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groscopicity, water diffusivity, and
viscosity of organic–inorganic aerosols – a case
study on internally-mixed citric acid and
ammonium sulfate particles†

Craig S. Sheldon,a Jack M. Choczynski,a Katie Morton,b Teresa Palacios Diaz,b

Ryan D. Davis bc and James F. Davies *a

Internally-mixed aerosol particles containing organic molecules and inorganic salts are prevalent in the

atmosphere, arising from direct emission (e.g., from the ocean) or indirect production by condensation

of organic vapors onto existing inorganic particle seeds. Aerosol particles co-exist with water vapor and,

under humid conditions, will exist as dilute aqueous solution particles that can be well described by

thermodynamic models. Under low humidity conditions, the increase in solute concentrations leads to

molecular interactions and significant non-ideality effects that drive changes in important physical

properties, such as viscosity and phase state, that are not predicted using simple models. Here, we

explore a model system containing ammonium sulfate (AS) and citric acid (CA). We measure the

hygroscopicity, viscosity, and rate of water diffusion in particles across a range of RH conditions and

organic fractions to better understand the influence of organic–inorganic mixtures on particle

properties. We report the RH dependence of these properties and explore the applicability of commonly

used methods that connect them together, such as the Stokes–Einstein relationship and thermodynamic

modelling methods. We show that at low RH, the addition of AS to CA leads to a reduction in the

amount of water as indicated by the radial growth factor at a fixed RH, while observing an increase in the

viscosity over several orders of magnitude. Contrary to the viscosity, only minor changes in water

diffusion were measured, and analysis with the fractional Stokes–Einstein relationship indicates that

changes in the molecular matrix due to the presence of AS could explain the observed phenomena. This

work reveals that small additions of electrolytes can drive large changes in particle properties, with

implications for chemical reactivity, lifetime, and particle phase that will influence the environmental

impacts and chemistry of aerosol particles.
Environmental signicance

Internally-mixed aerosol particles containing organic molecules and inorganic salts are prevalent in the atmosphere, arising from direct emission (e.g., from the
ocean) or indirect production by condensation of organic vapors onto existing inorganic particle seeds. Aerosol particles co-exist with water vapor and, under
humid conditions, will exist as dilute aqueous solution particles. As the humidity decreases, water is lost and the solute concentration increases, leading to
potentially signicant changes in particle properties as ion–molecule interactions begin to dominate and large changes in rheological properties can occur.
Here, we explore a model system containing ammonium sulfate and citric acid and measure the hygroscopicity, viscosity, and rate of water diffusion in particles
across a range of RH conditions and organic fractions. This work reveals that molecular interactions in internally-mixed organic–inorganic aerosol systems can
give rise to deviations in physical properties that may have profound effects on the environmental impacts and chemistry of aerosol particles.
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1. Introduction

Aerosols in the atmosphere play an important role in regulating
climate through their interactions with solar radiation and
ability to nucleate clouds.1,2 In urban and indoor environments,
aerosols contribute to reduced air quality and are strongly
implicated in the spread of diseases via bacteria and viruses
entrained within respiratory particles.3–6 In engineered appli-
cations, aerosols are used as a means of producing dry powders
© 2023 The Author(s). Published by the Royal Society of Chemistry
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by spray drying,7 and aerosol methods are increasingly being
used in spray-assisted nanoparticle formation.8,9 Central to the
role of aerosols in all these elds are the physical and chemical
properties of the constituent particles, such as their hygro-
scopicity, viscosity, and phase morphology, which all depend on
the composition.10 Interactions with water vapor and other gas-
phase chemical species play an important role in the evolving
chemical composition of aerosol particles. In aerosol contain-
ing hygroscopic compounds, the extent of water at equilibrium
is controlled by the environmental relative humidity (RH),
which in turn controls the phase state of the particles, their
rheological properties, such as viscosity, and the rate of
molecular diffusion in the condensed phase.11–17

The hygroscopicity of aerosols is typically measured from the
size response of particles to changes in RH. Many methods have
been developed that probe hygroscopicity on sub-micron and
super-micron particles, and these studies have supported
thermodynamic modelling efforts to predict hygroscopic
growth based on the chemical composition.18–21 Frameworks
have been developed to simplify the hygroscopic growth of
aerosol particles into single parameters to allow predictions of
the cloud-forming ability of an aerosol based on reduced
composition metrics, such as the oxygen-to-carbon ratio of
constituent organic molecules, which is easily measured using
established aerosol mass spectrometry methods.22,23 While the
hygroscopic growth of aerosols at high RH is the most reective
of cloud-forming ability, the hygroscopic growth at low RH
(typically less than 50%) plays a more important role in regu-
lating the physical properties of aerosol particles, such as
viscosity and phase morphology. Phase transitions due to
decreasing RH encompass liquid–liquid phase separation,
efflorescence, and the formation of highly viscous and semi-
solid amorphous states such as glasses and gels.

