
Hygroscopic growth and cloud droplet
activation of xanthan gum as a proxy
for marine hydrogels
K. W. Dawson1, M. D. Petters1, N. Meskhidze1, S. Suda Petters1, and S. M. Kreidenweis2

1Department of Marine Earth and Atmospheric Sciences, North Carolina State University, Raleigh, North Carolina, USA,
2Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado, USA

Abstract Knowledge of the physical characteristics and chemical composition of marine organic aerosols
is needed for the quantification of their effects on cloud microphysical processes and solar radiative transfer.
Here we use xanthan gum (XG)—a bacterial biopolymer—as a proxy for marine hydrogels. Measurements
were performed for pure XG particles and mixtures of XG with sodium chloride, calcium nitrate, and calcium
carbonate. The aerosol hygroscopicity parameter (κ) is derived from hygroscopic growth factor
measurements (κgf) at variable water activity (aw) and from cloud condensation nuclei activation efficiency
(κccn). The Zdanovskii, Stokes, and Robinson (ZSR) hygroscopicity parameter derived for multicomponent
systems (κmix, sol) is used to compare measurements of κgf and κccn. Pure XG shows close agreement of κgf (at
aw= 0.9) and κccn of 0.09 and 0.10, respectively. Adding salts to the system results in deviations of κgf (at
aw= 0.9) from κccn. The measured κgf and ZSR-derived hygroscopicity parameter (κmix, sol) values for different
solutions show close agreement at aw> 0.9, while κgf is lower in comparison to κmix, sol at aw< 0.9. The
differences between predicted κmix, sol and measured κgf and κccn values are explained by the effects of
hydration and presence of salt ions on the structure of the polymer networks. Results from this study imply
that at supersaturations of 0.1 and 0.5%, the presence of 30% sea salt by mass can reduce the activation
diameter of pure primary marine organic aerosols from 257 to 156 nm and from 87 to 53 nm, respectively.

1. Introduction

Marine hydrogels are dilute systems comprising three-dimensional random anionic polymer networks dis-
persed in seawater. Polymer chains collide due to Brownian motion and form cross-linked globules that
can reach several micrometers in size. Self-assembly and dispersion of globules are in thermodynamic equi-
librium with the dissolved organic carbon pool [Chin et al., 1998]. Gels concentrate nutrients and thus help to
sustain the oceanic microbial loop [Verdugo, 2012]. Hydrogels at the air-water interface and in the ocean pela-
gic zone are colloidal aggregates [Verdugo, 2012] and can be a component of the sea-surface microlayer in
surface films or in visible slicks concentrated by the action of capillary wave-damping [Cunliffe et al., 2013].
Bubble bursting processes can inject some of this organic material into the atmosphere as marine primary
organic matter, potentially influencing hygroscopic properties and cloud condensation nuclei (CCN) poten-
tial of sea spray aerosol [Orellana et al., 2011; Gantt and Meskhidze, 2013].

Marine hydrogels have been postulated to be an important contributor to sea spray aerosol due to their
unique physicochemical and hydrological properties [Ovadnevaite et al., 2011]. Fundamentally, the stability
of the network and observed globule volume in water depends on the strength of the polymer cross-links.
The strength of the polymer cross-links is determined by the physical properties of the polymer (charge-den-
sity, hydrophobic/hydrophilic domain ratios, flexibility, topology, quaternary conformation, and the molecu-
lar size of the polymer chains), as well as the availability of high-valence cations that replace the bound
hydronium molecule [Verdugo, 2012]. Small changes in pH, temperature, and availability of salts can often
result in considerable changes to the gel network, influencing its hydration properties [García-Ochoa et al.,
2000; Verdugo, 2012].

Köhler theory [Kohler, 1936] predicts the relationship between dry diameter, chemical composition, and
supersaturation (ss) required to activate particles composed of common constituents of the atmospheric
aerosol, including acids, salts, and organic compounds [e.g., Raymond and Pandis, 2002, 2003; Bilde and
Svenningsson, 2004; Petters and Kreidenweis, 2007; Koehler et al., 2009; Petters et al., 2009a; Pöschl et al.,
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2010; Suda et al., 2014]. Hygroscopic components in the particle form an aqueous solution that is in equili-
brium with the vapor field. The aerosol-phase water content is governed by the water activity of the solution
and is modulated by the vapor pressure enhancement due to drop curvature. Köhler theory is based on
Raoult’s law, which does not apply to aqueous solutions of soluble macromolecules. Alternative theories
for macromolecule-water interactions have been successfully applied to better predict water contents in
single-component systems [Mikhailov et al., 2003; Petters et al., 2006]. However, it is not clear whether these
treatments are applicable to the molecules that form hydrogels. Despite their potential importance as CCN in
the atmosphere, the water uptake and CCN activation properties of marine hydrogel aerosol particles have
neither been investigated experimentally nor explained from an appropriate theoretical basis.

In this study, we report measurements of hygroscopic growth and cloud droplet activation properties of pure
and internally mixed xanthan gum (XG) aerosol as a model for marine hydrogel aerosol. XG is a bacterial poly-
saccharide biopolymer [García-Ochoa et al., 2000] with an acidic character that is used as a reference standard
to quantify transparent exopolymer particles in the ocean [Malpezzi et al., 2013]. Due to its importance as a
hydrogel in the food and pharmaceutical industries, its hydration properties have been extensively studied,
providing a basis for interpretation of our measurements of hygroscopic growth and cloud droplet activation.
To mimic likely mixtures in marine aerosol, the measurements were carried out for mixtures comprising XG
and salts containing sodium and calcium cations, choices consistent with their prevalence in the bulk ocean
water or in the self-assembling microgels found in the ambient marine environment [Chin et al., 1998;
Verdugo, 2012]. Further information about XG, including the chemical structure, is provided in Figure S1
and Text S1 in the supporting information.

