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H I G H L I G H T S  

� Hygroscopic properties of three methanesulfonates were investigated using two techniques. 
� The mass change of CH3SO3Na at 90% RH, relative to that at <1% RH, was measured to be ~4.0. 
� The growth factor was measured to be 1.48 � 0.02 at 90% RH for CH3SO3Na aerosol.  

A R T I C L E  I N F O   

Keywords: 
Hygroscopic properties 
Methanesulfonate 
Aerosol-water interaction 
Dimethyl sulfide 
Marine aerosol 

A B S T R A C T   

Methanesulfonate, formed in atmospheric oxidation of dimethyl sulfide, is abundant in marine aerosols; how-
ever, its hygroscopic properties have not been well understood. In this work, two complementary techniques (a 
vapor sorption analyzer and a humidity tandem differential mobility analyzer) were employed to investigate 
hygroscopic properties of CH3SO3Na, CH3SO3K and (CH3SO3)2Ca at different relative humidities (RH). The 
deliquescence relative humidities were measured to be 70–71% for CH3SO3Na at 15–35 �C, displaying no 
dependence on temperature. The mass changes at 90% RH, relative to that at <1% RH, were measured to be 
4.002 � 0.053 for CH3SO3Na, 3.479 � 0.031 for CH3SO3K, and 3.663 � 0.019 for (CH3SO3)2Ca at 25 �C. 
CH3SO3Na and CH3SO3K aerosols started to grow at >70% RH, while continuous growth since very low RH 
(<40%) was observed for (CH3SO3)2Ca aerosols. At room temperature, hygroscopic growth factors at 90% RH 
were measured to be 1.48 � 0.02, 1.53 � 0.04 and 1.65 � 0.02 for CH3SO3Na, CH3SO3K and (CH3SO3)2Ca 
aerosols, respectively.   

1. Introduction 

Dimethyl sulfide (DMS), one of the most abundant sulfur compounds 
in the troposphere, contributes ~50% of the biogenic emission of sulfur 
on the global scale (Andreae, 1990; Bates et al., 1994; Barnes et al., 
2006). DMS is mainly produced by phytoplankton in sea surface water 

(Charlson et al., 1987), and after emitted into the atmosphere, it will be 
oxidized by atmospheric oxidants (OH, NO3, O3, and etc.), eventually 
leading to the formation of methanesulfonic acid (MSA) and sulfate. 
Once formed, MSA will partition into the particle phase and form 
methanesulfonate via homogeneous nucleation, condensation and het-
erogeneous reactions (Debruyn et al., 1994; Hanson, 2005; Tang and 
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Zhu, 2008; Tang et al., 2010; Dawson et al., 2012; Chen et al., 2016; 
Zhao et al., 2017). 

Methanesulfonate has been identified at various locations in the 
world (Bates et al., 1992; Davis et al., 1999; Bardouki et al., 2003; Zorn 
et al., 2008; Lin et al., 2012; Ovadnevaite et al., 2014; van Pinxteren 
et al., 2015; Huang et al., 2017). For example, Ovadnevaite et al. (2014) 
measured chemical compositions of submicron aerosols at Mace Head 
(Ireland) from January 2009 to June 2011, and methanesulfonate con-
centrations and mass ratios of methanesulfonate to non-sea-salt sulfate 
were in the range of 0–0.09 μg m� 3 and 0.04–0.46. In a campaign during 
June to July 2011, methanesulfonate concentrations were determined to 
be 18.8–65.1 ng m� 3 over the tropical Atlantic Ocean, and the average 
mass ratio of methanesulfonate to non-sea-salt sulfate was found to be 
0.022 (van Pinxteren et al., 2015). Huang et al. (2017) investigated 
latitudinal and seasonal variation of methanesulfonate over the Atlantic, 
and methanesulfonate concentrations and mass ratios of methanesul-
fonate to non-sea-salt sulfate were measured to be 0.01–0.03 μg m� 3 and 
0.007–0.173. To our knowledge, methanesulfonate is formed in the 
troposphere dominantly from DMS oxidation (Gondwe et al., 2004; 
Barnes et al., 2006; Sorooshian et al., 2015), and the ratio of meth-
anesulfonate to non-sea-salt sulfate is often used to estimate the 
contribution of DMS to non-sea-salt sulfate aerosol. However, recent 
studies suggested that methanesulfonate would undergo rapid degra-
dation due to heterogeneous oxidation by OH radicals (Kwong et al., 
2018; Mungall et al., 2018). 

