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ABSTRACT

Aerosol particles in the atmosphere have the ability to uptake water and form droplets.
The droplets formed can interact with solar radiation (indirect effect of aerosols) and influence
the net radiative forcing. However, the magnitude of change in radiative forcing due to the
indirect effect of aerosols remains uncertain due to the high variance in aerosol composition and
mixing states, both spatial and temporally. As such, there is a need to measure the water-uptake
of different aerosol particle groups under controlled conditions to gain insight into the water-
uptake of complex ambient systems. In this work, the water-uptake (hygroscopicity) of internally
and externally mixed ammonium sulfate — organic binary mixtures were directly measured via
three methods and compared to droplet growth prediction models. We found that subsaturated
water-uptake of ammonium sulfate-organic mixtures agreed with their supersaturated
hygroscopicities, and mixing state information was able to be retrieved at both humidity regimes.
In addition, we found that solubility-adjusted models may not be able to capture the water-uptake
of viscous particles, and for soluble organic aerosol particles, bulk solubility may not be
comparable to their solubility in a droplet. This work highlights the importance of using multiple
complementary water-uptake measurement instruments to get a clearer picture of mixed aerosol

particle hygroscopicity, especially for increasingly complex systems.

Synopsis Statement: This work provides water-uptake measurements of mixed aerosol particles

that are prevalent in the atmosphere that can be useful in improving climate models.

INTRODUCTION
Aerosol particles in the atmosphere can indirectly affect the radiative budgets through

droplet and cloud formation (Haywood and Boucher 2000). Clouds and droplets can reflect or
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absorb solar radiation, leading to a cooling or warming effect on the atmosphere and Earth’s
surface (Lohmann and Feichter 2005). Changes in aerosol particles’ water-uptake properties
(hygroscopicity) have significant effects on air quality, climate, and visibility as it can lead to
changes in their optical properties and can also modify their contribution towards the net radiative
forcing (Lohmann and Feichter 2005). Additionally, the indirect effect of aerosols is the largest
source of uncertainty in climate and radiative forcing modeling, partly due to the wide variety of
composition of atmospheric aerosols that can evolve spatially and temporally (IPCC 2021).

Inorganic and organic particles are found in the atmosphere and can form clouds and
droplets. The water-uptake properties of inorganic particles have been well characterized, and the
water-uptake properties of organic aerosols have been extensively studied (Dawson et al. 2020;
Altafet al. 2018; Zhang et al. 2016; Lei et al. 2014a; Jimenez et al. 2009; Prenni et al. 2001, 2007;
Kanakidou et al. 2005; VanReken et al. 2005; Raymond and Pandis 2003; Cruz and Pandis 1998).
However, ambient aerosols often exist as a mixture of organic and inorganic particles, and models
have shown that the presence of organic particles in mixed aerosols can significantly affect particle
growth and water-uptake (Nandy et al. 2021); and as such, research into the water-uptake of mixed
aerosol particles under controlled conditions is important to further our understanding of the water-
uptake of atmospheric aerosol particles.

The mixing states of aerosol particles can be classified into externally or internally mixed.
An external mixture occurs when different aerosol species can be assumed to be physically
separated from each other. For example, for binary external mixtures, two distinct populations
would be observed. Internally mixed (homogenous or phase separated) aerosols consist of particles
with the same mixture of chemical species (Riemer et al. 2019; Altaf et al. 2018). Changes in the

water-uptake of mixed particles, at both sub- and supersaturated conditions, have been the focal
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point of several studies. Cruz and Pandis (2000) reported that an increase in organic fraction
reduced the growth factor (Gy) of mixed particles (Cruz and Pandis 2000). Additionally, Brooks et
al. (2002) found that the presence of water-soluble dicarboxylic acids can lower the deliquescence
relative humidity (DRH) of ammonium sulfate, and that less-soluble dicarboxylic acids did not
affect the DRH of the inorganic (Brooks et al. 2002). Furthermore, Bilde et al. (2004) suggested
that small amounts of salt can significantly affect the water-uptake of mixed particles (Bilde and
Svenningsson 2004). Lei et al. also demonstrated that the presence of a hygroscopic organic such
as levoglucosan decreased the apparent DRH of ammonium sulfate, whereas the presence of a
non-hygroscopic organic compound such as 4-Hydroxybenzoic acid reduced the water-uptake of
mixed particles. The results of Lei et al. suggest that the presence of hygroscopic organic particles
may be the primary reason that causes an enhancement in water-uptake of mixed particles
compared to pure inorganics when RH < DRH (Lei et al. 2014b).