2. Materials and Methods
2.1. Solution Preparation

Pure and mixed solutions were prepared by using the following chemicals (Table 1): XG (Sigma Aldrich,
≥99.9% pure), sodium chloride, NaCl (Sigma Aldrich, ≥99.5% pure), calcium carbonate, CaCO3 (ACROS
Organics, 98% pure), calcium nitrate tetrahydrate, Ca(NO3)2 + 4(H2O) (Sigma Aldrich, ≥99.0% pure), ammo-
nium sulfate, (NH4)2SO4 (Sigma Aldrich, ≥99.9% pure), and ultrapure water with 18.2MΩ cm�1 resistivity with
less than 5 ppm of impurities. Four bulk solutions were used for aerosol generation in this study: pure XG and
XG mixed with NaCl, CaCO3, and Ca(NO3)2, with solution bulk compositions as shown in Table 2. Sodium
chloride was used due to its prevalence in seawater and the ability to compare results of our study with other
researchers who used the XG-Na+ mixed system [e.g., Yoshida et al., 1992; Wyatt and Liberatore, 2009].
Calcium is used here following the study by Chin et al. [1998] who showed that self-assembling microgels
found in the sea have an affinity for the uptake of Ca2+ rather than Mg2+ or K+, all of which can be abundant
in seawater. Chin et al. [1998] further reported that slight increases in pH of the polymer-salt matrix with

Table 1. Properties of Chemicals Useda

Compound Formula MW (kgmol�1) ρ (g cm�3) α (m3mol�1) C (vol/vol) ε (vol/vol)

XGb (C35H49O29)n 103 to 104 1.61 ± 0.22 1 to 10 soluble 1
Sodium chloridec NaCl 0.058 2.17 2.67e�5 0.17 0.04
Calcium carbonatec CaCO3 0.100 2.71 3.69e�5 4.80e�6 d 0.06
Calcium nitrate Ca(NO3)2 + 4H2O 0.236 1.82 1.30e�4 0.77e 0.18

Ca(NO3)2 0.164 2.50f 6.56e�5 0.58e,f 0.14f

aMW: molecular weight, ρ: density, α: molar volume, C: solubility in water, and ε: volume fraction of solute “i” to total
solute.

bXanthan gum has a molecular weight distribution depending on the association between chains and the degree of
aggregation, which is in part controlled by the fermentation conditions [García-Ochoa et al., 2000]. The density of XG is
unknown. Dextrans and pullulan, which have chemically similar polysaccharides, have densities ranging between 1.4
and 2.0 g cm�3 [Eckelt et al., 2008]. In this work, we measured ρ = 1.61 g cm�3 (supporting information) and assume
α = 5m3mol�1 for calculations that explicitly depend on either ρ or α.

cProperties taken from Haynes et al. [2015], CRC Handbook of Chemistry and Physics.
dTaken from Aylward and Findlay [1999], SI Chemical Data Book 4th edition.
eTaken from Sullivan et al. [2009].
fUsed in calculations for mixed hygroscopicity.
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respect to the ocean (from 8.2 to 8.5–9) could result in mineralization of Ca2+ within the matrix. Therefore, Ca
(NO3)2 was chosen to suppress the formation of precipitates in the aerosol phase.

For solution (1), XGwas dissolved in 50°Cwater to ensure that no undissolved powder residueswere present in
the solution and all solutions were used within 10 days of their preparation. The side chains of the XG polymer
can uptake ~2 ions of Na+ or ~1 ion of Ca2+ per monomer [Rosalam and England, 2006]. Solution (2), the NaCl-
containing solution,was kept at 0.1%wt/wtof XGmixedwith0.005%wt/wtofNaCl; i.e., NaCl represented5%of
XG mass (~3% volume). For solutions containing calcium, i.e., solutions (3) and (4), amounts of CaCO3 and Ca
(NO3)2 were added to achieve equimolar concentration of Ca2+ ions relative to the total number of carboxylic
(COOH) groups in solution. For the third solution, the mixture of XG and CaCO3, the XG concentration was
adjusted to the solubility limit of CaCO3, i.e., 0.012%wt/wt of XG for 0.0013%wt/wt of CaCO3. All polymer-salt
complexes were mixed such that no residual cations should have been left unbonded or salts undissolved.
This is discussed further in section 3, and a quantitative explanation can be found in Text S1.2.

Particles were generated via spray atomization of bulk solutions by using a Collison-type atomizer (TSI Inc.
model 3076). One caveat to our analysis is the characterization of the chemical composition of the atomized
particles. Deviations of particle composition from prepared stock solutions have been suggested as a possi-
bility when generating aerosol by using Collison atomizers with solutions containing insoluble species
[Creamean et al., 2014]. Deviations in aerosol composition from stock solutions may also arise from the pre-
sence of surface active compounds in Collison atomizers [Petters and Petters, 2016] and electrospray genera-
tion systems [MacMillan et al., 2012]. It is therefore possible that the formation of colloidal aggregates or the
surface activity of XG may lead to fractionation effects during particle generation. The methodology used in
this study cannot resolve this effect, and it is therefore assumed that the particle composition equals that of
the stock solution. An ammonium sulfate solution at 0.1%wt/wt was used for calibration.

2.2. Hygroscopicity Parameter Derived From Growth Factor Measurements

Figure 1 shows a schematic view of the Hygroscopicity TandemDifferential Mobility Analyzer (HTDMA) setup.
The instrument is similar to a version described previously [Suda and Petters, 2013]. In brief, the instrument
consists of two atomizers for particle generation, a Nafion drying system, two high-flow differential mobility
analyzers (DMA), and a humidification system. The second DMA is actively temperature controlled and insu-
lated to permit stable measurements up to 99% relative humidity (RH) [Suda and Petters, 2013].

Particle-free clean air was used to atomize the solutions. The liquid feed to the atomizer was achieved
through the use of syringe pumps at a flow rate of 30μL/min. Particles were alternately drawn into the setup

Table 2. Results From gf and CCN Experimentsa

Solution ms (g/100mL H2O) ss (%) Dact (nm) κgf κmix, sol (κmix, insol) κccn ± 1σ hκccn ± 1σi κmix,ccn κR

XG 0.1 0.46 89 0.09 ± 0.01 (n = 6) 0.08b (–) 0.10 ± 0.01 (n = 3) 0.10 ± 0.01 0.10 NAe

0.69 67 0.10 (n = 3)
0.91 53 0.11 (n = 3)

XG + NaCl 0.1 + 0.005 0.46 75 0.12 (n = 2) 0.13 (0.08) 0.15 ± 0.01 (n = 3) 0.16 ± 0.01 0.14 1.28f

0.69 57 0.16 ± 0.01 (n = 3)
XG + Ca(NO3)2 0.1 + 0.025 0.46 73 0.12 ± 0.01 (n = 3) 0.19 (0.07) 0.17 ± 0.01 (n = 3) 0.18 ± 0.01 0.20c 0.82g

0.69 55 0.18 ± 0.01 (n = 3)
0.91 45 0.19 ± 0.01 (n = 3)

