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S. Ekström1,*, B. Nozìere1,*, and H.-C. Hansson2

1Department of Meteorology Stockholm University, Svante Arrhenius väg 8,
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Abstract. A significant fraction of the organic material in
aerosols is made of highly soluble compounds such as sug-
ars (mono- and polysaccharides) and polyols such as the 2-
methyltetrols, methylerythritol and methyltreitol. Because
of their high solubility these compounds are considered as
potentially efficient CCN material. For the 2-methyltetrols,
this would have important implications for cloud formation
at global scale because they are thought to be produced by the
atmospheric oxidation of isoprene. To investigate this ques-
tion, the complete K̈ohler curves for C3-C6 polyols and the
2-methyltetrols have been determined experimentally from
osmolality and surface tension measurements. Contrary to
what was expected, none of these compounds displayed a
higher CCN efficiency than organic acids. Their Raoult
terms show that this limited CCN efficiency is due to their ab-
sence of dissociation in water, this in spite of slight surface-
tension effects for the 2-methyltetrols. Thus, compounds
such as saccharides and polyols would not contribute more
to cloud formation than other organic compounds studied so
far. In particular, the presence of 2-methyltetrols in aerosols
would not particularly enhance cloud formation in the atmo-
sphere, in contrary to recently suggested.
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(barbara.noziere@itm.su.se)

1 Introduction

One of the most important roles of atmospheric aerosols for
Earth’s climate, yet still the least understood, is their con-
trol of cloud droplet activation and cloud optical properties
(aerosol indirect effect) (Forster et al., 2007). While inor-
ganic salts are considered as the most efficient cloud-forming
materials, atmospheric observations have increasingly sug-
gested the involvement of organic matter in these processes
(Novakov and Penner, 1993; Liu et al., 1996; Rivera-Carpio
et al., 1996; Matsumoto et al., 1997; Ishizaka and Adhikari,
2003; Moshida et al., 2006; Chang et al., 2007). Organic
compounds were thus estimated to contribute to up to 63 or
80% of Cloud Condensation Nuclei (CCN) numbers in ma-
rine regions (Novakov and Penner, 1993; Rivera-Carpio et
al., 1996; Matsumoto et al., 1997), and 20% at a continental
semi-rural site (Chang et al., 2007). The presence of organic
compounds was also found to be necessary to account for the
CCN numbers in the Amazon basin (Mircea et al., 2005). A
contribution of organic material to CCN could be especially
important in pristine environments, such as remote marine
regions or the Amazonian wet season, where CCN numbers
are limited by the low aerosol concentrations (e.g. Fitzger-
ald, 1991; Roberts et al., 2001). Understanding cloud for-
mation in these regions is important both as a contribution to
the global atmosphere and as an observatory of the pristine
atmosphere.
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Table 1. Solubility in water for the compounds discussed in this work.

Compound Solubility [g L−1] Reference

Polyols:
Methyl threitol 8800a

Methyl erythritol 637b

Glycerol Threitol infinite 8800 Saxena and Hildemann, 1996; Cohen, 1993
Erythritol 637 Cohen, 1993
Arabitol 1510–2110 Saxena and Hildemann, 1996
Mannitol 216 Hu, 1998

Saccharides:
Fructose 4074 Washburn, 1927
Mannose 2500 Windholtz, 1983
Sucrose 2000 Windholtz, 1983
Glucose 909 Windholtz, 1983
Lactose 200 Windholtz, 1983
Maltose 93 Washburn, 1927

Di-acids:
Malonic acid 1610 Saxena and Hildemann, 1996
Succinic acid 88 Saxena and Hildemann, 1996
Adipic acid 25 Saxena and Hildemann, 1996

Inorganic salts:
Ammonium Sulphate: 706 Weast, 1985
Sodium Chloride: 357 Weast, 1985

a Assumed identical to threitol;
b Assumed identical to erythritol.