Supersaturated water-uptake of mixed (ammonium sulfate and organic acids) particles has
been investigated by Abbatt et al. using a continuous flow, thermal-gradient diffusion chamber. It
was demonstrated that the presence of water-soluble species in the particle lowers the vapor-
pressure and energy barrier needed for droplet formation. Additionally, Abbatt et al. showed the
additive nature of the vapor-pressure-lowering effect for binary mixtures (Abbatt et al. 2005).
Water-uptake was parameterized as droplet activation diameters, and it was reported that for
soluble organics, hygroscopicity of the mixed aerosol particles can be predicted using a simple
Kohler theory model that assumes complete solubility with the droplet having the surface tension
of pure water. However, when organics are less soluble, the consideration of limited solubility was
determined to be important. For example, thick organic coatings around an inorganic core can lead

to a complete deactivation of ultrafine ammonium sulfate particles (< 120 nm) (Abbatt et al. 2005).
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For sparingly soluble and non-hygroscopic species such as adipic acid, Broekhuizen et al. (2004)
showed that the presence of a small fraction of a soluble salt can greatly reduce the activation
diameter of internally mixed adipic acid — ammonium sulfate particles, and that it can be predicted
well by Kohler theory (Broekhuizen et al. 2004).

For externally mixed particles, Schill et al. showed that it is possible for the supersaturated
water-uptake of each pure component to be differentiated in the measured particle activation
curves, however their hygroscopicities must have a big enough difference (Schill et al. 2015). For
a binary mixture of compounds with similar hygroscopicities, the activation curves do not clearly
indicate the number of pure compounds. In contrast, a binary mixture of a highly hygroscopic and
a sparingly hygroscopic species led to multiple sigmoid fittings, with each inflection point
indicating the presence of a different species (Vu et al. 2019; Schill et al. 2015).

Much of the literature on the water-uptake of mixed aerosols focuses on the chemical and
physical properties of the mixtures and their effect on particle hygroscopicity (Vu et al. 2019; Jing
et al. 2016; Liu et al. 2016; Lei et al. 2014b; Padro et al. 2012). Few studies have used multiple
instruments to measure, describe, and analyze water-uptake at both subsaturated and
supersaturated conditions (Xu et al. 2021; Wex et al. 2009; Svenningsson et al. 2006). Fewer still
have evaluated the performance of different hygroscopicity measurement instruments to capture
the water-uptake of various systems (Dawson et al. 2020; Rickards et al. 2013; Zardini et al. 2008).
For example, Dawson et al. (2020) measured the water-uptake of pure water-soluble organic
compounds using a CCNC, HTDMA, and cavity ring-down spectroscopy (CRDS) and found that
for pure water-soluble compounds, the three instruments were in agreement (Dawson et al. 2020).
However, little is known about the comparison of water-uptake instruments for mixed aerosol

compositions.
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Intercomparison of measured water-uptake across different instruments and systems can
be done by first converting the directly measured parameters such as, activation diameters and
growth factors, into a single hygroscopicity parameter, (k). k is a valuable tool for comparison, as
theoretically, it is a composition-dependent parameter and conceptually varies little between sub-
and supersaturated conditions (Petters and Kreidenweis 2007, 2008, 2013). Additionally, k can be
used with the Zdanovskii-Stokes-Robinson (ZSR) mixing rule, which assumes volume additivity
and that each species independently uptakes water, to predict the hygroscopicity of a mixed system
(Petters and Kreidenweis 2007; Svenningsson et al. 2006).

In this work, we measured the water-uptake of internal and external mixtures of the
atmospherically prevalent salt, ammonium sulfate, with three organic compounds (Lei et al. 2014a;
Pashynska et al. 2002). The organic compounds used are adipic acid, which is a dicarboxylic acid
known to be emitted from biomass burning and motor exhaust, and two sugars: levoglucosan and
sucrose, both of which are tracers for biomass burning (Marynowski and Simoneit 2022; Hays et
al. 2002; Kaplan and Kawamura 1987). We applied three distinct experimental droplet growth
methods to measure the hygroscopicity of binary ammonium sulfate — organic mixtures. The
instrumentation has been previously described by Dawson et al. (2020), however the usage and
advantages of such suite of instruments have yet to be evaluated for mixed particles. The three
organics used in this work are levoglucosan, sucrose, and adipic acid, all of which are prevalent in
the atmosphere and have been extensively studied, and all of which are biomass burning
byproducts (Ott et al. 2020; Jing et al. 2016; Liu et al. 2016; Lei et al. 2014a; Rickards et al. 2013;
Yttri et al. 2007; Rosenern et al. 2006; Broekhuizen et al. 2004; Marcolli et al. 2004; Pashynska
et al. 2002; Cruz and Pandis 1998). To our knowledge, this is the first work to evaluate and