XG + CaCO3 (12.0 + 1.3) × 10-3 0.46 79 0.07 (n = 3) 0.14 (0.08) 0.13 ± 0.01 (n = 3) 0.14 ± 0.02 0.15 d 0.97g

0.69 58 0.15 (n = 3)
0.91 51 0.13 ± 0.03 (n = 3)

ams: mass of solute (XG + salt) dissolved in 100mL H2O, ss: supersaturation, Dact: diameter where 50% of the particles activated, κgf : hygroscopicity parameter
for aw = 0.9 derived from growth factor measurements via equation (1) with reported ±1 standard deviation (n = number of samples), κmix, sol(insol): ZSR-calcu-
lated mixed hygroscopicity for aw = 0.9 with considered solubility, κccn: hygroscopicity parameter derived via equation (3) with reported ±1 standard deviation
(n = number of samples), hκccn ± 1σi: mean of κccn with the mean of the standard deviation for the prepared solutions, κmix,ccn: ZSR-calculated mixed hygrosco-
picity for unit solubility and CCN measurements, κR: intrinsic hygroscopicity parameter for select salts.

bThe parameterized value for XG at aw = 0.9.
cThe density for Ca(NO3)2 used in this calculation is ρ = 2.5 g cm�3.
dIf solubility is taken into account, this value reduces to 0.09 with H(xi) = 0.01.
eNot available for organic polymers of unknown molecular weight and density.
fκ intrinsic for NaCl from Petters and Kreidenweis [2007].
gκ intrinsic for CaCO3 and Ca(NO3)2 from Sullivan et al. [2009].
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by using one of two atomizers, one for the testing solution and one for the reference 0.1%wt/wt (NH4)

2SO4 solution. Generated particles were dried to relative humidity (RH) ~15% and charge equilibrated
by using four 210Po strips with a combined total activity of ~1mCi before being passed to the first
DMA. The first DMA was operated at a sheath to sample flow ratio of 27:1 Lpm and used to size select
particles of nominal mobility diameter Ddry = 100 nm. The aerosol sample entering the second DMA was
humidity controlled by passing sheath and sample air through a Nafion humidifier. Dry scans were run
with the second DMA at RH< 30% (25 ± 5%). Relative humidity was monitored by three RH sensors along
the sample and sheath paths for the humidified DMA and at the atomizer exit. The residence time
between the exit of the humidifier and the entrance of the DMA was calculated to be ~6 s. Relative
humidity inside the second DMA was calculated based on the dewpoint temperatures of the humidified
flows and the average temperature of the three thermistors mounted to the outside of the column.
Thermoelectric heat exchangers mounted to the second DMA minimized the standard deviation of the
three temperatures to ±0.01°C evaluated over a 6 h measurement period, permitting control of stable
RH values up to 98%. The humidified size distribution was measured by using the second DMA operated
at sheath to sample flow ratio of 9:1 Lpm. A condensation particle counter (CPC) (TSI Inc. model 3772) was
used to measure the particle concentration.

One major difference between the instrument operation here and that reported in Suda and Petters [2013]
is the scanning strategy. Here the second DMA was operated in scanning mobility particle sizer mode
[Wang and Flagan, 1990]. The duty cycle of a single size distribution scan was 30 s hold at 3000 V, and
exponential downscan to 10 V over 180 s and a 30 s flush. Procedures used to map the time-varying elec-
tric field to mobility diameter followed standard DMA theory [Knutson and Whitby, 1975; Wang and Flagan,

Figure 1. Schematic of the HTDMA setup.
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1990] and are described in further detail for our system in Nguyen et al. [2014]. The resulting humidified
size distribution was fitted to find the mode diameter from which the growth factor was determined. A
detailed description of the data reduction procedures, including example raw data, corrections due to dia-
meter offsets between the two DMAs, offsets due to particle shape subsequent to drying, the scan-varying
humidity, and the humidity calibration using reference aerosol are provided in the supporting information.

Modal dry (Ddry) and wet (D) diameters were used to define the growth factor: gf(RH) =D/Ddry. The hygrosco-
picity parameter is calculated following Petters and Kreidenweis [2007]:

κgf ¼
gf3 � 1
� �

1� awð Þ
aw

(1)

where water activity is aw ¼ 0:01�RH %ð Þ=exp A
D; A= 2.1 nm and a constant temperature (298 K), water den-

sity, surface tension of water and, with no data to support otherwise, volume additivity are assumed [Petters
and Kreidenweis, 2007].

The performance of the instrument was evaluated by using glucose test particles. The derived κgf was within
±10% of bulk measurements [Miyajima et al., 1983] (supporting information). The equilibrium water content
(X, mass of water over mass of dry solute) was also calculated for comparison of our XG gf to various polymer
gum mass gf from the literature. If volume additivity is assumed, the equilibrium water content can be trans-
lated from gf and is

X ¼ ρ0
ρ

gf3 � 1
� �

; (2)

where ρ is the density of XG and is ~1.61 ± 0.22 g cm�3 [Assis et al., 2010] (supporting information). The value
of ρ0 is for water and is 1 g cm�3. The relative uncertainty of the gf measurement and the measured density
for XG were added in quadrature to give an uncertainty in X of 17%.

2.3. Hygroscopicity Parameter Derived From CCN Measurements

CCN concentrations were measured by using a setup similar to that of Christensen and Petters [2012]. In brief,
the system consists of a TSI long DMA column in scanning mobility mode with sample flow split to either a
1 Lpm TSI 3772 CPC or a 0.5 Lpm Droplet Measurement Technologies continuous-flow streamwise thermal
gradient CCN counter [Roberts and Nenes, 2005;Moore et al., 2010]. Experiments were performed at four ther-
mal gradients, ΔT=4, 8, 12, and 16°C. The corresponding supersaturations for these settings were obtained
by determining the activation diameter of ammonium sulfate reference particles [Rose et al., 2008]. The
underlying water activity versus composition values for ammonium sulfate were determined from the
Extended-Aerosol Inorganic Model [Clegg et al., 1998;Wexler and Clegg, 2002]. Further details on the calibra-
tion procedures are described in Christensen and Petters [2012]. The activated fraction was determined from
the ratio of the activated to total particle concentration. Next the activated fraction was inverted to correct for
multiply charged particles [Petters et al., 2009a] and fit with a sigmoidal model [Petters et al., 2007; Sullivan
et al., 2009; Suda et al., 2012]. The activation diameter was taken as the point where 50% activation had
occurred. The difference between the instrument operation here and that reported in Christensen and
Petters [2012] was the dry diameter scanning strategy, which was changed from stepping to scanning mode
[Petters and Petters, 2016]. The scan duty cycle was 5 s hold at 4000 V, followed by 180 s exponential down-
scan to 10 V, followed by a 20 s flush. Calibration data, inversion procedures, and example activation curves
are provided in the supporting information. The hygroscopicity parameter determined from measurements
by using this system is calculated following [Petters and Kreidenweis, 2007, 2013]:

