2(H+
+ IO−

3 )(aq) (R1)

HIO3(s)+H2O→ H+(aq)+ IO−

3 (aq) (R2)

Hence, while it is expected that the crystals will have dif-
ferent physical properties, their aqueous solutions will be
identical. In this paper we express the concentration of solu-
tions made with both solids as the formal molality of iodate
[m(IO−

3 )]. For HIO3, m(IO−

3 ) is simplym(HIO3) while for
I2O5 we can state:

m
(
IO−

3

)
(1)

= m(I2O5)×

[
moles of H2O

moles of H2O−moles of I2O5

]
×2

wherem(I2O5) is the solution molality of I2O5.
Appropriate physical data for I2O5 and HIO3 is sparse in

the literature. Some iodate solution properties are reported in
studies which date back over more than a century (Groschuff,
1905; Nayar et al., 1939; Goldman et al., 1974; Strong and
Pethybridge, 1987), but there is a lack of sufficiently detailed
data available and therefore an assessment of the potential
climatic impact of these aerosol-forming compounds is cur-
rently not possible.

In this study, our motivation was to provide the underpin-
ning physical knowledge required to improve the understand-
ing of solid and aqueous phase iodine oxide particles. This
study is focused on the deliquescence behaviour of I2O5 and
HIO3 crystals in addition to various physical properties (wa-
ter activity, density and viscosity) of aqueous iodate solu-
tions. We also report our attempt to study the efflorescence
of iodate solutions at low relative humidity.

2 Experimental

2.1 Water activity measurements

A number of iodate solutions were prepared from crystalline
I2O5 and HIO3 (I2O5: 99.99%, Sigma-Aldrich and HIO3:
≥99.5%, Sigma-Aldrich) in 18.2 M� ultra-pure water, span-
ning a molality (m) range up to and including that of a satu-
rated solution of HIO3 (m=17.3 moles kg−1/75.3 wt%) and
of I2O5 (m=7.8 moles kg−1/72.2 wt%) at 293 K.

Water activities [aw(T ) = p(T )/po(T ); wherep(T ) is the
equilibrium vapour pressure above a solution surface at tem-
peratureT andpo (T ) is the vapour pressure above pure wa-
ter at the same temperature] of aqueous solutions were mea-
sured directly using an automated activity meter (Aqualab
series 3TE, Decagon Devices Inc.; accuracy±0.003). The
instrument utilizes the chilled mirror dew-point technique to
determine the dew point of air in equilibrium with a solution.
The instrument was calibrated before each I2O5 and HIO3
solution measurement using both pure water (aw=1) and
an aqueous solution of LiCl (13.41m, aw=0.25) (Stoloff,
1978).

2.2 Density measurements

The densities of a series of I2O5 and HIO3 solutions were
measured at 293 K. All solutions were carefully prepared
in volumetric flasks by dissolving the respective solids in
18.2 M� ultra pure water and densities were determined by
gravimetric analysis using a precision weighing balance (ac-
curacy of 0.1 mg).

2.3 Viscosity measurements

The viscosities of the high molality (15.8<

m(IO−

3 )≤17.6 moles kg−1) solutions were measured
over the temperature range of 293–303 K using a falling ball
viscometer (Gilmont GV-2300, size-3). Approximately 7 ml
of each solution were placed into the tube of the viscometer
which was immersed in a large beaker of water, placed onto
a heating/magnetic stirring plate. The water was heated to
the desired temperature (measured with a K-type thermo-
couple) and stirred continuously. The viscometer was then
left for ∼30 min to equilibrate with the water temperature.
The descent times of the ball in each solution were then
measured a number of times (typically 10 for each solution
and temperature) and the average time was used to determine
the dynamic viscosity (η/cP; where 1 cP≡10−3 Pa s) of the
solution from the formula:

η = K(ρt −ρ)t (2)

Where,ρt is the density of the ball (g cm−3), ρ is the density
of liquid (g cm−3), t is the time of descent (minutes) and K is
the viscometer constant (for the size-3 viscometer, the value
of K is 35).
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Fig. 1. Schematic depiction of the experimental set-up used to study
the deliquescence of crystalline particles and the efflorescence of
aqueous solution droplets.