In bulk samples, viscosity can be measured using rheometric
and ow-based techniques. However, bulk samples cannot
generally represent the physical state adopted by the same
material when in an aerosol due to the formation of supersat-
urated amorphous states at low RH. Unfortunately, measuring
the viscosity of aerosol particles is much more challenging.
Methods have been established to determine the viscosity of
aerosols via coalescence,24 impaction,25 and uorescence
imaging.26 Single-particle levitation methods that allow the
controlled coalescence of two particles have shown that the
viscosity of an aerosol droplet can be measured over many
orders of magnitude from the timescale for the particles to fully
coalesce.27,28 These measurements and methods have contrib-
uted to our understanding of the formation of ultra-viscous and
glassy states in organic aerosol particles found in the atmo-
sphere. Recently, single-particle levitation methods have shown
that, in particles containing both organic and inorganic mate-
rials, the molecular interactions can lead to signicant changes
in the viscosity compared to the predictions based on the
individual components.29 This motivates a broader exploration
of how the viscosity of organic–inorganic mixtures that repre-
sent atmospheric aerosols varies.

An important consequence of the increase in viscosity is that
diffusion typically slows. The rate of diffusion of molecules
© 2023 The Author(s). Published by the Royal Society of Chemistry
within viscous aerosol particles regulates the timescales for
equilibration with changing environmental conditions as it
controls the rate of uptake and loss of volatile and semi-volatile
species. Diffusion is also a major factor in the rate of chemical
reactions, in particular heterogeneous reactions where oxidants
impinge on the particle surface and diffuse inwards.30–32 The
mixing of reactants and products by diffusion will impact the
composition and phase morphology of the particle.33 There are
several methods for probing diffusion in aerosol materials,
although most have focused on the diffusion of water,16,34–38 and
measurements of the rate of diffusion of other molecules in
viscous media are muchmore limited.39–41 Measuring the rate of
water diffusion is challenging because the viscosity, and
therefore diffusion coefficient, is a strong function of the
amount of water, and methods that perturb the number of
water molecules to infer diffusivity must account for this
concentration-dependent diffusivity. To get around this, isotope
exchange methods have been used that maintain a constant
water activity and measure the switch between H2O and D2O or
other isotopically labelled compounds,16,36 although these
methods may introduce other complications.

The rate of molecular diffusion is inversely related to the
viscosity. The simplest relationship between these properties is
the Stokes–Einstein (S–E) equation, formulated based on the
assumption of a large sphere diffusing in a continuum. With
small molecule diffusion, such as water, the S–E equation has
been shown to be unreliable in predicating the diffusion coef-
cients due to the mismatch of the diffusing molecule size to
the size of molecules in the matrix.36,40 Modications to the S–E
equation, such as the fractional S–E equation, attempt to
resolve the limitations of the S–E approach, with generally
successful outcomes across a wide range of chemical
species.42,43 However, given the recent identication of highly
viscous and gel states formed in simple mixtures of organic and
inorganic components,29 the validity of S–E and a fractional S–E
approach needs to be further tested.