κccn ¼
4A3σ3s=a Tð Þ

27D3
actT

3ln2Sc
(3)

where Dact is the fitted activation diameter and Sc is the saturation ratio inside the instrument and A is a con-
stant equal to ~8.7 × 10�6 Km3 J�1. All calculations determining κccn from equation (3) were carried out using
T=298 K and surface tension of water, σ = 0.072 Jm�2, to be consistent with the definition of Petters and
Kreidenweis [2007]. More on the selection for the surface tension value can be found in section 4 as well as
in the supporting information. Measured κccn for glucose test particles typically fell within κccn ± 0.02 of
the expected κccn, glucose = 0.16, suggesting that the precision of the scanning mobility CCN method was
κccn ± 13%.
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2.4. Mixed Particle Hygroscopicity

For multicomponent systems that satisfy the conditions of the Zdanovskii, Stokes, and Robinson (ZSR)
assumption [Zdanovskii, 1948; Stokes and Robinson, 1966], the hygroscopicity parameter of the mixture, κmix,
can be estimated from the pure component κi [Petters and Kreidenweis, 2008]

κmix ¼ ∑iεiκiH xið Þ
xi ¼ gf 3 � 1

� �
Ci=εi

H xið Þ ¼
xi

1

xi < 1

xi≥1

( (4)

where i denotes different components in the mixture, εi is volume fraction of solute, Ci is the solubility in
water (vol/vol), and H(xi) is a function based on the solubility value (xi) of the ith component. Volume fractions
are calculated from the mass fraction of each solute with measured density of XG and the densities for NaCl,
CaCO3, and Ca(NO3)2. Densities were obtained from the CRC Handbook of Chemistry and Physics [Haynes
et al., 2015] and are listed in Table 1. Note that Ca(NO3)2 tetrahydrate was used to dissolve in the bulk solu-
tion, and its properties are listed in Table 1. However, current theory considers the pure components of each
constituent and so properties of the anhydrous Ca(NO3)2, also shown in Table 1, were used in all calculations.

We calculate κmix for conditions both below (κmix, sol(insol), where sol(insol) is soluble or insoluble) and above
(κmix, ccn) water saturation. To compare κmix, ccn to the hygroscopicity parameter derived from CCN measure-
ments (i.e., conditions at or above water saturation), equation (4) is used with the measured value of κccn for
XG and pure component hygroscopicity derived using Raoult’s law (κR; calculated from density andmolecular
weight) [Petters et al., 2009b] for NaCl, CaCO3, and Ca(NO3)2. The value of H(xi) is set to 1 for all κmix, ccn cal-
culations under these conditions. The κmix, ccn values for different mixtures and κR values for different salts
are summarized in Table 2.

Additionally, to compare κmix, sol(insol) to the hygroscopicity parameter derived from gf measurements (i.e.,
conditions below water saturation), equation (4) is applied under the condition of xi< 1, when all the compo-
nents may not be fully dissolved. This could be particularly necessary for CaCO3, which may exceed its solu-
bility limit at low aw resulting in insoluble precipitates within the aerosol particle. The κ value for XG at
different water activities is parameterized by fitting a second-order polynomial to the measurements within
a 95% confidence interval (CI) of 0.05 ≤ κgf ≤ 0.12. Water activities for NaCl and Ca(NO3)2 solutions are calcu-
lated for different mass fractions of water by the web-based version of the Aerosol Inorganic-Organic
Mixtures Functional groups Activity Coefficients (AIOMFAC) model [Zuend et al., 2008, 2011; http://www.
aiomfac.caltech.edu] and then converted to κ by using pure component density, which is summarized in
the supporting information. The κ value for CaCO3 was set to κR = 0.97 since AIOMFAC solutions for aw are
not available for CaCO3. Figure S7 shows the calculated solubility for each mixture.

3. Results

Figure 2 and Table 2 summarize our experimentally measured (by HTDMA and CCN methods) and theoreti-
cally derived hygroscopicity parameters for all solutions. Observed activation diameters for pure XG particles
at 0.46%< ss< 0.91% varied from 89 to 53 nm, respectively. The average “dry” RH during size selection in the
second DMA was 26.4% and 31.6% for each of the pure XG experiments, and the highest RH accessed experi-
mentally was 98.3% and 95.9%, respectively (supporting information). Growth factors for ~98 nm pure XG
particles were ~1.2 at aw ~0.9, corresponding to κgf = 0.09 at aw=0.9. The observed gf for XG ranged between
1.05 at RH~ 65% to gf = 1.5 at RH= 98%. Figure 2 and Table 2 further show that the CCN activity of the pure
XG-water systemwas well represented by κccn = 0.1 ± 0.01, just slightly larger than κgf. The standard deviation
of κccn was ±0.01 (n= 9), which is within the κccn ±13% precision of the measurement. Overall, measured
growth factors and κgf and κccn for XG were within the range of 0< κ< 0.3 that has been observed for a num-
ber of organic species [Petters et al., 2009b; Suda et al., 2014], including fresh and aged laboratory-generated
secondary organic aerosol [Virkkula et al., 1999; Baltensperger et al., 2005; Prenni et al., 2007; Massoli et al.,
2010]. Pure XG particles thus exhibit activation behavior similar to other organic compounds, e.g., secondary
organic aerosol from Prenni et al. [2007] and norpinic acid at ss = 0.3% from Raymond and Pandis [2002].
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The addition of small amounts of salt, on the other hand, generally increased κ relative to pure XG, although κ
remained lower than that for the pure salt. Table 2 and Figure 2f show that adding 5% of NaCl (dry mass frac-
tion) increased the observed κgf by ~33% (0.12 at aw= 0.9) and κccn by ~60% (0.16 ± 0.01) with respect to pure
XG. Addition of Ca(NO3)2 did not inhibit water uptake through the presence of insoluble components at
aw> 0.67 andmeasured hygroscopicity compared well to the κgf values of XG-NaCl mixtures (see Table 2 and
Figure 2g). However, Table 2 and Figure 2h show that addition of CaCO3 had a strong effect on the observed
gf of XG particles. Figure 2h shows that at aw> 0.9, measured κgf approached the pure XG value of 0.1, while
at aw< 0.8 there was a substantial inhibition of water uptake compared with pure XG, with κgf approaching
zero (expected for insoluble material).