Some properties of organic compounds, such as their ef-
fect on the surface tension, have been clearly shown to play a
critical role in cloud droplet formation (Facchini et al., 1999).
The role of other molecular properties, such as their solubil-
ity in water, is less clear but generally suspected and sub-
ject to many investigations (e.g. Mircea et al., 2005). Many
aerosols in the atmosphere contain significant fractions of
organic compounds of solubility comparable or larger than
those of inorganic salts such as sugars (mono- and polysac-
charides), polyols, and the 2-methyltetrols, methylerythri-
tol and methylthreitol (Claeys et al., 2004; Ion et al., 2005;
Kourtchev et al., 2005; B̈oge et al., 2006). This highly solu-
ble material accounts for up to 5% of the total organic frac-
tion of aerosols in forested (e.g. Graham et al., 2003; Dece-
sari et al., 2006; Fuzzi et al., 2007), and marine regions (e.g.
Simoneit et al., 2004). Polyols and 2-methyltetrols, in par-
ticulars, were found in the fine aerosol fraction in forested
and rural areas (e.g. Graham et al., 2003; Kourtchev et al.,
2005; B̈oge et al., 2006). The potential role of these 2-
methyltetrols as CCN material has been strongly suggested
(Silva Santos et al., 2006; Meskhidze and Nenes, 2006) and
would have tremendous implications for cloud formation at
global scale as these compounds are believed to be produced
by isoprene, a gas globally emitted. The CCN efficiencies
of saccharides have been previously studied (Rosenørn et al.,
2005) and found to be lower than those of organic acids. But

the CCN efficiencies of polyols and 2-methyltetrols have not
been investigated until now. This work presents the first in-
vestigation of the CCN properties of C3 to C6 polyols and of
the tetrols, methylerythritol and methylthreitol (see molecu-
lar structures and properties in Tables 1 and 2).

2 Experimental

The experimental method used in this work is the one devel-
oped by Kiss and Hansson (2004) and Varga et al. (2007),
and the readers are referred to these articles for an in-depth
description. The principle is to build the Köhler curve, S(d),
of the compounds of interest point by point by measuring
some properties of their solutions in water (or salt solutions).
The Köhler curve, S(d), describes the supersaturation (or ex-
cess vapor pressure) necessary to activate a particle of diam-
eter d into a cloud droplet:

S(d) =

(
aw × exp

4σsolMw
dρwRT

)
− 1, (1)

whereaw is the water activity,σsol (mN m−1) the surface
tension,Mw the molecular weight of water (18 g mol−1), ρw

the density of water (1 g cm−3), R the gas constant, andT
temperature. In this equation, onlyaw andσsol are related to
the compounds studied while all other parameters are either
constant or related to water. The values ofaw andσsol were
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Table 2. Chemical structures and molecular properties of the compounds studied in this work.
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Table 2. Chemical structures and molecular properties of the compounds studied 

in this work. 

Compound Molecular 

formula 

Molecular weight  

[g mol
-1

] 

Density 

[g cm
-3

]
 
 

Molecular 

structure 

Polyols:     

Methyl threitol C5H12O4 136.15 1.46
*
 

 

Methyl 

erythritol 

C5H12O4 136.15 1.46
*
 

 

Glycerol C3H8O3  92.11 1.261
(a)

 
 

Erythritol C4H10O4 122.12 1.451
(a)

 

 
Arabitol C5H12O5 152.15 1.48

*
 

 
Mannitol C6H14O6 182.18 1.489

(a)
 

 
Di-acids     

Malonic acid C3H4O4 104.06 1.619
(a)

 
 

 

Succinic acid C4H6O4 118.09 1.572
(a)

 

 
 

Adipic acid C6H10O4 146.14 1.36
(a)

 
 

     

Inorganic salts:     

Ammonium 

Sulphate 

(NH4)2SO4 

 

132.14 1.77(a)
  

 

Sodium 

Chloride 

NaCl 58.44 2.16(a)
  

 

 *
Approximate value

 

(a) 
Weast, 1985

measured experimentally from mixtures of the compounds
of interest in water or in salt solutions. To build the com-
plete Köhler curve, each mixture was prepared for a range
of different concentrations corresponding to different parti-
cle diameter,d. The concentrations of organic were varied
between 0 and 2 M, and those of salt between 0 and 1 M (see
details in Table 3). The curves were typically built on 5 to
10 points (shown in the Figures). The particle diameter cor-
responding to the solution concentration was calculated by
adding up the volumes of aqueous and of organic materials,
the latter assuming the density of the pure organic material
(see Table 2).