Methanesulfonate, as an important component of aerosol particles in 
marine and coastal regions, can affect the climate directly by scattering 
solar radiation and indirectly by serving as cloud condensation nuclei 
(CCN) (Hodshire et al., 2019). The direct and the indirect radiative 
forcing both depend on aerosol hygroscopicity (Haywood and Boucher, 
2000; Kanakidou et al., 2005; Tang et al., 2016; Bertram et al., 2018), 
and a few previous studies (Peng and Chan, 2001; Liu and Laskin, 2009; 
Zeng et al., 2014) have investigated hygroscopic properties of meth-
anesulfonates. For example, Peng and Chan (2001) measured mass 
changes of levitated CH3SO3Na particles at 25 �C using an electrody-
namic balance. The deliquescence relative humidity (DRH) and efflo-
rescence relative humidity (ERH) were determined to be 65.2–68.9% 
and 50.1–51.1%; in addition, the ratio of particle mass at 90% RH to that 
under dry conditions was measured to be 4.22. Liu and Laskin (2009) 
employed microscopic Fourier transform infrared spectroscopy 
(micro-FTIR) to investigate hygroscopic properties of several meth-
anesulfonates at 24 �C. They found that CH3SO3Na particles displayed 
distinctive phase transitions, and DRH and ERH were measured to be 
71% and ~49%; in contrast, CH3SO3NH4, (CH3SO3)2Mg and 
(CH3SO3)2Ca particles showed continuous hygroscopic behaviors 
without obvious phase transitions. Zeng et al. (2014) used an attenuated 
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) to 
examine the temperature dependence of DRH and ERH of CH3SO3Na 
particles. DRH was found to increase from 71–73% at 23 �C to 82–84% 
at � 5 �C, and ERH increased from 50–52% at 23 �C to 63–65% at � 5 �C. 
In addition, hygroscopic properties of CH3SO3Na/NaCl internally mixed 
particles were also studied (Liu et al., 2011). Very recently, CCN activ-
ities of CH3SO3Na, CH3SO3K and (CH3SO3)2Ca aerosols were explored 
(Tang et al., 2015, 2019c). To our knowledge, hygroscopic properties of 
methanesulfonate aerosols have not yet been investigated. 

In order to improve our knowledge in hygroscopic properties of 
methanesulfonate and thus its roles in the climate system, hygroscopic 
properties of three methanesulfonates, including CH3SO3Na, CH3SO3K 
and (CH3SO3)2Ca, were investigated in this study using two comple-
mentary methods. A vapor sorption analyzer (VSA) was used to measure 
mass changes of the three methanesulfonates as a function of RH; 
furthermore, a humidity tandem differential mobility analyzer (H- 
TDMA) was employed to measure mobility diameters of submicron 
aerosol particles for the three methanesulfonates at different RH. The 
comprehensive dataset obtained in this work would improve our 
knowledge in hygroscopic properties of methanesulfonates, therefore 

helping us better understand the climatic effects of methanesulfonate 
aerosol and dimethyl sulfide. 

2. Material and methods 

NaCl (>99.5%) was purchased from Sigma-Aldrich, and artificial 
inorganic sea salt (its composition can be found in Table 1) was pur-
chased from HIMEDIA. CH3SO3Na (>98%) and CH3SO3K (>99%) were 
both supplied by Alfa Aesar, and (CH3SO3)2Ca (>98.0%) was provided 
by Tokyo Chemical Industry (TCI). All the chemicals were used without 
further purification. 

2.1. Vapor sorption analyzer experiments 

A vapor sorption analyzer (VSA, Q5000SA), purchased from TA In-
struments (New Castle, DE, USA), was employed to measure mass 
changes of methanesulfonate samples as a function of RH under 
isotherm conditions. The instrument was detailed elsewhere (Gu et al., 
2017b; Tang et al., 2019b), and therefore is only described here in brief. 
Experiments were conducted at 15–35 �C (with an accuracy of �0.1 �C) 
and 0–90% RH (with an absolute accuracy of �1%). A high precision 
balance was used to measure the bulk sample mass, and the sensitivity 
was stated to be <0.1 μg. The balance had a dynamic range of 0–100 mg, 
and the sample mass under dry conditions (<1% RH) was typically in the 
range of 0.2–1.0 mg. 