A 99% glycerol solution (Aldrich) was used initially to
verify the performance of the viscometer. Measured solution
viscosities at a number of temperatures were found to agree
to within 5% of those reported in the literature (Segur and
Oberstar, 1951).

2.4 Deliquescence and efflorescence measurements

Deliquescence and efflorescence behaviour of I2O5 and
HIO3 crystals/droplets were studied using an optical micro-
scope (Olympus BX51) coupled to a home-made tempera-
ture and humidity controlled stage (Murray et al., 2010a, b).
A schematic diagram of this equipment is shown in Fig. 1.

The water vapour pressure in the N2 gas flow through the
chamber was controlled by passing the gas through a liquid
water bubbler and a trap which were immersed in a coolant
mixture (50:50 ethylene glycol and water) in a temperature
controlled bath (Haake K40). The bubbler served to humid-
ify the flow and the trap (a glass bubbler with only condensa-
tion on its walls) served to remove extra water vapour result-
ing from aerosol formation associated with bubble bursting
in the bubbler. The water vapour pressure passing into the
cell could therefore be controlled by changing the temper-
ature of the bath between 0◦C and room temperature and
for lower dew points the flow was diluted with dry N2. The
humidified and dry flows were quantified using mass flow
controllers (MKS 1179). The temperature of the bubbler and
trap were recorded using a calibrated thermocouple.

The temperature of the stage was set using a temperature
controller (Eurotherm 2416) and heaters (2×35 W) embed-
ded in the cold stage which was cooled with a constant flow
of cold gas from a pressurised liquid nitrogen dewar. The rel-
ative humidity around the droplet/particles in the chamber is
the ratio of the partial pressure of water in the gas phase, de-
fined by the bubbler temperature, to the equilibrium vapour
pressure of water at the temperature of the stage. The temper-
ature dependent parameterisation for the equilibrium vapour

Table 1. Polynomial coefficients for fits (see equations at the foot of
the table) to measured water activity (aw) and solution density (ρ)
data (see Figs. 2 and 3 respectively) for iodate solutions at 293 K.
Concentrations are expressed as the molality of IO−

3 [m(IO−

3 )].

Coefficients of water activity,aa
w Coefficients of density,ρ/g cm−3b

A1 −1.21
×10−3

B1 3.05
×10−2

A2 5.73
×10−4

B2 2.03
×10−2

A3 -2.19
×10−4

B3 −2.41
×10−3

A4 2.07
×10−5

B4 8.12
×10−5

A5 −6.65
×10−7

B5 1.35
×10−8

a aw = 1+6i=1−5

(
Ai ×mi

)
b ρ = 0.997+6i=1−5

(
Bi ×mi

)

pressure of water was taken from the literature (Murphy and
Koop, 2005).

Deliquescence: Crystals of I2O5 and HIO3 (typical
sizes of 10–50 µm) were placed onto a hydrophobic glass
slide which had been pre-cleaned in Piranha solution
(H2SO4:H2O2 mixture), rinsed with 18.2 M� water and
methanol, and then silanised using a 5% solution of dichloro-
dimethylsilane in heptane. Aqueous droplets supported on
surfaces prepared in this manner have a contact angle of
∼100◦ and do not induce phase changes (Murray et al.,
2010a, b; Dymarska et al., 2006; Eastwood et al., 2009).
The slide was then placed on the cold stage of the instru-
ment under the optical microscope which was connected to
a grey-scale digital camera (Hitachi). Images were viewed
on a monitor and recorded digitally using a commercial
DVD recorder. Relative humidity and temperature data were
logged during the course of an experiment.

Efflorescence: Aqueous droplets formed in the deliques-
cence experiments were subsequently exposed to decreasing
RH down to∼0% RH while monitoring the microscope im-
ages for evidence of crystallisation.