In our earlier work measuring the diffusivity of water in
mixed citric acid and ammonium sulfate particles, we showed
that the addition of ammonium sulfate slowed the rate of
diffusion at low humidity.38 The effect was small, around
a factor of 2 to 3× at most, and was broadly rationalized by
a predicted decrease in mole fraction of water present as the
inorganic fraction increased. The measurements supporting
these results involved determining the half-life for the response
of a levitated particle to step changes in RH of 10, 20, and 30%.
A diffusive mass transport model was used to infer the diffu-
sivity as a function of composition over this range. While this
method has been shown to be effective, the requirement for
a time and spatially-resolved model to fully interpret the results
limits its general applicability. In this work, we revisit the citric
acid and ammonium sulfate system and provide a more
comprehensive analysis of the physical properties of particles
across a range of RH conditions. Firstly, we measure the rate of
diffusion once again, in this case using a much smaller step
change in RH. Compared to previous methods, a smaller step
change will result in a much smaller perturbation of the
particle. This leads to more difficulties in performing the
Environ. Sci.: Atmos., 2023, 3, 24–34 | 25
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measurements and interpreting the data (accuracy is improved,
but precision is lessened), but will provide a more direct
measure of the diffusivity of water at specic RH under condi-
tions. Secondly, we measure the hygroscopic growth of mixed
particles using single-particle levitation coupled with the dual-
droplet method discussed in our earlier work.44 This allows
small differences in hygroscopic growth to be resolved. Finally,
we measure the viscosity of these particles across a range of
compositions and RHs. The connection between diffusivity and
viscosity has been explored and questioned in the literature,
and the measurements we report here show additional
complications by using viscosity to infer diffusion, at least for
small molecules. Overall, this case study presents the rst
comprehensive analysis of three physicochemical properties in
the same system under the same experimental conditions,
allowing the connections between the properties to be
investigated.
2. Methods
2.1 Sample preparation and chemicals

All chemicals in this study were purchased and utilized without
additional purication. Hygroscopic growth, diffusion, and
viscosity measurements were conducted on sample particles
containing ammonium sulfate (AS) and citric acid (CA), using
probe particles containing lithium chloride (LC) as a measure of
the RH. Particles were generated following solvent evaporation
from droplets produced using a microdroplet dispenser, as
described in our previous work. Briey, dilute aqueous solu-
tions of total solute concentration in the range 4 to 6 g L−1 were
prepared and transferred to a microdroplet dispenser. Solutions
were made with molar mixing ratios of citric acid to ammonium
sulfate of 1 : 1, 2 : 1, and 3 : 1, yielding organic mole fractions,
xorg, of 0.5, 0.67, and 0.75, respectively. Individual droplets with
diameters on the order of 50 mm were generated, and evapora-
tion of excess solvent yielded particles of a size from 3 to 8 mm. A
charge was induced on the droplets during their formation
leading to a net charge on the resulting particles that allowed
them to be levitated using electric elds.
2.2 Particle levitation

Particles were levitated in a linear quadrupole electrodynamic
balance (LQ-EDB) for extended periods of time using electric
elds, as described previously and briey here.45 Sample drop-
lets were generated from a microdroplet dispenser in the pres-
ence of an induction electrode (operational voltage 200 to 500 V)
to impart a net charge of 10 to 100 fC on the droplet as it was
introduced to the LQ-EDB. A 532 nm laser with a 0.9 mm beam
width and operating power of <5 mW was used to visually verify
the trapping of droplets. Once the charged droplet was intro-
duced into the quadrupole electrodes, the electric eld gener-
ated by applied AC voltages conned the droplet to the central
axis. The downward acting gravitational force and the drag force
from an air ow (at 200 sccm) were balanced by a repulsive
electrostatic force generated by an applied DC voltage (10 to 300
V) to a disk electrode in the center of the chamber. A CMOS
26 | Environ. Sci.: Atmos., 2023, 3, 24–34
camera was used to image the particles and stabilize the vertical
position by varying the DC voltage through a PID feedback loop,
programmed using LabVIEW soware.

The RH in the chamber was controlled by introducing
a mixture of dry and humidied nitrogen. The RH was moni-
tored using the dual-droplet method with LC as a probe particle.
This method has been described in detail in our previous
work.44 The probe acts as an accurate in situmeasurement of the
RH in the chamber and reects both the magnitude of the RH
and the time dependence of any changes. To achieve the dual-
droplet conguration, two dispensers and two induction elec-
trodes were used to introduce the sample and probe droplets
into the LQ-EDB simultaneously. The probe and sample parti-
cles were periodically moved up and down in the trap to
measure the broadband scattering spectra of both particles in
a consecutive manner.
2.3 Broadband spectroscopy

A red LED was used to illuminate a single particle and the
backscattered spectrum was collected by optical bers and
delivered to a spectrometer (Ocean Insight HR4000). Spectra
were collected with a 1 s exposure time consecutively from both
the probe and sample particles, with the particles switched
every 10 s over the course of the experiment. Spectra contain
reected light from the LED and resonant light scattered by the
spherical particle, at wavelengths commensurate with
a standing wave propagating around the circumference. The
wavelength position of these resonant peaks or whispering
gallery modes depends on the size and optical properties of the
particle. The spectra were analyzed offline to determine the
wavelength positions of the peaks and were compared with Mie
theory predictions using the algorithms of Preston and Reid to
nd the radius and real part of the complex refractive index
(RI).46,47 To validate the size and RI results, full spectra were
simulated using Mie theory and compared by eye to the exper-
imental data allowing additional factors, such as peak width, to
be used.
2.4 Water diffusion measurements