compare measured binary (internally and externally mixed) aerosol particle water-uptake by
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CCNC, HTDMA, and CRDS to identify advantages and disadvantages of each instrument towards
the estimation of the perceived single-parameter hygroscopicity, x. Furthermore, we explore the
use of Kohler theory and Zdanovskii-Stokes-Robinson (ZSR) models to predict experimental
measurements. A layer of complexity is added to this work through the evaluation of two
Kk retrieval methods from optical measurements of mixed aerosols that have only been applied in
few other studies (Razafindrambinina et al. 2022; Dawson et al. 2020; Kreidenweis and Asa-

Awuku 2014a).

MATERIALS AND METHODS

Sample Preparation

As previously mentioned, the three organics selected for this study are relevant and
abundant in the atmosphere. However, they were also selected due to their range of atomic oxygen
to carbon ratio (O:C), molecular weight, and solubility they provide, which may lend insight into
Kk variations (Table 1). Levoglucosan (99%, ACROS Organics) had the highest density and
theoretical Kk (K¢peory), sucrose (99% Fisher Chemical) had the highest solubility and O:C, and

adipic acid (99%, Sigma Aldrich).

Table 1. Physical properties of organic compound, and calculated theoretical k-values assuming
infinite and limited solubility.

Organic | Molecular Weight Solubility Density Kiheor Kiheor
1 @298 K i O: y y
Compound [g mol | (e L_l] [g mL ] (ideal)  (limited solubility)
Levoglucosan 162.1 62.3" 1_7b 0.83 0.19 0.02
Sucrose 342.3 2040° 1.59° 092 0.08 0.08
Adipic Acid 146.1 24° 136" 0.67 0.17 0

“The Human Metabolome Database. http://www.hmdb.ca/ (accessed October 9, 2019)
*Value predicted by ACS/Labs Percepta Platform? PhysChem Module
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‘Rumble, J. R.; Lide, D. R.; Bruno, T. J. CRC handbook of chemistry and physics: a ready-reference book of chemical
and physical data, 2017

IMITI (Ministry of International Trade and Industry) (1992). Biodegradation and Bioaccumulation Data of Existing
Chemicals Based on the Chemical Substances Control Law (CSCL).

¢Haynes, W.M. (ed.). CRC Handbook of Chemistry and Physics. 95th Edition. CRC Press LLC, Boca Raton: FL 2014-
2015, p. 3-10

Samples were prepared by dissolving 50 mg of solute in 400 ml of UltraPure water (high-
performance liquid chromatography grade or Millipore(R) water >18 MQ). Internally mixed
samples were prepared by dissolving 50 mg total solids with 5, 25, 50, 75, and 95 wt % of the
organic compound in 400 ml of water. For external mixtures, two separate solutions (0.125 mg/ml)
were prepared for ammonium sulfate and the organic compound. The composition of the external
mixtures were controlled by valves downstream of each of the atomizers. Prior to HTDMA
measurements, each component of the mixture was atomized, dried, and the particle mass
concentration (ug m~3) of the organic and ammonium sulfate was measured by a DMA in
scanning mode. Valves were then adjusted to achieve target organic mass fraction (between 0.05
and 0.95). Polydisperse aerosols were created using a constant output atomizer (TSI 3076).
Particles were then dried via two diffusion dryers arranged in series upstream of the three water-
uptake measurement instruments: a cloud condensation nuclei counter (CCNC), a humidified

tandem differential mobility analyzer, and a cavity ring-down spectrometer (Fig. 1)

Humidifier

DMA3 |- CPC2 | (HTDMA)

Constant Output
Atomizer

omaa | Cavity 1 [Pemidifer T 5T [ cpe | (cros)

Figure 1. Schematic of the three different experimental setups. For each measurement method,

setup was modified to the CCNC (red), HTDMA (blue), or CRDS (green) configuration.
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Intercomparisons of the hygroscopicities of ammonium sulfate-organic binary mixtures were done
by retrieving k from the measured parameters (critical activation diameters, Dpso), geometric

growth factor (Gy), and optical growth factors (fRH)) as detailed below.