The surface tension of the solutions,σsol (mN m−1), was
measured with a FT̊A 125 tensiometer, with overall uncer-
tainties of±2%. The water activity,aw, was determined
from the osmolality of these solutions, Cosmol (kg−1), (re-
duction of water vapor pressure due to the solute), according
to:

aw =

1000
Mw

1000
Mw

+ Cosmol
(Kiss and Hansson, 2004), (2)

where Cosmolwas measured experimentally with a KNAUER
K-7000 vapor pressure osmometer. This method providesaw

with an excellent accuracy compared to literature data (Kiss
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Table 3. Linear parametrization of the surface tension and osmolality measurements as function of molar concentration.

Compound Surface tension Osmolality r2 Concentration
(mN m−1) r2 (×10−3 kg−1) range (M)

Water

Glycerol −1.8 c+71.6 (6) 0.97 965.2 c−9.1 (6) 0.99 0.05–2.01
Erythritol −2.5 c+72.0 (6) 0.89 1107.9 c−14.0 (6) 1.00 0.05–1.00
Arabitol −3.5 c+71.5 (8) 0.64 1018.5 c+3.2 (8) 1.00 0.02–0.40
Mannitol −3.2 c+71.7 (6) 0.93 1072.4 c−9.3 (6) 1.00 0.05–1.00
Methylerythritol −14.3 c+70.4 (12) 0.97 955.1 c−44.8 (12) 0.99 0.02–1.87
Methylthreitol −16.1 c+72.3 (7) 0.96 610.2 c−19.2 (7) 0.97 0.05–1.20
Malonic acid −4.6 c+70.8 (6) 0.95 978.6 c+19.5 (6) 1.00 0.05–2.02
Succinic acid −19.4 c+72.1 (6) 0.95 1018.1 c+9.8 (6) 1.00 0.01–0.15
Adipic acid −46.8 c+70.5 (6) 0.98 1016 c+8.3 (6) 1.00 0.01–0.12
Sodium Chloride −2.4 c+71.3 (8) 0.62 1800 c−6.5 (8) 1.00 0.01–1.00
Ammonium sulphate −2.7 c+70.8 (9) 0.93 1946 c+15.3 (9) 1.00 0.01–1.00

Ammonium Sulphate (17% wt/wt)

Mannitol −4.0 c+71.6 (9) 0.91 1322.1 c−18.4 (9) 1.00 0.03–2.07
Methylerythritol −15.1 c+73.4 (9) 1.00 941.8 c−103.8 (9) 0.95 0.05–1.53
Methylthreitol −14.9 c+73.5 (9) 1.00 907.7 c−67.9 (9) 0.97 0.04–1.31
Adipic acid −40.5 c+71.1 (6) 0.98 1011.2 c−11.9 (6) 1.00 0.02–0.07

Sodium Chloride (17% wt/wt)

Mannitol −2.7 c+70.9 (9) 0.95 1655.7 c−19.7 (9) 1.00 0.01–1.05
Methylerythritol −14.2 c+73.3 (9) 0.98 1071.8 c−95.0 (9) 0.96 0.05–1.44
Methylthreitol −13.0 c+73.7 (9) 0.97 966.2 c−95.8 (9) 0.97 0.05–1.42
Adipic acid −25.7 c+69.4 (6) 0.95 1019.9 c+36.9 (6) 0.92 0.04–0.13

and Hansson, 2004) and less than 2% of errors for up to
1.5 mol kg−1 of solute. Uncertainties on these measurements
were between±4% (intermediate concentrations of organ-
ics) to ±12% for very dilute and very high concentrations
of organics. The uncertainties on Cosmol and σsol resulted
in uncertainties between±4% and±7% on S(d). The criti-
cal supersaturations, Sc, had the lowest uncertainties,±4%,
because they corresponded to intermediate organic concen-
trations, where the uncertainties on Cosmol were minimal.