The deliquescence/efflorescence set-up was initially tested
using ammonium sulphate crystals (> 99.0%, Aldrich), and
gave very good agreement (to within±1%, our uncertainty in
RH) with values reported in a number of laboratory studies
e.g. a DRH of 80±1% and ERH of 32±1% at 298 K (Tang
and Munkelwitz, 1993; Onasch et al., 1999) and those cal-
culated using the AIM aerosol thermodynamics model (e.g.
Clegg et al., 1998).
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Fig. 2. Measured water activity values (open circles) at 293 K for
aqueous solutions of IO−3 from HIO3/I2O5 over a range of molal-
ities up to, and including that of a saturated solution of each solid.
The solid line is a fifth order polynomial best-fit to the data (see Ta-
ble 1). The vertical dashed line indicates the saturation molality for
I2O5 and dotted line indicates the saturation molality for HIO3 (or
wt % – see top axis). The ideal water activity values (assuming full
dissociation into ions) are indicated by the square dotted line.

Table 2. Fitted Arrhenius parameters for the temperature dependent
viscosity data (see Fig. 5).

m(IO−

3 )/

moles kg−1

Viscosity
coefficient (A)/cP

Activation energy
(Ea)/ kJ mol−1

17.6 1.94±0.03×10−7 50.4±1.2
17.3 4.57±0.06×10−7 47.7±2.3
16.8 9.38±0.06×10−7 45.1±1.9
15.8 1.07±0.08×10−6 42.2±2.9

3 Results and discussion

3.1 Water activity measurements

The measured water activity (aw) at 293 K for solutions with
a range of iodate concentrations made up with I2O5 and HIO3
are plotted in Fig. 2.

The data points shown at highest molality correspond to
the water activities of iodate solutions for saturated solutions
of I2O5 (we used our measurement of solubility derived later
in this paper rather than the value given in the CRC hand-
book; Lide, 2009). The plotted data was fitted using a fifth
order polynomial function for which the coefficient values
and functional form are shown in Table 1.
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Fig. 3. Measured iodate solution densities at 293 K as a function
of m(IO−

3 ) over a range of molalities up to and including that of
a saturated solution of HIO3. The solid line is a polynomial best-
fit to the data (see Table 1). The vertical dashed line indicates the
saturation molality of HIO3.

It can be seen from Fig. 2 that the water activity decreases
steadily with increasing molality as expected. However, the
data shows a positive deviation from ideality [assuming full
dissociation of both compounds into the respective ions in
solution and thataw = vH2O/(vH2O + vions), wherev is the
number of moles (Sereno et al., 2001; Caurie, 1983)] at all
m values up to I2O5 saturation whereaw (ideal) = 0.60 com-
pared with the measured value of 0.80±0.01. This positive
deviation is consistent with the complex solution structures
previously reported from conductance measurements (Pethy-
bridge and Prue, 1967), which identified the ionic species,
H(IO3)

−

2 (from association of HIO3 + IO−

3 ) in dilute so-
lutions, and by Goldman et al. (1974) who identified an
increasing degree of molecular association (HIO3 dimers,
trimers and tetramers) at higher concentrations.

3.2 Density measurements

The measured density data at 293 K is shown in Fig. 3 for
a number of HIO3 and I2O5 solutions up to saturation, as a
function ofm(IO−

3 ). A fifth order polynomial function was
used to fit the density data – see Table 1 for the function and
coefficients.

3.3 Viscosity measurements

Measured viscosity data for 15.8,≤ m(IO−

3 ) ≤17.6 moles
kg−1 at 303 K for aqueous solutions are plotted in Fig. 4
as a function ofm(IO−

3 ), along with the data reported by
Nayar et al. (1939) form≤4 moles kg−1. Fig. 4 shows
a rapidly increasing solution viscosity at higher concen-
trations (withη = 97±1 cP at saturation i.e.∼2 orders of
magnitude greater thanηwater at 303 K i.e.∼0.8 cP, Kor-
son et al., 1969), for which a best fit exponential function
is given in the figure caption. At lower temperature, for
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Fig. 4. Measured (open circles) and literature (filled circles) vis-
cosity data for aqueous iodate solutions at 303 K, as a function of
m(IO−

3 ). Our data is shown in addition to data from the literature
(Nayar et al., 1939). The dotted line is a least-squares exponential
fit (η[cP] = 0.798exp{0.267×m}) through all data points.

an equivalent solution molality, higher viscosities were ob-
served. The data measured at 293, 298 and 303 K for so-
lutions of 15.8≤m(IO−

3 )≤17.6 moles kg−1 are shown in an
Arrhenius plot in Fig. 5.