Cloud Condensation Nuclei Activity Measurements

The dry, polydisperse aerosol stream was first size selected by a differential mobility
analyzer (DMA 1; TSI DMA 3081L) in scanning mode to create a stream of monodisperse aerosol
particles. Downstream of electrical mobility selection, the sample flow was split and then sampled
into the CCNC (DMT CCN-100, sample flow = 0.5 L min™!) and condensation particle counter
(CPC; TSI 3775, sample flow = 0.3 L min!). The CCNC counted the number of activated particles
or cloud condensation nuclei (CCN) at a given supersaturation (in this work, the CCNC was
operated at 0.4, 0.6, 0.8, and 1.0 % supersaturations), and the CPC provided the total number of
particles (CN) at each size bin.

The CCNC method parameterizes water-uptake in terms of a particle’s critical activation
diameter (Dpso). The critical activation diameter is defined as the dry particle diameter at which
50% of the population activates into droplets. In this work, the Scanning Mobility CCN Analyzer
(SMCA) software was used to obtain the ratio between CCN and CN and estimate Dpso. The
SMCA applied a multiple charge correction and fits a sigmoid curve through the measured data to
estimate Dpso (Moore and Nenes 2009). A sample output of a CCNC data activation curve and an
SMCA sigmoid fit is presented in Figure 2.

Internal and externally mixed particles can be distinguished through the measured
activation curves. For internally mixed particles, a one sigmoid fit is sufficient to capture the
measured data, whereas, for external mixtures, the number of sigmoid fits needed is equal to the

number of components available for water-uptake in the mixture. In this work, binary external
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203  mixtures were presented as two sigmoid curves and were fit as such. As a result, internal mixtures
204  give a single Dpso value, and binary external mixtures yield two critical activation diameters, one

205  from each sigmoid (Fig. 2) (Vu et al. 2019; Schill et al. 2015).
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207  Figure 2 Example of measurement outputs from CCNC (a,b), HTDMA (c,d), and CRDS (e,f) for
208 internal (left) and externally mixed (right) particles. Data fits are shown as solid black lines
209  (sigmoid fit for a and b, lognormal fit for ¢ and d). Dashed line in a and b represent 50% particle
210  activation, and dashed blue line in ¢ and d represent the selected particle size (in this example, 150
211  nm particles were selected.

212 Assuming that k-values of each component of the mixtures are adequately differentiable

213 (differences in water-uptake properties are detectable via the analysis software), the activation
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curve of internal mixtures can be fit well with a single sigmoid (Fig. 2a), whereas external mixing
can be identified by the presence of more than one sigmoid (Fig 2b). For binary external mixtures,
two sigmoid curves are present: one curve represented ammonium sulfate, and the second (at larger
diameters) represented the organic (Fig. 2) (Vu et al. 2019). Calibration of the CCNC was done
prior to each experiment with ammonium sulfate aerosol, and the reported instrument
supersaturation assumes a van’t Hoff factor of 2.5 (Mikhailov and Vlasenko 2020; Rose et al.
2008)(Mikhailov and Vlasenko 2020; Rose et al. 2008). Hygroscopicity was then expressed in

terms of the hygroscopicity parameter (k.cyc) through Equation 1 (Petters and Kreidenweis 2007).

4(4—0’5/0_MW)3
RTpw

3
27Dpg5oIn?s

(1)

Kcene =

Where o5/, , Mw, and p,, are the surface tension, molecular weight, and density of pure
water, respectively. R and T are the gas constant and temperatures, and s is the calibrated
instrument supersaturation.

Humidified Tandem Differential Mobility Analysis

A humidified tandem differential mobility analyzer (HTDMA) measured the subsaturated
growth factor of binary mixtures. Aerosol particles with a dry mobility diameter (Dadry) of 150, 250,
and 350 nm were first size selected by an electrostatic classifier (DMA 2; TSI 3082) with an
aerosol flowrate of 0.3 L min! and sheath flow of 1.0 L min’!. The size-selected particles were
then humidified up to 80% + 6% RH with a Nafion humidification line (PermaPure M.H. series).
Subsequently, the size distribution of humidified aerosol particles was measured by a second
electrostatic classifier (DMA 3; TSI 3085) that has been humidified to 80% RH to prevent aerosol
shrinkage, and the internal neutralizer was bypassed to prevent neutralization of already charged

particles (Dawson et al. 2020).
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For HTDMA experiments, k was derived from the geometric growth factor (Gy). Gris the
ratio of the humidified particle diameter (Dwet) to its dry size (Ddary) and was calculated using

Equation 2.

GF = 2% (3)

Dwet

In the context of this work, Ddry corresponds to the selected particle size, and Dwet is the geometric
mode of the probability density function fit of the wet distribution. For internal mixtures, a single
wet distribution and growth factor is expected (Fig. 2¢). In contrast, externally mixed aerosols
would present as two wet distributions, and thus, two growth factor values (Fig. 2d).