Note that this method employs the original Köhler Eq. (1),
where the use of Van’t Hoff factors is replaced by experimen-
tal values of the osmolality. Not only this avoids assump-
tions in the determination of these factors but also takes into
account intermolecular and electrostatic effects between the
molecules of solute that the expression with Van’t Hoff fac-
tors does not. Kiss and Hansson (2004) thus showed that
using osmolality instead of Van’t Hoff factors improved by
40% the Raoult term for sulfuric acid, and by about 15% its
critical supersaturation. Similar (but smaller) effects were
also shown for NaCl and CaCl2 (Kiss and Hansson, 2004).

A first series of experiments focused on determining the
Köhler curves for the pure organic compounds, glycerol
(C3), erythritol (C4), arabitol (C5), mannitol (C6), their di-
acid analogs, malonic acid (C3), succinic acid (C4), adipic

acid (C6), and the two 2-methyltetrols, from their solutions
in water (Tables 1 and 2). All the K̈ohler curves presented in
this work, and all critical supersaturation values discussed,
have been determined for a dry particle diameter of 60 nm.

Because organic material is often mixed with inorganic
salts in aerosols, which can affect their Köhler curves (Bilde
and Svenningsson, 2004), a second series of experiments
focused on the determination of the Köhler curves for the
organic compounds mixed with sodium chloride and am-
monium sulfate. All these solutions had a composition of
17% wt in salt. Note that these Köhler curves were deter-
mined only for the range of concentrations where the organic
compounds were soluble.

Chemicals. 2-methylerythritol and 2-methylthreitol were
custom synthesized by InnoChemie GmbH, Germany. The
synthesis proceeded first to Compound 1 (Fig. 1), which was
isolated in>98% purity. After hydrolysis, benzaldehyde 2
was removed by repeated azeotropic distillation with water
to furnish 3 in nearly quantitative yield containing∼10% of
water. Residual water was removed by repeated azeotropic
distillation using ethanol and the final product was dried un-
der reduced pressure to remove ethanol. The estimated purity
of 2-methylerythritol and 2-methylthreitol was>95%.

Atmos. Chem. Phys., 9, 973–980, 2009 www.atmos-chem-phys.net/9/973/2009/
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Figure 1 

 

 

 

 

 Fig. 1. Details of the molecular structures of the intermediates in
the synthesis of the methyltetrols (courtesy of Innochemie Gmbh).

All other compounds were commercially available from
the manufacturers: Malonic acid (Aldrich, purity 99%), suc-
cinic acid (Aldrich, ≥99%), adipic acid (Aldrich, purity
99%), glycerol (Aldrich, purity≥99.5%), erythritol (Aldrich,
≥99%), arabitol (Aldrich, purity≥99%), mannitol (Aldrich,
purity 98%), sodium chloride (Aldrich, purity≥99%), am-
monium sulfate (Aldrich, purity≥99.5%).

3 Results and discussion

3.1 Organic/water mixtures

The measurements of Cosmol andσsol as function of the or-
ganic concentration,c(M), made in this work are summa-
rized in Table 3 as their best fit to linear expressions over the
ranges of concentration studied.

The Köhler curves for the polyols and di-acids are shown
in Fig. 2, and for the 2-methyltetrols, in Fig. 3, all for a dry
diameter of 60 nm. Table 4 compares the critical supersatu-
rations, Sc, obtained in this work for malonic, succinic, and
adipic acid and a dry diameter of 100 nm, with those obtained
with on-line techniques (HTDMA and CCN counters), and
theoretical values. For malonic and succinic acids, the re-
sults of the different techniques are in excellent agreement,
showing the validity of the method presented in this work,
even for these surface-active compounds. Previous on-line
determinations of Sc for adipic acid were rather scattered.
However, the value determined by the method presented in
this work is the closest to the theoretical one, further con-
firming the validity of this method.