From this figure, the viscosity trends of these concentrated
solutions are consistent with first order fluid behaviour i.e.
exponentially decreasing viscosity with increasing tempera-
ture for allm (see Table 2 for fitted parameters). While the
temperature dependence of viscosity of these solutions ap-
proximates well to an Arrhenius law, it is well known that the
Arrhenius law under-predicts the temperature dependence
of many aqueous solutions (Angell, 2002; Murray, 2008b).
Hence, extrapolation of the fit to lower temperatures only
provides a lower limit to viscosity. Bearing this in mind,
for a saturated solution the fit yields a viscosity of 5054 cP at
253 K – a temperature relevant for marine polar regions. This
suggests iodate solution droplets become very viscous under
atmospherically relevant conditions and this may have im-
portant implications for their growth through uptake of other
condensable vapours. More concentrated solutions would be
even more viscous. Implications of this are discussed in more
detail later.

3.4 Deliquescence and efflorescence behaviour

3.4.1 Deliquescence

Figure 6 shows a sequence of recorded images from an
I2O5 deliquescence experiment atT =298 K. The RH was in-
creased across the deliquescence point in increments of 0.5%
and the droplets left for 5 min at each increment.

Panel (i) shows solid crystals on the sample slide un-
der dry N2 gas; (ii) shows that at RH=78.8±1.0%, which
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Fig. 5. Measured viscosity data for aqueous iodate solutions as a
function of temperature, and associated linear fits (solid lines) us-
ing an Arrhenius equation of the form, ln(η) = lnA + (Ea/RT) – see
Table 2 for fitted values ofA, (the pre-exponential viscosity coeffi-
cient), andEa, (the activation energy).

10-50µm

(i) RH < 1% (ii) RH = 78.8 ± 1.0% (iii) RH = 79.5 ± 1.0% (iv) RH =80.0 ±1.0%  

Fig. 6. A series of microscope images of I2O5 crystals at 298 K:
(i) at low RH,(ii) just below the deliquescence point and(iii) at the
point of deliquescence, and(iv) shows aqueous solution droplets.

is just below the deliquescence RH, the crystals are un-
changed; (iii) shows crystals beginning to take up water at
RH=79.5±1.0%, whilst panel (iv) shows fully deliquesced
aqueous droplets at RH=80.0±1.0%. From these images we
determine the DRH of I2O5 at 298 K as 79.5±1.0%. These
experiments were repeated for a range of temperatures for
both HIO3 and I2O5 (from 273–303 K). The results are given
in Table 3.

The DRH values of HIO3 (85.0±1.0 %) and I2O5
(80.8±1.0%) at 293 K are in good agreement with the mea-
sured water activity (%DRH =aw of a saturated solution
×100, when the aqueous droplet is in equilibrium with wa-
ter vapour) for saturated solutions (aw=0.84±0.01 for HIO3
andaw=0.80±0.01 for I2O5) at this temperature (see Fig. 2).

Differences in the crystalline structures and chemical
potential of HIO3 and I2O5 (Rogers, 1941; Selte and
Kjekshus, 1970) are reflected in the differing DRH val-
ues for each compound. Although these two solids
form identical aqueous solutions, they will have dif-
ferent enthalpies of solution (1Hsol). This param-
eter can be derived from temperature-dependent DRH

www.atmos-chem-phys.net/10/12251/2010/ Atmos. Chem. Phys., 10, 12251–12260, 2010
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Table 3. Measured values of deliquescence relative humidity
(DRH) for I2O5 and HIO3 crystals from 273–303 K.