Vapor pressure of water was assumed to approach that of a flat surface, and as such, the
water activity can be approximated by RH. Thus, k can be calculated via Equation 3 (Kreidenweis

and Asa-Awuku 2014b; Petters and Kreidenweis 2007).

RH
GF?® =1+ Kyrpma (ﬁ) (3)

100

Cavity Ring-Down Spectroscopy

The cavity ring-down spectrometer has been previously described in detail (Dawson et al.
2020; Veghte and Freedman 2012; Freedman et al. 2009) and is only briefly described here. The
generated aerosol particles at a flow rate of 1.5 L min™! are size selected using an electrostatic
classifier (TSI 3080) and a Differential Mobility Analyzer (DMA 4; TSI 3081L) at a sheath flow
rate of 15 L min!. After the particles are size selected, they enter the cavity ring down
spectrometer, where their optical properties are measured at a 643 nm wavelength. The difference
in ring-down times measured with and without the sample present is used to calculate the

experimental extinction coefficient (bexr), as shown by

bexe = . (l - i) 4)

c T To
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where Ry is the ratio of the cavity length to the sample length, ¢ is the speed of light, 7 is the ring-
down time without any particles in the cavity, and 7 is the ring-down time when particles are
present. Once the extinction coefficient is measured, the particle concentration, N, is measured
using a Condensation Particle Counter (CPC). The extinction cross section (oex) is calculated

according to

bexct,
o = 2220 ®)

where the subscript avg indicates the average measurement.

To obtain optical growth measurements, we use two cavities connected in series with a
homebuilt humidifier between them. Once the particles exit the first cavity, they pass through the
humidifier, where the RH of the particles is increased and measured at ~85% in the second cavity.
The optical growth factor (f/RH) is determined by dividing the extinction cross section of the

humidified particles (Gex.« ) by the extinction cross section of the dry particles (Gex,)

fRH(85% RH, Dry) = 2exta (6)

Oext,b

where «a is the relative humidity of the humidified particles and b is the relative humidity of the

dry particles (<10% RH).

There are currently two methods that are available to calculate a single hygroscopicity
parameter from fRH. For the first method, the optical growth factor is converted to the geometric
growth factor, Gy, using the experimentally derived refractive indices and Mie theory. Grhas been
defined in Equation 2. The diameter of the dry aerosol particles is experimentally selected by the
DMA, but the diameter of the humidified particles must be calculated. The humidified diameters

are determined by extrapolating the water content of the humidified particle from Mie theory and
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the optical growth factor calculation. The first step is to calculate the volume weighted refractive

index (my) using
Vi
my = Zi;tmi (7)

where Vi is the volume of component i, V; is the total volume, and m; is the real portion of the
refractive index of the component. Lavallard et al. provided the real part of the refractive index of
water at 643 nm / (Lavallard et al. 1996). The imaginary portion of the refractive index is not used
since the absorption is negligible at 643 nm. To obtain an extinction coefficient for comparison to
the experimentally determined extinction coefficient, extinction coefficients for every particle size
0.1 nm above the dry particle diameter were calculated. The diameter with the lowest variation
between the calculated optical growth factor and the experimentally determined optical growth
factor is used to calculate the geometric growth factor. Once the growth factor is determined, the
x factor can be calculated using Equation 3. It should be distinguished that the assumptions made
for this equation are typically used for supersaturated x factors where the aerosol particles have

very high water content (Taylor et al. 2011; Petters and Kreidenweis 2007).

The second method relates growth factor to optical growth factor through an empirical

relationship, as shown by

0.86
fRH(80%RH, dry) = G;(80%RH, dry)ozs )

where fRH(80%RH, dry) is the optical growth factor at 80% relative humidity, and G;(80%RH,
dry) is the growth factor at 80% relative humidity. Using Equation 2 and Equation 8, we derive a

semi-empirical relation for calculating k factor as shown by
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1—RH/100)
RH/100

Kempiricalt = ((fRH(Wet, DT}O%) - 1) ( ©

In the original work by Kreidenweis and Asa-Awuku, this correlation was determined on systems
at 80% RH; however, our systems are at ~85% RH. This correlation should be a reasonable
approximation at RH < 90%, and has been previously shown to aptly measure the hygroscopicity
of organic saccharides measured at 85 % (Dawson et al. 2020; Kreidenweis and Asa-Awuku

2014a).