The Köhler curves obtained for the polyols (Sc=0.5–
0.63±0.02%, Fig. 2) and the 2-methyltetrols (Sc=0.57–
0.68±0.02%, Fig. 3) showed that the critical supersaturations
of these compounds were all higher than those of their ana-
logue di-acids (Sc=0.44–0.52%) (all curves and Sc values for
a dry diameter of 60 nm). This demonstrates that, in con-
trast to what was expected, a high solubility does not nec-
essarily imply a high CCN efficiency. These results are in
line with the low CCN efficiencies previously measured for

Figure 2 
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Fig. 2. Köhler curves obtained for polyol solutions. Diamonds
Polyols (glycerol: black, erythritol: red, arabitol: orange, manni-
tol: yellow).

Figure 3 
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Fig. 3. Köhler curves obtained for 2-methyltetrol and dicarboxylic
acid solutions. Triangles: Methyltetrols (2-methylthreitol: light
green, 2-methylerythritol: dark green). Circles: dicarboxylic acids
(malonic acid: dark blue, succinic acid: medium blue, adipic acid:
light blue).

mono- and di-saccharides (Sc=0.55–0.85%) (Rosenørn et al.,
2005). Comparing the Raoult terms in Table 3 shows that the
limited CCN efficiencies of polyols and methyltetrols are due
to their relatively small Raoult terms and osmolality values.
For instance, forc=0.1 M the expressions in Table 3 give:
Cosmol=210×10−3 kg−1 for (NH4)2SO4,
= 174×10−3 kg−1 for NaCl,
= 110 to 117×10−3 kg−1 for the organic acids,
= 97 to 112×10−3 kg−1 for the linear polyols, and
= 51 and 42×10−3 kg−1 for methylerythritol and
methylthreitol, respectively, (all with uncertainties of
±14×10−3 kg−1). The different osmolality values between
different classes of compounds in Table 3 generally corre-
late with the degree of dissociation of these compounds:
polyols would not dissociate much, producing only one
molecule of solute, organic acids partly dissociate, produc-
ing between 1 and 2 molecules of solute, and the inorganic
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Figure 4 
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Fig. 4. Köhler curves for mixtures of organic compounds and am-
monium sulphate (17% wt/wt). Purple squares: pure ammonium
sulfate. Other compounds as in previous Figures.

Table 4. Comparison of the critical supersaturations for dicar-
boxylic acids determined with the method presented in this work
with results from on-line measurements and theoretical values (dry
diameter=100 nm).

Compound This Previous Theoretical
study studies value

Malonic acid 0.20 0.24a, 0.23b, 0.17c∗ 0.23
Succinic acid 0.22 0.21a, 0.27b, 0.4d∗ 0.25
Adipic acid 0.25 1.0a, 1.65b, 0.4d∗, 0.62e 0.30

∗ Values are obtained by extrapolation of experimental data.
a Prenni et al. (2001)
b Hori et al. (2003)
c Giebl et al. (2002)
d Corrigan and Novakov (1999)
e Cruz and Pandis (1997)

salts completely dissociate, producing 2 (NaCl) or more
((NH4)2SO4) molecules of solute. This was expected be-
cause of the equivalence between Cosmol in Eq. (2) and
the term containing the Van’t Hoff factors in the simplified
Köhler equation. However, as mentioned above and in Kiss
and Hansson (2004), osmolality also takes into account elec-
trostatic interactions between the molecules of solute that
the Van’t Hoff factors do not. These smaller effects can be
seen in the different osmolality values obtained with different
polyols and acids.

For some organic compounds, such as organic acids, sur-
face tension effects can partly compensate for small Raoult
effects and improve the CCN efficiency (Facchini et al.,
1999). The surface tensions measured in this work as
function of the molar concentration,c(M), are summarized
in Table 3. Forc=0.1 M, the surface tension for solu-
tions of adipic and succinic acid wereσsol (0.1 M)=66 and

 1 

Figure 5 

 

 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 100 200 300 400 500 600 700 800

S
u

p
e

rs
a

tu
ra

ti
o
n

 [%
]

Diameter [nm]

2-Methylerythritol NaCl

2-Methylthreitol NaCl

Mannitol NaCl

Adipic NaCl

NaCl

Ddry = 60 nm

Fig. 5. Köhler curves for mixtures of organic compounds and
sodium chloride (17% wt/wt). Grey squares: pure sodium chloride.
Other compounds as in previous Figures.