Mass growth factors of methanesulfonates were determined using 
the following procedure: i) at a given temperature, the sample was dried 
at <1% RH; ii) RH was increased to 90% stepwise with an increment of 
5% per step; iii) after that, RH was returned to <1% to dry the sample 
again. To measure the DRH at a given temperature, the sample was dried 
at <1% RH, and after that RH was increased to a value which was at least 
5% lower than the expected DRH; RH was then increased stepwise with 
an increment of 1% per step until a significant increase in sample mass 
was observed (i.e. the sample was deliquesced). In all the experiments, 
RH was changed to the next value only when the sample reached an 
equilibrium with the environment, and the sample was considered to 
reach an equilibrium when its mass change was <0.1% within 30 min. 
All the experiments were conducted in triplicate. 

2.2. H-TDMA experiments 

A humidity tandem differential mobility analyzer (H-TDMA), 
developed at Peking University, was used to investigate hygroscopic 
growth of methanesulfonate aerosol particles at 25 � 1 �C via measuring 
mobility diameters of quasi-monodisperse aerosol particles at different 
RH. The H-TDMA used in our work was described elsewhere (Wu et al., 
2011, 2017). In brief, an atomizer was used to generate polydisperse 
aerosol particles from aqueous solutions (around 0.4 g/L in water), and 
the aerosol flow was passed through a Nafion dryer to reduce its RH to 
<30%. After that, a dry aerosol flow (1 L min� 1) was delivered through 
an aerosol neutralizer and then the first differential mobility analyzer to 

Table 1 
Composition of artificial sea salt used in this study.  

element concentration (mg/L) 

chloride (Cl) 38000 
sodium 10780 
sulfate 2660 
potassium 420 
calcium 400 
carbonate (bicarbonate) 200 
strontium 56 
iodide 0.24 
fluoride 1 
magnesium (Mg) 1320 
other trace elements <0.5  
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select quasi-monodisperse aerosol particles with a dry diameter of 100 
nm. Finally, the aerosol flow entered a humidification system (the 
residence time: ~2.5 s) to be humidified to a given RH, and the aerosol 
number size distribution was measured using the second DMA coupled 
to a condensation particle counter (CPC, TSI 3772). The flow rate ratio 
of the sheath flow to the aerosol flow was set to 10:1 for both DMA, and 
the total absolute uncertainty in RH was estimated to be <2%. 

Some experiments were also carried out using the second H-TDMA 
developed at Research Center for Eco-Environmental Sciences, Chinese 
Academy of Sciences, and more information of this instrument can be 
found in a recent study (Ma et al., 2019). 

3. Results and discussion 

3.1. Mass change of methanesulfonates at different RH 

3.1.1. DRH of CH3SO3Na particles 
Fig. 1b displays changes in RH and normalized sample mass as a 

function of time in an experiment to measure the DRH of CH3SO3Na. 
When RH increased from 70% to 71%, a large increase in sample mass 
occurred, suggesting that the DRH of CH3SO3Na at 25 �C was 70.5 �
0.5%. The small increase in sample mass, observed when RH increased 
from 69% to 70%, was very likely due to signal noise and/or baseline 
drifts. Peng and Chan (2001) employed an electrodynamic balance to 
study hygroscopic properties of CH3SO3Na particles at 25 �C, and the 
DRH was measured to be 65.2–68.9%. In another two studies, the DRH 
of CH3SO3Na was determined to be ~71% at 24 �C (Liu and Laskin, 
2009) and 71–73% at 23 �C (Zeng et al., 2014). As a result, DRH 
measured in our work at around room temperature agreed very well 
with those reported by Liu and Laskin (2009) and Zeng et al. (2014), but 
was slightly higher than that reported by Peng and Chan (2001). 