Modeled Hygroscopicity and Droplet Growth of Mixed Particles

The Zdanovskii-Stokes-Robinson (ZSR) model has been shown to adequately predict the
k-value of binary mixtures (Xu et al. 2020; Jing et al. 2016; Liu et al. 2016; Petters and
Kreidenweis 2008; Svenningsson et al. 2006). The basic ZSR model assumes volume additivity,
and determines the x of a mixed system based on the volume fraction of each species (€;) as shown
in Equation 10.

Kzsr = Li €iK; (10)

Equation 4 works well for infinitely soluble species, but fails to predict the water-uptake of a
system when sparingly soluble organics are present (Petters and Kreidenweis 2008; Bilde and
Svenningsson 2004). Hence, for such mixtures, the limited solubility of particles must be
considered as it can affect the apparent k. Changes in k due to limited solubility can be captured
by including a dissolved volume fraction term (H(x:)), by doing so, turning Equation 10 into
Equation 11:

Kzsrci = i €k (x;)

X x <1
HGo = {155 (1
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Where Ci, Vw, and Vs are the solubility of solute in water (volume of compound per unit volume
of water), volume of water, and volume of the dry aerosol (soluble and insoluble) (Petters and
Kreidenweis 2008). Alternatively, Ci in Equation 11 can also be estimated based on their O:C
through the empirical relationship in Equation 12 which assumes that the water-uptake activity of
sufficiently soluble compounds can be estimated by Raoult’s law, and that O:C and molecular size

determine the volatility of the organic compound (Nakao 2017).

0 Vi

0.402
lnCempirical =20 [(E) - 1] ;X = Compirical (V_sz) (12)

Where O and C are the number of oxygen and carbon atoms in the molecule. Based on Equation
(12), the solubility range corresponds to O:C range of 0.2 to 0.7. The theoretical k-value based on

this empirically derived solubility will hereinafter be referred to as kzgg emyp. For infinitely soluble

species, H(xi) = 1, and so kKzsp = Kzsrci = KzSR,emp-

In this work, calculated x of pure levoglucosan, sucrose, adipic acid, and ammonium sulfate was
used in all three versions of the ZSR models to predict the hygroscopicity and particle growth of
the mixtures. Levoglucosan and adipic acid were predicted to be affected by limited solubility,
whereas sucrose would behave as an infinitely soluble particle. Lastly, to compare measured k-
values to the three variations of the ZSR model, a normalized mean error (NME) analysis was

done using the equation below:

NME = 21 [Kmodel~Kmeasured| (13)

Z?(Kmeasured)
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A NME <10% suggests that the model agrees with the data in most instances. The model that leads
to the least NME between measured and predicted x-values was then taken to be the best model

for the system.

RESULTS AND DISCUSSION

Water-Uptake of Internal Mixtures

As previously mentioned, intercomparisons of the hygroscopicities of ammonium sulfate-

organic binary mixtures were done by retrieving k from the measured parameters (Dpso, Gr, fRH).
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Here, experimental k-values were compared across instruments and with the ZSR-predicted k with

and without limited solubility considerations (Figure 3).

Levoglucosan Sucrose Adipic Acid
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Figure 3 Comparison of experimental to ZSR-predicted « values based on assumptions of infinite
solubility as described in Equation 10 (grey dotted), limited solubility as described in Equation 11
(green), and the O:C limited solubility (red dashed) as described in Equation 12 for levoglucosan
(blue), sucrose (pink), and adipic acid (purple) binary mixtures as measured by the CCNC (circle),
HTDMA (square), and CRDS with Mie theory based (open triangle) and empirical (solid triangle)
k-retrieval methods.

Normalized mean error analysis results are presented in Table 2. For levoglucosan-ammonium
sulfate internal mixtures, kzgg ¢; poorly predicted hygroscopicity, with a NME that was higher
than the two other models. K5z and kzsg emp Were identical for levoglucosan-ammonium sulfate
aerosol particles with organic volume fractions <0.8. At higher organic volume fractions, Kzsg emp