Temperature/K DRH [%] – I2O5,
±1%

DRH [%] – HIO3,
±1%

273 84.5 90.9
278 83.3 89.4
283 82.7 87.4
288 81.2 86.7
293 80.8 85.0
298 79.5 83.5
303 78.3 81.1

Table 4. Calculated aqueous solubility of I2O5 from 273–303 K.
These values are derived from our water activity and deliquescence
measurements (see text).

Temperature/K Solubility of I2O5/g per 100 g of H2O
Accuracy±3.5 g per 100 g of H2O

273 244.1
278 246.6
283 249.7
288 253.5
293 258.0
298 263.2
303 269.0

measurements following the method outlined by Tang and
Munkelwitz (1993), if temperature-dependent solubility data
is available for the solid in question. Such data does not ex-
ist in the literature for I2O5, but is known for HIO3 over the
range 273–373 K (Lide, 2009).

The enthalpy of solution can be evaluated by applying the
Clausius-Clapeyron equation for the phase transformation, as
given by,

d lnaw

dT
= −

n1Hsol

RT 2
(3)

whereR is the gas constant, andaw is defined as:

aw=
p

po
=

%DRH

100
(4)

The solubility (n) in moles of solute per moles of water
can be expressed as a quadratic function ofT :

n = A +BT +CT 2 (5)

The values of the coefficients A, B, and C can therefore be
calculated from a fit of solubility data at different tempera-
tures. For HIO3 the fitted coefficient values are as follows:
A = 1.998, B =−1.310×10−2, C = 2.500×10−5.

103x(A/T-BlnT-CT)

73.87 73.89 73.91 73.93 73.95 73.97 73.99

ln
(D

R
H

)

4.38
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4.46

4.48

4.50

4.52

4.54

HIO3

Slope = 998 ± 55

 

Fig. 7. A plot of measured deliquescence RH values for HIO3
against the temperature function which includes fitted solubility
data (see Sect. 3.4).

We first derived temperature dependent solubility values
for I2O5 using our measurements of water activity and tem-
perature dependent deliquescence RH values. The deliques-
cence point is the RH at which a crystal is in equilibrium
with a saturated solution. Since the water activity of a sat-
urated solution is equal to the RH, the DRH is equal to the
water activity of a saturated solution. We therefore used our
measured relationship between water activity and molality to
determine the molality of a saturated solution. In order to
do this we assume that water activity is independent of tem-
perature, which is a good approximation for many aqueous
solutions (Koop, 2004; Kitic et al., 1986). The calculated
aqueous solubility at a number of temperatures for I2O5 is
given in Table 4.

Fitting Eq. (5) to this data yields the following sol-
ubility coefficients: A = 6.124×10−1, B =−3.751×10−3,
C = 7.289×10−6. The CRC handbook gives a value of
253.4 g/100 g water at 293 K, whereas we find a value of
258.0±3.5 g/100 g water at the same temperature.

For verification of this method of determining solubility,
the solubility of HIO3 at various temperatures was calculated
using the measured DRH andaw values. The calculated val-
ues of solubility were found to be in good agreement with the
data given in the CRC Handbook (Lide, 2009).

For calculation of the enthalpy of solution (1Hsol), the ex-
pressions forn from Eq. (5) and DRH from Eq. (4) were sub-
stituted into Eq. (3), and on integrating the resulting equation
with respect toT , we find;

lnDRH=
1Hsol

R

[
A

T
−BlnT −CT

]
+I (6)

whereI is the integration constant.
Equation (6) therefore predicts a linear fit when values of

ln(DRH) are plotted against the function (A/T – BlnT – CT )
with a slope of1Hsol/R. Figures 7 and 8 show such plots for
the HIO3 and I2O5 data respectively. The calculated value of
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Fig. 8. A plot of measured deliquescence RH values for I2O5
against the temperature function which includes calculated solubil-
ity data (see Sect. 3.4).