We also investigated the DRH of CH3SO3Na at different tempera-
tures, and found that it showed no significant variation with tempera-
ture in the range of 15–35 �C. The lowest temperature our VSA could 
reach was 15 �C, though experiments at lower temperature (for example, 
below 0 �C) will be very valuable. In a previous study, Zeng et al. (2014) 
measured the DRH of CH3SO3Na particles at different temperature, and 
the DRH at 12 �C was determined to be ~74%, in reasonably good 
agreement with our work (~71% at 15 �C). Zeng et al. suggested that 

DRH of CH3SO3Na showed a negative temperature dependence, 
increasing from 71–73% at 23 �C to 82–84% at � 5 �C, while no signif-
icant temperature dependence (15–35 �C) was found in our work. 

3.1.2. Mass hygroscopic growth of methanesulfonates 
Fig. 1a displays a typical experiment conducted to measure mass 

hygroscopic growth factors of CH3SO3Na at 25 �C. Significant increase 
in sample mass was observed when RH was changed from 70% to 75%; 
this suggested that the deliquescence of CH3SO3Na took place at 
70–75% RH, being consistent with the measured DRH (70–71%). As 
shown in Fig. 1a, further increase in RH resulted in additional increase in 
sample mass. 

Fig. 2 shows mass growth factors (defined as the ratio of sample mass 
at a given RH to that at <1% RH) of CH3SO3Na, CH3SO3K and 
(CH3SO3)2Ca particles at 25 �C in the RH range of 0–90%, and the data 
are also summarized in Table 2. The measured mass growth factor of 
CH3SO3Na has a very large error at 70% RH. As discussed in Section 

Fig. 1. Normalized sample mass of CH3SO3Na (relative to the dry mass, blue curve, right y axis) and RH (black curve, left y axis) as a function of time at 25 �C. (a) A 
typical experiment conducted to measure mass hygroscopic growth factors; (b) a typical experiment conducted to measure the DRH. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Mass growth factors of three methanesulfonates as a function of RH at 
25 �C. 
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3.1.1, the DRH of CH3SO3Na was measured to be 70–71%; therefore, at 
70% RH CH3SO3Na may remain as solid in one experiment while deli-
quesce to form an aqueous solution in another experiment, leading to 
large uncertainties in the measured mass growth factors. As shown in 
Fig. 2, CH3SO3K and (CH3SO3)2Ca also deliquesced when RH increased 
from 70% to 75%. The mass growth factors at 90% RH were determined 
to be around 4.00, 3.48 and 3.66 for CH3SO3Na, CH3SO3K and 
(CH3SO3)2Ca, respectively. 

For deliquesced samples, we also calculated their water to solute 
ratios (WSR), defined as the molar ratio of H2O to CH3SO3

� , and the 
results are displayed in Fig. 3 and Table 2. At around room temperature, 
WSR at 90% RH were determined to be 19.7 � 0.3, 18.5 � 0.2 and 17.0 
� 0.1 for CH3SO3Na, CH3SO3K, and (CH3SO3)2Ca. WSR were measured 
to be 8.74 and 10.7 at 75% and 80% RH for CH3SO3Na in one previous 
study (Liu and Laskin, 2009), and 8.25, 10.69, 14.39 and 21.11 at 75%, 
80%, 85% and 90% RH in another study (Peng and Chan, 2001). For 
comparison, in our work WSR were found to be 8.0 � 0.1, 10.1 � 0.1, 
13.4 � 0.1 and 19.7 � 0.3 at 75%, 80%, 85% and 90% RH for 
CH3SO3Na. Overall, the agreement between our work and the two pre-
vious studies was very good, and the differences in WSR did not exceed 
10%. For (CH3SO3)2Ca, WSR were measured to be 13.11 and 16.13 at 
75% and 80% by Liu and Laskin (2009); for comparison, WSR in our 
work were determined to be 7.6 � 0.1 and 9.4 � 0.1 at 75% and 80% 
RH, significantly smaller than those reported by Liu and Laskin (2009). 

Several previous studies (Liu and Laskin, 2009; Gu et al., 2017a; Jia 
et al., 2018) suggested that WSR of deliquesced particles can be fitted by 

polynomial equations. As shown in Fig. 3, we also found that Eq. (1) 
could well fit the WSR data for CH3SO3Na, CH3SO3K and (CH3SO3)2Ca, 
and the corresponding polynomial coefficients obtained are listed in 
Table 3. 