predicted that limited solubility would affect the particle water-uptake at supersaturated
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conditions. However, the effect is small, as kzgp and Kzgg emp agreed within 10% uncertainty.
Experimentally, internally mixed levoglucosan-ammonium sulfate particles took up water as
expected for infinitely soluble species. NME analysis shows that in the scope of our experimental
conditions, internally mixed levoglucosan-ammonium sulfate aerosol particles were not limited by
solubility at the supersaturated regime and at the RH of the HTDMA as measured k.cync and
Kurpma Were able to be predicted by kzsp with < 10% uncertainty. The inability of kzgg ¢; to
capture measured hygroscopicity of ammonium sulfate-levoglucosan suggests that the use of bulk
solubility may be inaccurate for ammonium sulfate-levoglucosan droplet growth predictions. This
inaccuracy when using bulk solubility to capture particle hygroscopicity is consistent with recent
literature that have shown changes in supramolecular interactions under supersaturated conditions
that lead to changes in hygroscopicity (Wallace et al. 2021; Richards et al. 2020) . As the HTDMA
and CRDS were operated at similar RH, their k-values were expected to be invariant, however,
Kcrps,mie Was significantly lower. kzgg and Kzgg emp overpredicted Kcppsmie by an average of
20%, with the largest error at organic fractions < 0.5, which may simply be due to fluctuations in
RH. In summary, internally mixed levoglucosan-ammonium sulfate particles were found to behave
as fully soluble particles, and water-uptake measurements using the CCNC and HTDMA were
able to be well-predicted by kzgg and kzsg emp- Additionally, kzsg ¢; that is calculated based on
the organic’s bulk solubility was not a good predictor of levoglucosan-ammonium sulfate water-
uptake and had an uncertainty of over 20%.

Sucrose is a highly soluble (2040 g L') organic compound with relatively low
hygroscopicity compared to ammonium sulfate (Table 1). Due to the high solubility of sucrose,
for calculations of kzgg ¢;, H(xi) = 1 which leads to kzsr = Kzsr i as can be seen in Figure 3.

However, Kzsg emp Of sucrose slightly varied from kzgg at organic volume fractions > 0.75,
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suggesting that sucrose may not be fully soluble at under such conditions. However, the difference
between Kzgg emp and kzgp is insignificant, with <1 % difference between the NME of k;¢z and
Kzsr,emp Of sucrose (Table 2). In the scope of this paper, predictions of internally mixed sucrose-
ammonium sulfate water-uptake by all three versions of the ZSR models are considered
statistically invariant (Figure 3). In other words, sucrose droplet predictions and water uptake are
not affected by limited solubility. Measured subsaturated water-uptake of internally mixed
sucrose-ammonium sulfate particles agreed (within 15% uncertainty) with ZSR predictions. In
contrast, uncertainty doubled for supersaturated measurements (Table 2), and k--y¢ values were
overpredicted at organic volume fractions < 0.75. This overprediction suggests that at
supersaturated conditions, ammonium sulfate and sucrose components do not have equal
contributions as suggested by ZSR. It is likely that other factors such as morphology may affect
the water-uptake properties of mixed particles as it can promote adsorption driven droplet growth
instead of solute driven (ZSR) droplet growth (Barati et al. 2019; Hatch et al. 2008).

In the case of internally mixed adipic acid and ammonium sulfate, kzsp; and
Kzsr,emp Were statistically invariant and are shown as overlapping green and red lines in Figure 3.
Kcene and kyrpya of internally mixed adipic acid-ammonium sulfate agreed with k555, suggesting
that solubility did not affect particle water-uptake. In contrast, kcrps mie Was able to be accurately

predicted by kzgg ¢ and Kzsg emp-
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Table 2 Normal mean error analysis of binary internally mixed particle water-uptake

Normal Mean Error , KZSR (%)

. Method CCNC HTDMA CRDS,mie CRDS, empirical
Organic
Levoglucosan 6.0% 9.8% 19.8% 60.9%
Sucrose 26.4% 14.7% 9.5% 35.4%
Adipic Acid 11.7% 14.5% 34.3% 59.3%
Normal Mean Error , kZSR - limited solubility (%)
Levoglucosan 24.2% 22.0% 28.4% 44.3%
Sucrose 26.4% 14.7% 9.5% 35.4%
Adipic Acid 22.6% 23.9% 4.5% 20.8%
Normal Mean Error , KZSR - O:C limited solubility (%)

Levoglucosan 7.2% 11.1% 20.2% 58.4%
Sucrose 26.5% 14.8% 9.6% 35.5%
Adipic Acid 22.6% 23.8% 4.5% 20.8%

Note that 2 values of kcpps were retrieved from fRH measurements (kcppsmie and
Kcrps,emp) s previously detailed. Values of k¢gps mie and Kcrps emp for binary internal mixtures
have been found to be comparable for single-component systems (Dawson et al. 2020). However,
for internally mixed inorganic-organic aerosols, Kcgpsemp Was consistently less than its Mie
theory derived counterpart. kcgps emp Of ammonium sulfate-adipic acid was able to be adequately
captured by the ZSR models within ~20%. This deviation is likely because the empirical method
of k retrieval from fRH was formulated based on fRH measurements done at 80% RH with limited
experimental data, whereas in this work, RH was set at 85% (Dawson et al. 2020; Kreidenweis
and Asa-Awuku 2014a). Although k-values are RH independent, the empirical relationship is
sensitive to limited solubility and thus dependent on RH. The relationship was developed with
ammonium sulfate and has been shown to hold for sucrose but may deviate for other compounds
with limited solubility measured at different RH. The range of solubilities and RH that the

empirical relationship can be used for is a direction for future studies.