1Hsol from the fitted data in Fig. 7 of 8.3±0.7 kJ mol−1 is
consistent with the value quoted in the CRC Handbook of +
8.8 kJ mol−1. For I2O5, the calculated value of1Hsol from
the slope of the fit shown in Fig. 8 is 12.4±0.6 kJ mol−1. This
represents the first determination of this quantity that we are
aware of.

As a test for the procedure described above, the mea-
sured DRH variation for ammonium sulphate (Sect. 2.4)
was used along with solubility data from the literature
(Tang and Munkelwitz, 1993) to fit the enthalpy of solu-
tion for this compound. The calculated value for1Hsol of
5.9±0.5 kJ mol−1 is in good agreement with the literature
value of +6.3 kJ mol−1.

Finally, the solubility coefficients A, B and C and eval-
uated 1Hsol were implemented in the defining equation
linking the theoretical DRH (%) variation with temperature
(Tang and Munkelwitz, 1993);

DRH(T ) = DRH(To)exp

[
1Hsol

R

{
A

(
1

T
−

1

To

)
−B ln

(
T

To

)
−C(T −To)

}]
(7)

WhereTo is a reference temperature and DRH (To) is the
reference value of DRH at this temperature. In our experi-
ments,To is taken at 293 K and the measured water activity of
a saturated solution of HIO3 and I2O5 at this temperature was
used to evaluate DRH (To). Measured deliquescence data
for (NH4)2SO4, HIO3, and I2O5 crystals at 273<T <303 K
and the corresponding theoretical lines based on Eq. (7) are
shown in Fig. 9.

The DRH values determined using Eq. (7) for HIO3 and
I2O5 were extrapolated to 250 K in Fig. 10 in order to esti-
mate values applicable to a variety of marine locations (tem-
perate to polar). From this figure, the expected DRH values
of HIO3 and I2O5 at 253 K are determined at 97.2±1.0% and
88.5±1.0% respectively. However, under these conditions
the atmosphere is supersaturated with respect to ice. If IOPs
are initially crystalline, they may either deliquesce at high

Fig. 9. Measured DRH for (NH4)2SO4, I2O5, and HIO3 crystals as
a function of temperature, and their corresponding theoretical fits
calculated using equation 7 (see section 3.4). Estimated errors in
the measured data are±1% (RH).

humidity or possibly serve as ice nuclei above ice saturation
and below deliquescence.

3.4.2 Efflorescence behaviour

Freshly deliquesced droplets of both HIO3 and I2O5 on
glass slides were subsequently exposed to decreasing RH
values down to “dry” conditions (<1% RH). Initially, RH
was ramped down at intervals of 2% down to 60% and
the droplets were left to equilibrate at each RH interval for
10 min. Then the RH was reduced in intervals of 10% to
about 10%, but leaving the droplets for 1 h at each interval.
After this droplets were left for 2 h at<1% RH and then on
the following day the same droplets were left at< 1% RH
for 7 h. During these experiments, crystallisation was not
observed.

Figure 11 shows a sequence of images for efflores-
cence experiments with (NH4)2SO4, and iodate solutions
made up with both HIO3 and I2O5. Efflorescence of the
(NH4)2SO4(aq) droplets is clearly evident at RH∼32%
whilst droplets of both HIO3 and I2O5 show no such be-
haviour down to the lowest RH levels which indicates that
they remained non-crystalline.

This result is intriguing given that sub-saturated iodate
solutions become increasingly viscous at higher concentra-
tions. This trend is likely to continue as the iodate solutions
become supersaturated as the RH is lowered below DRH. It
is known that many aqueous solutions can become glassy
at high concentration (Zobrist et al., 2008; Murray, 2008a;
Murray and Bertram, 2008; Mikhailov et al., 2009; Murray
et al., 2010c) and it was recently suggested that secondary
organic aerosol can exist in a glassy state (Virtanen et al.,
2010). This may have important implications for partitioning
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Fig. 10. Extrapolation of DRH fits of HIO3 and I2O5 to lower tem-
peratures. The solid line is the ice saturation line while dashed and
dotted lines indicate the extrapolation of DRH data of HIO3 and
I2O5 respectively. The ice saturation line is determined from the
ratio (multiplied by 100 to convert to %) ofpice to pliq using the
expressions (equations 7 and 10) given in Murphy and Koop (2005).
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Fig. 11. A series of microscope images from the efflorescence ex-
periments with droplets formed from crystals of (NH4)2SO4 (top),
I2O5 (middle), and HIO3 (bottom).

of semi-volatiles to the aerosol phase, heterogeneous reaction
rates and may influence a particles’ ability to act as a cloud
condensation or ice nucleus. Further work is required to see
if iodate solutions become glassy under atmospherically rel-
evant conditions.