WSR¼ k0 þ k1RH þ k2RH2 þ k3RH3 (1)  

3.2. Hygroscopic growth of methanesulfonate aerosols 

3.2.1. Hygroscopic growth of NaCl and sea salt aerosols 
Fig. 4 shows hygroscopic growth factors of NaCl and sea salt aerosols 

at different RH (30–90%), measured using H-TDMA. Please note that a 
shape factor of 1.08 was applied to correct dry diameters of both aero-
sols (Kelly and McMurry, 1992; Fuentes et al., 2010). It can be concluded 
from Fig. 4 that our measured growth factors agreed very well with 
those predicted using E-AIM (Wexler and Clegg, 2002) for NaCl, sug-
gesting that our H-TDMA measurements were robust. 

In addition, hygroscopic growth factors of inorganic sea salt aerosols 
were measured. As displayed in Fig. 4, at a given RH above 75%, growth 
factors of sea salt aerosol were always slightly smaller than NaCl. Zieger 
et al. (2017) investigated hygroscopic properties of NaCl and sea salt 
aerosols, and reached a similar conclusion. The lower hygroscopicity of 
sea salt, when compared to NaCl, was caused by the fact that in addition 
to NaCl, sea salt also contains other compounds (such as CaCl2 and 
MgCl2), hygroscopicity of which was lower than NaCl (Gupta et al., 
2015; Zieger et al., 2017; Bertram et al., 2018; Guo et al., 2019). An 
unknown technical problem occurred when we investigated hygroscopic 
growth of NaCl and sea salt aerosols, causing RH to be unstable at 
50–70% RH; therefore, we did not measure their growth factors at 
50–70% RH. 

3.2.2. Hygroscopic growth of methanesulfonate aerosols 
Hygroscopic growth factors of CH3SO3Na, CH3SO3K, and 

(CH3SO3)2Ca aerosols are displayed as a function of RH in Fig. 5 and 
Table 4. CH3SO3Na aerosol particles started to grow at 70% RH, and 

Table 2 
Mass growth factors (m/m0) and water-to-solute ratios (WSR) as a function of RH 
(0–90%) at 25 �C for CH3SO3Na, CH3SO3K and (CH3SO3)2Ca. All the errors given 
in this work are standard deviations.  

RH 
(%) 