Water-Uptake of External Mixtures
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As stated above, the water-uptake of two distinct externally mixed populations may be
exhibited in the measurement outputs (Fig 2). For CCNC and HTDMA, ideally, each chemical
component of an external mixture can be distinguished as each species would have its own k-
value. In the case of binary mixtures, externally mixed particles would result in two k-values, one
of ammonium sulfate (Kgmmonium suifate = ~0.6) and one of the organic. However, for CRDS,
the average of measured signal results in a single average fRH and k-value. Figure 5 shows the

experimental results for externally mixed particle hygroscopicity.

Levoglucosan Sucrose Adipic Acid
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Figure 4 « values of binary external mixtures of ammonium sulfate and levoglucosan (blue),
sucrose (pink) and adipic acid (purple) as measured by the CCNC (circle), HTDMA (square), and
CRDS (triangle). xcrps was retrieved based on an empirical method (solid symbols) and Mie
theory (open symbols). k of pure ammonium sulfate (grey) and organics are shown as dashed lines.
Kzsg (solid grey line) is shown with Kcrps externai
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All measured k.cye and kyrpya Vvalues of externally mixed ammonium sulfate and
organics were able to show the presence of two externally mixed compounds (Figure 4). In the
case of binary mixtures, each mixture composition resulted in two distinct kKccye and Kyrpya

values. The first k-value was consistent with Kgmmonium suifate (0.6) and the second was

consistent with the organic compound. A striking observation was made in k.-yc of externally
mixed ammonium sulfate-sucrose. Although one of the measured x-value was consistent with that
of sucrose, its inorganic counterpart was consistently lower than Kgmmonium suifate- Recall that
similar overpredictions were observed in the k.¢y¢ of internally mixed ammonium sulfate-sucrose
as well. This further suggests that sucrose may affect droplet formation of mixed particles beyond
solubility. As sucrose can be viscous, this property may affect the droplet formation of the mixture
and should be probed in future studies. In contrast, CRDS-derived k-values for all mixtures were
based on the average signal measured during the cavity ring-down measurements. As such, there
were no distinguishable differences in the average k.pps-values of the external and internal
mixtures. Any variation between internal and external k-values from the CRDS is most likely from

background noise in the measurements and are reflected in the error bars.

There was no clear indication of external mixing and k-values of internal and externally
mixed particles were statistically invariable. This aspect of the cavity ring-down method is an
important consideration when utilizing the instrument to measure the water-uptake of an unknown
system such as ambient air. The average hygroscopicity value will provide the average water-

uptake of the aerosol system but will not indicate the mixing state of the system.
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SUMMARY

The water-uptake of mixed inorganic-organic systems is complex and is influenced by the
solubility, viscosity, hydrophobicity, and surface activity (Xu et al. 2021; Tandon et al. 2018;
Petters and Kreidenweis 2008). In this work, hygroscopicity of binary inorganic-organic mixtures
was compared across three instrumental methods, four x retrieval methods, and under sub- and
supersaturated conditions. For internally mixed ammonium sulfate-organic mixtures, CCNC and
HTDMA measured hygroscopicities were in good agreement, and for externally mixed aerosols,
the two methods were able to show the presence of two distinct, pure particle populations, a key
characteristic of external mixtures. Additionally, this work is the first to compare three versions of
the ZSR model and shows that for some internally mixed particles such as the ammonium sulfate-
levoglucosan mixtures, the use of bulk solubility (kg ¢;) is not always accurate. This work shows
that different instruments can have complementary advantages, and to get a clearer picture of
mixed aerosol particle hygroscopicity, the use of more than one instrument is highly advisable.
For example, when measuring complex systems such as ambient aerosols, the use of cavity ring-
down can measure the average water-uptake of a system, but to gain insight on particle mixing
states, it must be coupled with a CCNC or HTDMA. The results in this work may provide more
insight into the perceived hygroscopicity of complex mixtures and supports the development of

future high-resolution hygroscopicity measurement methods.
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