Figures 2f–2h also show the comparison of κgf of the mixed systems to κmix, sol(insol) considering salt solubility
limits (soluble(insoluble) for upper(lower) dashed green lines). The calculated κmix, sol value for the mixture of
XG with NaCl agrees closely (6%± 5%) with the measurements at aw> 0.85 (Figure 2f). However, deviation
greater than the 10% measurement uncertainty between observed and calculated κ values can be seen for
aw< 0.85. Figure 2g shows that the observed κ for XG and Ca(NO3)2 mixtures is far from the ZSR calculated
κmix, sol (but perhaps approaching the limit of insoluble salt (κmix, insol) near aw= 0.6) and the two values never
reach agreement within the 10% measurement uncertainty. For the mixtures of XG with CaCO3, κmix was cal-
culated by (i) usingmeasured solubility (κmix, insol labeled as “insoluble” since xi ~ 0) and (ii) with solubility pre-
scribed as unity (κmix, sol, lines not labeled are for H(xi) = 1). Figure 2h shows that κmix, sol is closer to κgf when
measured solubility is used in ZSR calculations at aw> 0.9. Expectedly, there is little difference from parame-
terized XG in Figure 2e compared with κmix, insol assuming insoluble salts in Figures 2f and 2g and κmix, insol

Figure 2. (top) Growth factors and (botttom) hygroscopicity parameters for the test solutions: (a and e) pure XG, (b and f) XG with NaCl, (c and g) XG with Ca(NO3)2,
and (d and h) XG with CaCO3. Two shades indicate experiments of the same composition solution repeated on different days (but no more than 10 days apart), and
the light (dark) blue symbols on hygroscopicity plots show κccn (κmix, ccn) with corresponding ±1 standard deviation. The solid green line in Figure 2e is a second-
order fit of the XG data and used to compute κmix (dashed lines) for Figures 2f–2h considering H(xi) as in equation (4) (note that Figure 2f was fully soluble). The lower
dashed green line is κmix, insol assuming fully insoluble salts. Figures 2f and 2g use the AIOMFAC model for computing hygroscopicity of NaCl and Ca(NO3)2 for
different aw, and Figure 2h uses the intrinsic κ for CaCO3 for calculating the upper dashed green line for H(xi) = 1; these we refer to as κmix, sol. The 95% CI in the
second-order fit including 10% measurement uncertainty is [0.05, 0.12]. The vertical green line in Figure 2g is the AIOMFAC model result,where κmix, sol turns
upwards at high water activity approaching κccn. This does not happen for NaCl and CaCO3 uses constant κR instead of AIOMFAC calculated, so the trend follows the
XG parameterization in Figure 2e.
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with calculated solubility for CaCO3 in Figure 2h. This is explained by the minor reduction of κmix, insol by the
addition of small volume fractions of salt (Table 1).

Two main processes believed to play a role in the discrepancy between observed growth factor and ZSR-
calculated κmix, sol values are discussed next. First, the presence of insoluble material in aerosols cannot be
ignored. Here we note that according to Figure 2h, it is clear that the assumption of complete solubility for
CaCO3 does not hold at all measured aw. Our analysis based on observed gf, solute volume fraction, and solu-
bility in water (see equation (4) and Figure S7) indicates the presence of insoluble components at the water
content corresponding to conditions during hygroscopic growth and the critical wet diameter at CCN activa-
tion (see Table 2 footnotes). Second, the formation of physical cross-links between XG chains and salt cations
is not accounted for by the thermodynamics of the ZSR mixing rules. Mainly, cross-linking between XG chains
and salts violates the ZSR assumption that solute-solute interactions are negligible. It has been shown that
Ca2+ and Na+ can bond with the polymer chains [Ohmine and Tanaka, 1982; Verdugo, 2012]. Then, depending
on the resulting physical state, this bonding could contribute to deviation from the ZSR mixing rules as
observed in the organic/inorganic mixtures by Zardini et al. [2008]. We prepared solutions such that the num-
ber of cations were approximately equimolar to the coordination sites on the XG chain (Figure S1 and Text
S1.2). If each cation is fully bonded this would reduce the effective number of cations for the water to solvate,
and thereby negate the influence of salt on increasing κ. Since the addition is approximately equimolar, a
lower first-order estimate of the effect on κ would be the assumption that salt is effectively insoluble (see
Figure 2). These pathways (insolubility and solute-solute interactions from cross-linking) for deviation from
ZSR are not mutually independent and could operate synchronously.

In the context of ourmeasurements, for XGwithNaCl (Figure 2f) andXGwithCa(NO3)2 (Figure 2g), theobserved
κgf exceeds this lower limit, suggesting that thecationsarenot fullybondedand/or that theanionscontribute to
the hygroscopicity. A complete treatment of the problemwill require accounting for the equilibrium between
boundandunboundNa+ ions in solution. ForXGwithCaCO3, theobservedκgf isbelowthe insolubleprediction,
suggesting insoluble components. Fromour results follow two important distinctions. First, κccn (i.e., hygrosco-
picity from CCN activation methods) will overestimate water uptake at subsaturated conditions (κgf) for these
XG-salt complexes. Second, ZSRmixing rules (κmix, sol) for determining the hygroscopicity of XG-salt complexes
at lower water content do not fully explain the observations here, especially those at aw< 0.9.

4. Discussion

The following paragraphs discuss kinetic limitations, surface tension uncertainty, and physical interactions
between XG molecules and different salts added to the system. Furthermore, results are presented in the fra-
mework of atmospheric and climatic relevance.