CH3SO3Na CH3SO3K (CH3SO3)2Ca 

m/m0 WSR m/m0 WSR m/m0 WSR 

<1 1.000 �
0.001  

1.000 �
0.001  

1.000 �
0.001  

5 1.000 �
0.001  

1.000 �
0.001  

1.000 �
0.001  

10 0.999 �
0.001  

1.000 �
0.001  

1.000 �
0.001  

15 1.000 �
0.001  

1.000 �
0.001  

1.000 �
0.001  

20 1.000 �
0.002  

1.000 �
0.001  

1.000 �
0.001  

25 0.999 �
0.002  

1.000 �
0.001  

1.000 �
0.001  

30 0.999 �
0.002  

1.000 �
0.001  

1.000 �
0.001  

35 0.999 �
0.002  

1.000 �
0.001  

1.000 �
0.001  

40 0.999 �
0.002  

1.001 �
0.001  

1.000 �
0.001  

45 0.999 �
0.003  

1.010 �
0.002  

1.000 �
0.001  

50 0.998 �
0.003  

1.013 �
0.003  

1.000 �
0.001  

55 0.999 �
0.004  

1.015 �
0.004  

1.000 �
0.001  

60 0.998 �
0.004  

1.019 �
0.005  

0.999 �
0.001  

65 0.998 �
0.004  

1.026 �
0.006  

1.000 �
0.001  

70 1.330 �
0.531  

1.045 �
0.011  

1.000 �
0.001  

75 2.217 �
0.024 

8.0 �
0.1 

1.718 �
0.100 

5.4 �
0.3 

2.185 �
0.009 

7.6 �
0.1 

80 2.541 �
0.024 

10.1 �
0.1 

2.189 �
0.011 

8.8 �
0.1 

2.464 �
0.011 

9.4 �
0.1 

85 3.046 �
0.017 

13.4 �
0.1 

2.634 �
0.010 

12.2 �
0.1 

2.888 �
0.013 

12.1 �
0.1 

90 4.002 �
0.053 

19.7 �
0.3 

3.479 �
0.031 

18.5 �
0.2 

3.663 �
0.019 

17.0 �
0.1  

Fig. 3. Molar ratios of H2O to CH3SO3
� (WSR), n(H2O)/n(CH3SO3

� ), as a func-
tion of RH for CH3SO3Na, CH3SO3K and (CH3SO3)2Ca at 25 �C. For clarity the 
fitting using Eq. (1) is only shown for (CH3SO3)2Ca. 

Table 3 
Polynomial coefficients obtained in this work when using Eq. (1) to fit WSR data 
for CH3SO3Na, CH3SO3K and (CH3SO3)2Ca.  

Particle k0 k1 k2 k3 valid RH range 

CH3SO3Na � 1093.042 42.288 � 0.5461 0.00237 75–90% 
CH3SO3K � 2222.275 82.218 � 1.0168 0.00422 75–90% 
(CH3SO3)2Ca � 812.365 31.474 � 0.4067 0.00177 75–90%  
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growth factors were measured to be 1.12 � 0.03, 1.28 � 0.01 and 1.48 
� 0.02 at 70%, 80%, and 90%. Similarly, CH3SO3K aerosol particles 
started to grow at 75% RH, and growth factors were determined to be 
1.20 � 0.04, 1.31 � 0.03 and 1.53 � 0.04 at 75%, 80% and 90% RH. 
This is consistent with the observation (as presented in Section 3.1) that 
the mass of CH3SO3Na and CH3SO3K samples started to increase 
significantly at 70–75% RH due to onset of deliquescence. 

Being different to CH3SO3Na and CH3SO3K, (CH3SO3)2Ca aerosols 
showed continuous hygroscopic growth, with growth factors being 
measured to be 1.08 � 0.01 at 40% RH, 1.21 � 0.01 at 60% RH, 1.43 �
0.01 at 80% RH and 1.65 � 0.02 at 90% RH. Continuous growth of 
aerosol particles has also been observed for other Ca- and Mg-containing 
salts (Gibson et al., 2006; Gupta et al., 2015; Jing et al., 2018; Guo et al., 
2019), and this can be attributed to their amorphous state under dry 
conditions. In a previous study (Liu and Laskin, 2009), (CH3SO3)2Ca 
aerosol particles were generated and deposited on electron microscopy 
grids, and hygroscopic properties of these particles were then investi-
gated using micro FTIR. (CH3SO3)2Ca particles examined by Liu and 
Laskin (2009) were very likely to be amorphous, and hence also 
exhibited continuous growth. Our VSA experiments found that no sig-
nificant increase in sample mass was observed for (CH3SO3)2Ca at <75% 
RH. As the Kelvin effect was negligible for hygroscopic growth of 100 

nm aerosol particles (Tang et al., 2016), difference in sizes of particles 
used in the two types of experiments was not expected to play a sig-
nificant role in the observed difference of deliquescence behaviors, and 
this was because (CH3SO3)2Ca samples used in our VSA experiments 
were likely to be crystalline and thus exhibited clear phase transitions 
during humidification. 

3.3. Comparison of hygroscopicity derived from different methods 

If it is assumed that the volume of a particle at a given RH is equal to 
the sum of the volume of water associated with the particle and the 
volume of the dry particle, mass change (measured in our work using 
VSA) can be converted to growth factors: 