4 Conclusions and atmospheric implications

We report the first quantitative measurements of the molality-
dependent water activity, solution density and viscosity for
aqueous iodate solutions as well as the first measurements of
the deliquescence humidity of crystalline I2O5 and HIO3. As
discussed in the introduction, these compounds are likely to
result from iodine-containing vapours released into the ma-
rine atmosphere. This physical data is crucial for evaluating
the role of iodine oxide particles (IOPs) in the marine atmo-
sphere.

In terms of the reported deliquescence properties, it should
be noted that a number of studies of the hygroscopic be-
haviour of nanoparticles (<20 nm diameter) of inorganic
salts indicate a distinct “size effect” with an increase in char-
acteristic DRH level (above that for larger solid particles
or bulk, crystalline samples) due to surface tension/forces
resulting at such small particle sizes (Hameri et al., 2000,
2001; Russell and Ming, 2002; Biskos et al., 2006). The
temperature-dependent values reported in our study there-
fore are likely to represent lower limits for deliquescence of
crystalline IOPs in the marine atmosphere. Indeed, a recent
laboratory study of the hygroscopic behaviour of freshly nu-
cleated IOPs (<10 nm in diameter) reported no observable
particle growth or evidence of deliquescence up to RH = 90%
(Saunders et al., 2010). In addition, the study of Väkev̈a et
al. (2002) reported little hygroscopic growth of nucleation
mode particles which were sampled during coastal particle
‘bursts’ at Mace Head, and subsequently exposed to 90% RH
in a hygroscopic tandem differential mobility analyser or H-
TDMA. The study gives no indication of the composition
of these particles, but it is now known that the most likely
candidates for these daytime, low-tide events are IOPs. If lo-
cal iodine source and particle growth rates are high enough
e.g. at seaweed-rich coastal areas, it has been shown (Maha-
jan et al., 2010) that IOPs can grow rapidly enough to over-
come scavenging by background (sea-salt) aerosol and grow
to sizes (>50 nm) where deliquescence could take place at
80%<RH<90%.

As mentioned in the Introduction, the other known sta-
ble solid iodine oxide I2O4 has previously been reported
as a likely composition for IOPs. However, this was based
upon an observed lack of hygroscopic growth of particles
formed in the laboratory (Jimenez et al., 2003), with I2O4
being known to be non-hygroscopic. However, observations
from the studies of McFiggans et al. (2004) and Saunders
et al. (2010) indicate that such a lack of particle growth in
the presence of water vapour at high RH (as observed up to
90%) is consistent with compact particles (less than 10 nm in
diameter) of hygroscopic (I2O5) composition which would
not be expected to grow at 90% RH or less as a consequence
of the size effect described above. In addition, larger IOPs,
which are non-compact or porous agglomerates (as observed
in electron microscope imaging), exhibit a tendency to shrink
as a result of water uptake.
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Our studies of iodate solution droplets at low humidity in-
dicate that they do not effloresce even when left at below
1% RH for many hours. This observation suggests that del-
iquesced IOPs (formed in humid environments) will remain
in a non-crystalline metastable aqueous state. This may have
implications for the uptake of other volatile chemical species
and the subsequent growth rates of IOPs. Our viscosity mea-
surements indicate that these iodate solution droplets become
increasingly viscous at lower temperatures and higher con-
centrations, which raises the possibility that they may be-
come glassy under atmospherically relevant conditions. Fu-
ture studies should focus on the properties of metastable su-
persaturated iodate solutions and their apparent inability to
crystallise.
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