4.1. Salt Effects on Particle Microstructure

Figures 2f–2h and Table 2 show that closure (defined as agreement within ±10% measurement uncertainty)
between κccn and κmix, ccn was achieved for solutions that did not contain insoluble material. Closure
between κgf (for aw ≥ 0.9) and κccn was also achieved for pure XG particles but not for the XG-salt mixed solu-
tions. Closure between κgf and κmix, sol was not achieved for any of the XG-salt mixed solutions at aw< 0.9.
The behavior of κgf and κccn, relative to κmix, sol at different aw values and κmix, ccn at aw~ 1, can perhaps
be attributed to different hydration regimes of pure XG and XG-salt particles. Water-polymer mixtures exhibit
distinct regimes in structure and properties that vary with the water content, ambient temperature, and pre-
sence of salts in solution [Yoshida et al., 1992; Dobrynin et al., 1995;Wyatt and Liberatore, 2009]. These regimes
alongwith the entanglement behavior of the polymer gel structure are schematically shown in Figure 3 for an
initially dry, 89 nm XG particle and will be used to interpret the observed differences between κgf and κccn.

Upon contact of dry polymers with water molecules, polar hydrophilic groups are the first to be hydrated,
which leads to the formation of nonfreezing or freezing bound water in highly concentrated solutions
[Yoshida et al., 1992, 1998; Hatakeyama et al., 2012; Tanaka et al., 2013]. As the network swells, hydrophobic
groups also capable of interacting with water molecules become exposed. In this concentrated regime, poly-
mer chains remain entangled and rigid [Wyatt and Liberatore, 2009]. Under such conditions, water associated
with the hydrogel exhibits physical properties different from that of free water. For example, this water could
remain in the liquid state even at temperatures as low as�60°C [Yoshida et al., 1992; Hatakeyama et al., 2012;
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Tanaka et al., 2013]. Further hydration (~0.5 gwater/g XG) will move the system to the semidilute regime
[Yoshida et al., 1992]. Based on the polymer type and concentration, polymer chains can be entangled in
the semidilute regime where water interacts weakly with the polymer chains [Wisniewski and Kim, 1980;
Tanaka et al., 2013] or disentangled in an elastic, liquid-like state with disordered conformation that can be
physically described as a broken or imperfect helix [Wyatt and Liberatore, 2009]. Although the exact point
of transition for XG is not well known, the approximate boundary for the change from an entangled to dis-
entangled state is expected to occur at a polymer concentration of ~2000 ppm (500 gwater/g XG) [Wyatt
and Liberatore, 2009]. The additional absorbed water at concentrations <70 ppm (~1.4 × 104 g water/g XG)
is assumed to fill the space between the network chains, and/or the center of larger pores, macropores, or
voids and behave as “free water” or “bulk water” [Gulrez et al., 2011].

While the exact mechanism for measured differences between κgf, κmix, sol, and κccn for XG hydrogels cannot
be ascertained based on this study, we believe that it is associated with the differences in the structure of the
polymer networks due to water properties at different polymer concentrations. The schematic in Figure 3
shows that the hygroscopicity measurements for this study cover the range from the concentrated to the
semidilute regime. Hygroscopicity measurements using the CCN technique are carried out toward the more
dilute regions where polymer macromolecules are more separated from each other. Hygroscopicity measure-
ments using the growth factor technique are primarily in a concentrated region where the cross-links
between the entangled polymer chains are strong, especially in the presence of salt ions. This is further sup-
ported by the measured differences between κgf, κmix, sol, and κccn for the pure XG+ salt solutions, which
showed pronounced deviation from the ZSR mixing rule at low aw, an indication that the ZSR assumption
of no interaction between mixture components for high molecular weight polymer + salt particles may break
[Zdanovskii, 1948; Stokes and Robinson, 1966; Zardini et al., 2008].

The presence of salt ions at the concentrations typically found in seawater can affect cross-links between XG
hydrogel macromolecules, influence their rheological properties [Wyatt and Liberatore, 2009], and by

Figure 3. Regimes of behavior for the XG-water system as a function of water content (and water activity on the upper x
axis). On the y axis, the water content is translated approximately into the hydrated diameter (neglecting the Kelvin effect)
of an initially dry, 89 nm particle, assuming volumetric additivity of water and polymer and is shown by the black line using
equation (3) (growth factor is also shown for reference). Surface tension for the XG-water system was assumed to be that of
pure water. The XG concentrations (c) and corresponding water contents for dilute, semidilute, concentrated, entangled,
and disentangled ranges were taken from Yoshida et al. [1992] andWyatt and Liberatore [2009]. Growth factor and CCN (for
Dact = 89 nm, ss = 0.46%) data for pure XG are overlaid as black outlined circles and a blue square, respectively.
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association their hygroscopicity. Monovalent salt cations like Na+ and K+ cause stabilization of xanthan chains
in the helical conformation causing entanglement of the polymer chain structure compared to the extended
highly disordered salt-free case [Wyatt and Liberatore, 2009]. Addition of NaCl to the XG-water system shifts
the transition between concentrated and dilute regimes to higher solute concentrations (i.e., lower water
contents) [Wyatt and Liberatore, 2009]. Figure 2f shows that, as expected, the presence of NaCl increases
κgf at all water activity values compared to pure XG but is still less hygroscopic than the prediction from
ZSR mixing (green dashed line in Figure 2f). Compared to a salt free solution, measured values of κccn are
higher and, according to Table 2, well represented by the ZSR mixing rule.

Divalent cations such as Ca2+ and Mg2+ tend to also affect physical cross-linking of the XG chain. However,
unlike monovalent salt ions, Ca2+ ions can initiate crystallization and precipitation of gel-Ca complexes, par-
ticularly under alkaline conditions [Chin et al., 1998; Verdugo, 2012]. For water activity >0.9 both the XG-
CaCO3 (see Figure 2h) and the XG-Ca(NO3)2 (see Figure 2g) solutions show κgf values near or larger than that
of the pure XG-water system. However, Figure 2h reveals suppression of κgf at water activity <0.9, possibly
due to precipitation of XG-Ca2+ complexes. Interestingly, there is close agreement between κccn and κmix,

ccn when we assume full solubility for the CaCO3 solution, and for the semidilute regime (i.e., aw> 0.9) the
hygroscopicity of XG-Ca2+ mixtures approaches κmix, ccn (see Table 2 and Figure 2). A possible explanation
could be that XG-Ca2+ bonds prevent crystallization of the salt resulting in enhanced dissolution, which
allows the system to fully express the prediction for κmix, ccn. Overall, results of our study suggest that there
can be large differences between measured κgf and κccn and ZSR calculated κmix, sol values for hydrogels,
especially in the presence of divalent salts. Future studies should be conducted to explore detailed mechan-
isms for the water uptake by hydrogels under different conditions characteristic of ambient aerosols.