GF¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Vw=V0

3
p

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð
m
m0
� 1Þ⋅

ρ0

ρw

3

r

(2)  

where Vw is the volume of water associated with a particle at a given RH, 
V0 is the volume of the dry particle, m and m0 are the particle mass at the 
given RH and under dry conditions, and ρ0 and ρw are the density of the 
dry particle and water. Particle sphericity assumption is also needed in 
order to derive Eq. (2). The density of CH3SO3Na was determined to be 
1.955 g cm� 3 (Tang et al., 2019c), and in the present work m/m0 was 
measured to be 4.002 � 0.053 at 90% RH for CH3SO3Na. As a result, 
growth factors derived from VSA measurements were 1.89–1.91 at 90% 
RH, significantly larger than that measured using H-TDMA (1.48 �
0.02). Because such a large difference existed between VSA and 
H-TDMA results, we employed the second H-TDMA (Ma et al., 2019) to 
investigate hygroscopic growth of CH3SO3Na aerosol particles. The 
growth factors at 90% RH were measured to be 1.49 for 100 nm particles 
and 1.59 for 300 nm particles, in good agreement with that measured 
using the first H-TDMA. Therefore, growth factors measured in our work 
using H-TDMAs should be reliable. On the other hand, WSR data of 
CH3SO3Na particles derived from our VSA measurements agreed well 
with two previous studies (Peng and Chan, 2001; Liu and Laskin, 2009) 
and must also be robust. Additional studies which use H-TDMA, 
microscopic methods and/or optical tweezers to measure diameters of 
CH3SO3Na particles at different RH will be very useful to further vali-
date our results. 

The observed discrepancy between VSA and H-TDMA results may be 
due to the following factors. First of all, the underlying assumption used 
in Eq. (2) to convert mass change to diameter change, i.e. the volume of 
a particle at a given RH is equal to the sum of the volume of water 
associated with the particle and the dry particle volume, may not be 
valid for CH3SO3Na. Second, particles with different states were inves-
tigated using these two techniques; to be more specific, VSA examined 
particles contained in crucibles, while aerosol particles were studied 
using H-TDMA. Interactions between particles and substrates used to 
support these particles may result in differences in measured hygro-
scopicity (Eom et al., 2014; Tang et al., 2019a). Furthermore, super-
micrometer and submicrometer particles were examined using VSA and 
H-TDMA, and the difference in particle sizes may also contribute to the 
observed difference in hygroscopicity. For example, a previous study 

Fig. 4. Hygroscopic growth factors of NaCl and inorganic sea salt aerosols 
measured in this work. The black solid line represents growth factors of NaCl 
predicted using E-AIM. 

Fig. 5. Hygroscopic growth factors of CH3SO3Na, CH3SO3K and (CH3SO3)2Ca 
aerosol at different RH. 

Table 4 
Hygroscopic growth factors of CH3SO3Na, CH3SO3K, and (CH3SO3)2Ca aerosols 
at different RH.  

RH (%) CH3SO3Na CH3SO3K (CH3SO3)2Ca 

30 1.00 � 0.01 1.01 � 0.02 1.04 � 0.01 
40 1.00 � 0.01 1.01 � 0.01 1.08 � 0.01 
50 1.00 � 0.01 1.01 � 0.01 1.15 � 0.02 
60 1.02 � 0.03 1.02 � 0.02 1.21 � 0.01 
70 1.12 � 0.03 1.03 � 0.02 1.31 � 0.01 
75 1.22 � 0.01 1.20 � 0.04 1.36 � 0.01 
80 1.28 � 0.01 1.31 � 0.03 1.43 � 0.01 
85 1.36 � 0.01 1.40 � 0.04 1.52 � 0.01 
90 1.48 � 0.02 1.53 � 0.04 1.65 � 0.02  
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(Laskina et al., 2015) investigated hygroscopic properties of 100 nm 
aerosol particles (using H-TDMA) and ~6 μm particles (using 
micro-Raman spectroscopy), and found that hygroscopic properties of 
some inorganic/organic mixed particles depended on particle size. 

The single hygroscopicity parameter (κ), widely used to describe 
aerosol hygroscopicity under both sub- and super-saturated conditions 
(Petters and Kreidenweis, 2007), can be calculated from H-TDMA 
measured growth factors, using Eq. (3): 