70 (±1) mN m−1, respectively. None of the linear poly-
ols displayed any significant surface tension effect (σsol
(0.1 M)∼71±1 mN m−1), but the 2-methyltetrols displayed
a small effect:σsol (0.1 M)∼70 mN m−1 for both of them.
These effects contributed to lower their critical supersatura-
tion, but not enough to be better CCN material than inorganic
salts or even organic acids.

3.2 Organic/salt/water mixtures

The measurements of Cosmol and σsol for the or-
ganic/salt/water mixtures are also presented in Table 3 and
the Köhler curves in Figs. 4 and 5 (all for a dry diameter
of 60 nm and a salt composition of 17% wt/wt). For adipic
acid with sodium chloride, our results are in agreement with
those of Bilde and Svenningsson (2004) showing a strong
reduction the critical supersaturation compared to the water
mixtures (Sc=0.52% in water and 0.42% in NaCl,±0.02%),
and a slight increase in the critical diameter. This agreement
shows that our experimental method remains valid when ap-
plied to organic/salt mixtures.

Ammonium sulfate was found to have less impact on the
critical supersaturation than sodium chloride (Sc=0.51%).
This probably results from the different pH of these salts:
sodium chloride solutions are slightly basic (pH=7–8), favor-
ing the dissociation of weak acids, while ammonium sulfate
solutions are slightly acidic (pH=5.5–7) and limit their dis-
sociation.

For mannitol, the critical supersaturation was reduced by
both salts: from Sc=0.62% in water, to 0.45% in NaCl, and
0.54% in (NH4)2SO4. This suggests that mannitol is only
partly soluble in water, in agreement with the moderate sol-
ubility reported in Table 1. As with adipic acid, the criti-
cal supersaturation was less reduced by ammonium sulfate
than by sodium chloride. By contrast, the critical supersatu-
ration of methylthreitol was hardly affected by the presence

Atmos. Chem. Phys., 9, 973–980, 2009 www.atmos-chem-phys.net/9/973/2009/
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of either salt: Sc=0.69% in water, and 0.66% NaCl, and
0.68% in (NH4)2SO4. This lack of effect of salt suggests
a very large solubility of this compound in water, in line
with the solubility of threitol (Table 1). Interestingly, the
critical supersaturation for methylerythritol was increased by
both salts: Sc=0.58% in water, 0.60% in NaCl, and 0.69% in
(NH4)2SO4. A possible explanation for this surprising result
is that this compound, as erythritol (Table 1), is only partly
soluble in water. However, unlike the di-acids and polyols,
the non-soluble part would be liquid not solid, and might
form a film at the surface of the droplets, which would limit
the uptake of water and therefore the CCN efficiency.

4 Conclusion and atmospheric implications

In this work, complete K̈ohler curves for a series of C3-C6
polyols and methyltetrols were determined from experimen-
tal measurements of the osmolality and surface tension of
their organic/water and organic/salt/water solutions. The ex-
cellent agreement between the critical supersaturations ob-
tained with this method for malonic, succinic, and adipic
acid with on-line techniques and theoretical values demon-
strates the validity of this method. The Köhler curves for
the C3-C6 polyols and 2-methyltetrols showed their lower
CCN efficiency than organic acids, both in water and in the
presence of salts. These results indicate that high water solu-
bility does not necessarily imply high CCN efficiency. They
are also in line with the low CCN efficiencies determined
previously for saccharides. Thus, saccharides and polyols
would not contribute more to cloud formation than other or-
ganic compounds studied so far. In particular, the presence
of 2-methyltetrols in aerosols, believed to result from the ox-
idation of isoprene, would not enhance cloud formation in
the atmosphere, in contrary to recently suggested (e.g. Silva
Santos et al., 2006; Meskhidze and Nenes, 2006).

However, under certain conditions, it is possible that
highly soluble organic material might activate smaller CCN.
In pristine environments such as remote marine regions and
the Amazonian wet season, where CCN numbers are limited,
this might somewhat increase these numbers and, in turn, af-
fect droplet size. The importance of such effect remains how-
ever to be determined.
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