4.2. Kinetic Limitations

The modeled characteristic time scale for 100 nm dry particles to equilibrate with the water vapor field for a
step change in RH is <200ms [Snider and Petters, 2008], much smaller than the 6 s transit time between the
exit of the humidification region and the entrance of the second DMA or the ~30 s in the CCN column.
However, kinetic limitations for droplet growth have been hypothesized for organics [Chuang et al., 1997]
and observed for a mixture of ammonium sulfate and humic acid sodium salt at RH= 85% on time scales
exceeding 10 s [Sjogren et al., 2007]. When equilibration was allowed for residence time scales between 4
and 40 s, Sjogren et al. [2007] reported a gf change from 1.12 to 1.16. The characteristic mixing time scale
between the particle and the vapor depends on the particle diameter, diffusivity, and viscosity [Zhang
et al., 2015]. To our knowledge there are no reported values for an equilibration time scale of water soluble
macromolecules in the context of HTDMA measurements. However, equilibration time scales for a particle of
a given diameter can be derived if the viscosity of a particle is known [Zhang et al., 2015, equation (4)].Wyatt
and Liberatore [2009] and Renbaum-Wolff et al. [2013] have reported values for viscosity of pure XG and sec-
ondary organic material, respectively. The highest concentration measured in Wyatt and Liberatore [2009]
corresponded to a water content of ~165 gwater/g XG and a viscosity of 6000 Pa s leading to a mixing time
scale on the order of 1 s. However, our measurements were made for much lower water content and so we
expect viscosity and mixing time to increase above this value. Extrapolating the measurements from Wyatt
and Liberatore [2009] (using a constant log-log slope of 3.75) to our measured value of 0.27 gwater/g XG
(for the gf measurements at RH= 80%) yields a viscosity on the order of 1013 Pa s and mixing time of 1011 s
for 100 nm particles, which is characteristic of a glassy, solid-like phase [Renbaum-Wolff et al., 2013].
Although we cannot directly evaluate the role of kinetic limitations for equilibration time in our measure-
ments, the above discussion suggests that viscosity might have caused deviation from equilibrium, especially
at lower water activity. Figure 4 compares the observed water content from HTDMA results to equilibrium
sorption isotherm data from Basu et al. [2007] and Torres et al. [2012]. Figure 4 emphasizes two points.
First, our XG results are within the range of equilibrium water content for various gums, thus providing some
context on the role of uncertainties due to kinetic limitations on expected growth for similar polysaccharides.
Second, the water contents of these hydrogels appear predictable and, comparing the XG results that indi-
cate a κ ~0.1, are not unusually large compared with other aerosols, even organics. The difference between
our results and those shown in Figure 4 could also be attributed to themeasurement uncertainties in XG den-
sity. Until XG density is better quantified, the shown error boundaries of ±17% are most likely a conservative
estimate. Nonetheless, the comparison of our results with equilibrated XG water contents from Basu et al.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025143

DAWSON ET AL. HYGROSCOPICITY OF XG AS MARINE HYDROGEL 11,812

 21698996, 2016, 19, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016JD

025143 by U
niversity O

f C
alifornia, W

iley O
nline L

ibrary on [01/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



[2007] and Torres et al. [2012] suggests that kinetic limitations for the diffusion of water vapor into pure XG
particles did not play a substantial role during our experiment.

4.3. Surface Tension

Organic components can lower the surface tension of the particle at the solution/air interface. Lee et al. [2012]
measured the surface tension of XG for various concentrations. Measurements from Lee et al. [2012, and refer-
ences therein] yield a lower limit for XG surface tension equal to 0.042 Jm�2 at concentrations of ≥1%vol/vol
(supporting information). Based on the observed κgf, we estimate that CCN activation for sizes and supersa-
turations encountered in this study proceeds at ~2%vol/vol. Based on bulk data, one would expect that the
surface tension is 0.042 Jm�2 or less, which is significantly lower than the value of pure water. However, esti-
mates of the effect of reduced surface tension on CCN activity are inconsistent with those obtained from bulk
surface tension measurements and classical Köhler theory [Sorjamaa et al., 2004; Petters and Kreidenweis,
2013; Petters and Petters, 2016]. At the molecular level surfactants migrate to the water/air interface, which
sets up a radial concentration gradient within the aqueous droplet. Conceptually, the drop can be envisioned
as a two-phase solution comprising a surface phase and bulk phase. Calculating the effect of surfactants on
water uptake and CCN activity requires accurate prediction of the solute concentration in both phases. While
thermodynamic models including this effect have yielded broad agreement with observations [Sorjamaa
et al., 2004; Petters and Kreidenweis, 2013], full closure between observed bulk surface tension and observed
κccn is not always achieved by using these models, even for particles composed of well-characterized water
soluble surfactants [Petters and Petters, 2016]. One fundamental limitation in validating the thermodynamic
models is the inability to experimentally confirm the solute concentration in the surface and bulk phase, as
well as measurement of the actual surface tension in the microscopic droplet.

For XG aerosol, modeling of the composition of the surface and bulk phase is further complicated by two
effects. Petters and Kreidenweis [2013] suggested that kinetic limitationsmay prevent the formation of the sur-
face phase at the time scale of CCN experiments where the high viscosity of XG solutions may limit the free
exchange of molecules between the bulk and surface phase. It is therefore possible that viscosity prevents

Figure 4. Pure XG equilibrium water content (translated from gf as in equation (2)) along with other organics observed by
Torres et al. [2012] for 20°C (colored points) and Basu et al. [2007] (black diamonds) for 30°C. The open circles show XG data
from Figure 2a but binned in 0.05 aw intervals. The vertical bars indicate ±1 standard deviation within our binned data. The
dashed black lines show ±17% uncertainty (added in quadrature), which considers both the ±10% uncertainty in the
measurement as well as the ±0.22 g cm�3 standard deviation in the XG density used.
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the formation of the radial surfactant gradient inside the droplet. Second, estimates of solute activity in basic
partitioning theory are based on Raoult’s law, e.g., the formulation of Petters and Kreidenweis [2013] based on
the analytical approximation of Raatikainen and Laaksonen [2011]. However, as discussed above, Raoult’s law
breaks down formacromolecules, essentially predicting zero activity forMW~107 gmol�1 [Petters et al., 2006].
Therefore, the standard approachwould need revision to become applicable for XG aerosol. Unresolved ques-
tions about the accuracy of the existing theoretical frameworks [Petters and Petters, 2016], together with the
added uncertainty of the roles of viscosity and applicability of Raoult’s law, will require additional studies
before the effect of surface tension on the observed κccn for XG particles can be determined.