κgf ¼ðGF3 � 1Þ
1 � RH

RH
(3)  

where κgf is the κ value derived from the measured growth factor (GF) at 
a given RH, and in our work growth factors measured at 90% RH were 
used to derive κgf. For CH3SO3Na aerosol, the average growth factor was 
measured to be 1.48 � 0.02, and thus κgf was determined to be 
0.24–0.26, which was significantly smaller than the average κ value 
(κccn, 0.46 � 0.02) derived from CCN activity measurement (Tang et al., 
2019c). The growth factor was measured to be 1.53 � 0.04 at 90% RH 
for CH3SO3K aerosol, and consequently κgf was determined to be 
0.26–0.32, again significantly smaller than the κccn value (0.47 � 0.02) 
reported in a previous study (Tang et al., 2019c). For (CH3SO3)2Ca 
aerosol, the measured growth factor (1.65 � 0.02) at 90% RH corre-
sponded to κgf in the range of 0.36–0.40; two previous studies (Tang 
et al., 2015, 2019c) investigated CCN activity of (CH3SO3)2Ca aerosol, 
and κccn values were reported to be 0.30–0.38 (Tang et al., 2015) and 
0.37 � 0.01 (Tang et al., 2019c), in good agreement with κgf derived in 
the present work. 

Previous work (Petters and Kreidenweis, 2007; Petters et al., 2009; 
Wex et al., 2009; Hansen et al., 2015) found both good agreement and 
significant difference between κgf and κccn, and the discrepancies could 
be attributed to several factors. As CH3SO3Na and CH3SO3K are both 
highly soluble, the difference between κgf and κccn cannot be caused by 
solubility limit. The κccn values of CH3SO3Na reported in previous work 
(Tang et al., 2019c) were calculated using surface tension of pure water; 
however, Liu et al. (2011) found that surface tension of CH3SO3Na so-
lutions was significantly smaller than pure water. Therefore, we spec-
ulate that difference in surface tension between CH3SO3Na solutions and 
pure water may at least partly explain the discrepancies between κgf and 
κccn for CH3SO3Na aerosol. Further experimental and theoretical studies 
are needed to better understand its hygroscopicity under sub- and 
super-saturated conditions. 

4. Conclusions 

In this work, hygroscopic properties of CH3SO3Na, CH3SO3K and 
(CH3SO3)2Ca were investigated using two experimental methods. The 
change in sample mass with RH was measured using a vapor sorption 
analyzer, and significant increase in sample mass was observed at >70% 
RH for all the three compounds. The mass growth factors, defined as the 
sample mass at a given RH to that under dry conditions, were deter-
mined to be 4.002 � 0.053 for CH3SO3Na, 3.479 � 0.031 for CH3SO3K, 
and 3.663 � 0.019 for (CH3SO3)2Ca at 90% RH, respectively. In addi-
tion, DRH was measured to be 70–71% for CH3SO3Na at 15–35 �C, 
showing no dependence on temperature. 

A humidity tandem differential mobility analyzer was employed to 
study hygroscopic growth of CH3SO3Na, CH3SO3K and (CH3SO3)2Ca 
aerosols. CH3SO3Na and CH3SO3K aerosols started to grow at >70%, 
while continuous hygroscopic growth was observed for (CH3SO3)2Ca 
aerosols even at very low RH (<40%). The growth factors were 
measured to be 1.48 � 0.02, 1.53 � 0.04 and 1.65 � 0.02 for CH3SO3Na, 
CH3SO3K and (CH3SO3)2Ca aerosols at 90% RH, and thus the κ (the 
single hygroscopicity parameter) values were derived to be 0.24–0.26 
for CH3SO3Na, 0.26–0.32 for CH3SO3K, and 0.36–0.40 for (CH3SO3)2Ca. 
The κ values derived from hygroscopic growth and CCN activity mea-
surements showed good agreements for (CH3SO3)2Ca aerosol but 

displayed large discrepancies for CH3SO3Na and CH3SO3K aerosols, and 
the discrepancy may result from lower surface tension of CH3SO3Na and 
CH3SO3K solutions, when compared to pure water. 

Although methanesulfonate is an important component in marine 
aerosols, it has not been considered in widely used aerosol thermody-
namic models such as E-AIM (Clegg et al., 1998) and ISORROPIA-II 
(Fountoukis and Nenes, 2007). In this work we systematically 
measured mass and diameter changes of CH3SO3Na, CH3SO3K and 
(CH3SO3)2Ca particles, and the comprehensive data obtained can be 
used to constrain aerosol thermodynamic models (when they are 
extended to include methanesulfonates) and verify their results. 
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