4.4. Atmospheric Implications

The XG-salt particles used in this study were selected to mimic the composition and size of submicron sea
spray aerosols produced through bursting bubbles from ocean breaking waves. Our results show that pure
organic aerosols produced from XG should activate at ~257 nm and ~87 nm dry diameter in shallow marine
clouds at ss of 0.1 and 0.5%, respectively (see Figure 5). Considering that the hygroscopicity parameter
reflects a particle’s chemical composition and is theoretically size-independent, results of our study suggest
that addition of marine hydrogels (which are less hygroscopic than sea salt) should lower CCN activity of sea
spray particles. This result is consistent with both a water tank experiment performed in natural seawater
using three different particle generation techniques (i.e., sintered glass filters, a pulsed-plunging waterfall,
and continuous wave breaking) [Prather et al., 2013] and for laboratory produced marine aerosol using a
plunging-water jet system of organically enriched seawater [Fuentes et al., 2010]. Ovadnevaite et al. [2011]
observed CCN activation efficiency between 83% (at ss = 0.25%) and 100% (at ss> 0.75%) for predominately
hydrophobic (gf = 1.25 at 90% RH, κgf = 0.12 for 100 nm dry particles) ambient marine aerosol with enrich-
ment of 60–70% primary organic matter.

Figure 5 shows different activation diameters calculated from κmix, ccn for different mass fractions of XG and
NaCl. The steepest slopes for activation diameter versus mass fraction curves occur at low ss and mass frac-
tion (mf) of NaCl. For example, compared to pure XG particles, addition of 30% NaCl at 0.1% ss lowers the
activation diameter by ~100 nm. Continued increase in NaCl from mf = 0.3 to mf = 0.7 (or viewed as a
decrease in organic content from mf= 0.7 to mf = 0.3) only lowers the activation diameter by another
~10 nm. The larger reduction of activation diameter when small amounts of salts are added to the system
(and conversely, the relative insensitivity of the addition of small amounts of organics to predominantly salt
particles) can have important implications for CCN properties of submicron sea spray aerosol enriched inmar-
ine organic matter. Organic mass fraction can be up to 90% for sub-200 nm (aerodynamic diameter) sized sea
spray aerosols [O’Dowd et al., 2008; Russell et al., 2010; Ovadnevaite et al., 2011; Prather et al., 2013]. According

Figure 5. CCN activation diameter for XG-NaCl particles with a solute mass fraction of NaCl from 0 to 1 for two different
values of ss typical for the marine environment (see text for references).

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025143

DAWSON ET AL. HYGROSCOPICITY OF XG AS MARINE HYDROGEL 11,814

 21698996, 2016, 19, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016JD

025143 by U
niversity O

f C
alifornia, W

iley O
nline L

ibrary on [01/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



to Figure 5, activation of aerosol mimics of sea spray enriched in marine organics for sizes that are climatically
relevant (50 to 150 nm dry diameter) is very sensitive to sodium content (fully detailed ss versus dry diameter
plot with overlaid κ for varying mf of NaCl can be found in Figure S6). Taking activation diameter reported in
Figure 5 and assuming that components are added volumetrically, the “equivalent” diameter of NaCl for a
XG-NaCl particle with mf = 0.3 is 90 nm at ss = 0.1% and 31 nm at ss = 0.5%. These sizes translate to an equiva-
lent mass of 8 × 10�22 g and 3× 10�23 g at the respective ss. Therefore, detection of single particle salt con-
tents in the range of 10�23 to 10�22 g is crucial for an accurate assessment of marine organic matter-enriched
sea spray aerosol activation properties for the conditions of the marine environment.

A wave tank experiment of Collins et al. [2013] reported 86± 5% reduction in CCN-derived hygroscopicity of
freshly emitted sea spray aerosol following an increase in heterotrophic bacteria in seawater. Despite very lit-
tle change in organic mass fraction (less than 15% increase throughout the experiment), a link between
increased number of submicron insoluble organic matter and the lowering of hygroscopicity based on aero-
sol CCN activity was reported [Collins et al., 2013; Prather et al., 2013]. The results presented in this work
further the discussion about the interaction of water-soluble polymer-salt complexes and sea salt both at
subsaturated and supersaturated conditions.

5. Conclusions

In this study we have quantified hygroscopic properties of particles containing pure XG and XG mixed with
NaCl, CaCO3, and Ca(NO3)2. Results suggest good agreement between CCN derived (κccn) and ZSR calculated
κmix values. This result shows that hygroscopicity of marine hydrogels and its different mixtures can be pre-
dicted with known volume fractions of the solutes in supersaturated conditions. Our measurements also
show that κgf derived at water activity (aw)> 0.9 and κccn agree within experimental error (±10%) only for
pure XG particles but not for the XG-salt mixed solutions. The addition of small amounts of Ca2+ and Na+ salts
generally increased κ relative to pure XG with the exception of CaCO3, which showed a strong decrease of κ
at low water activity. Additionally, our measurements show that closure between growth-factor derived (κgf)
and ZSR κ was not achieved for any of the XG-salt mixed solutions at aw< 0.9 and was often larger than
±10%. These measurement differences were suggested to be a result of different regimes found during
the hydration of pure XG and XG-salt particles, among other uncertainties surrounding viscosity and surface
tension of the solution to air interface. This study showed that across a wide range of water activity, hygro-
scopicity of XG-salt particles is complex and is not currently well explained by the ZSR volume mixing rules
at subsaturated conditions, especially at aw< 0.9. Future studies should be conducted to fully examine hydra-
tion behavior, morphology, and viscous properties of XG (and hydrogels in general) under a variety of envir-
onmental conditions (e.g., temperature, RH, and acidity) and presence of salt ions at different concentrations.

This study also examined the effect of small amounts of salt mass on CCN activity of aerosols. Our calculations
indicated that for supersaturations ranging from 0.1 to 0.5%, the addition of 30% NaCl by mass can decrease
dry activation diameter of primary marine organic aerosols from 256 to 155 nm and from 87 to 53 nm, respec-
tively. These dry diameter ranges have been shown to be climatically relevant sizes for emitted sea spray par-
ticles [de Leeuw et al., 2011]. Converting these size ranges to mass thus implies that sea-salt amounts as low as
10�23 g per particle can play an important role in the conditions under which aerosols activate as CCN.
Therefore, future studies should pay particular attention to the detection of salt contents at these
low concentrations.
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