To measure water transport within the sample, the particle was
brought to the target RH and allowed to equilibrate. The
equilibration time was determined based on the measured
response times of the sample, which depends on the composi-
tion and size. Once the particle was fully equilibrated, the RH
was raised or lowered in a 1% step, initiating either water
uptake or loss, and the particle responded accordingly. To
measure the response of a particle, the time dependence of
single peaks in the Mie resonance spectrum was found and the
half-life was determined by tting a stretched-exponential
function to the response using eqn (1):48

sðtÞ ¼ ðso � sNÞe
�
�
t

s

�b

þ sN (1)

where s0 and sN are the initial and nal wavelengths, t is the
time, s is the e-folding time, and b is the exponent of the
stretched exponential function. An equivalent approach is to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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derive the normalized response of the particle by scaling the
change to between zero and one, allowing us to t the response
function, F(t), according to:

FðtÞ ¼ e

�
�
t

s

�b

(2)

The numerical values of s and b from either eqn (1) or (2)
were used to nd the half-life of the response according to:

t1/2 = js ln(0.5)bj (3)

The half-life is directly related to the diffusion rate of water
in the particle according to:34

D ¼ a2 lnð2Þ
p2t1=2

(4)

where a is the radius of the particle and t1/2 is the half-life from
eqn (3).

During these measurements and our previous work on this
and similar chemical systems,38 it was noticed that over long
periods of time, small upward changes in the wavelength of
a resonance peak would occur. In our previous work, due to the
larger RH change, the magnitude of the upward response was
insignicant and could be reliably ignored. In this work, due to
the smaller RH perturbation of 1%, measurements performed
at low RH show a signicant contribution to this upward change
(Fig. S1A†). Although it is unclear what causes this effect, we
speculate that it may be due to uptake of gas-phase basic
compounds; the overall change to the particle composition is
very small and we do not expect chemical changes to inuence
any of the results herein. To account for this effect and reveal
the response of the particle due to RH changes alone, a linear
function was t to the wavelength versus time aer the RH
response was complete. This linear region was subtracted from
the data to yield the RH response of the particle for subsequent
analysis (Fig. S1B†).

2.5 Hygroscopic growth analysis

Hygroscopic growth measurements were performed to compare
the relative composition of pure and mixed particles under
experimental RH conditions. In these measurements, the dual-
droplet approach, detailed in our earlier work, was used to
establish the radial growth factor as a function of RH.44 Sample
droplets were exposed to various RHs from dry conditions (0%
RH) up to 50% across all particle compositions, in addition to
pure CA. Selected mixing ratios were measured over a broader
range of RHs, up to around 85%. Since all mixtures studied
remained amorphous at 0% RH, the equilibrium radius
measured at 0% was used as the reference dry radius to deter-
mine the radial growth factor. The equilibration time was
sufficient to reduce the uncertainty in this value to no more
than a few nm based on the trajectory of the size change with
time.

These measurements were performed using an RH probe
droplet of LiCl, which deliquesces at 11% RH and has a known
growth curve. The sample and probe were dried to effloresce the
© 2023 The Author(s). Published by the Royal Society of Chemistry
LiCl and establish the dry size of the sample droplet. The RH
was then slowly raised up to the deliquescence RH of LiCl. This
size of the LiCl particle at this point allows a precise measure-
ment of the RH from the size of the LiCl particle under any RH
condition and informs the chamber RH with an uncertainty
<1%. The chamber RH was then increased in steps of 10%, and
the size evolution of the probe and sample particles was
recorded.

2.6 Viscosity characterization

To measure viscosity, two droplets of opposite polarity were
simultaneously levitated and equilibrated at a xed RH for
a minimum of tenminutes. Droplets were subsequently merged
by removing the top DC balance voltage, allowing the upper-
most particle, charged with opposite polarity, to fall and coa-
lesce with the lower particle. The merging process was captured
using bright eld and far-eld imaging, as described in greater
detail elsewhere.28 Brighteld images were binarized and the
aspect ratio, which is the ratio of the long to short axis of the
merged dimer, was tracked as a function of time. The viscosity
of the merged dimer is directly proportional to the timescale of
coalescence, which is determined from the characteristic e-
folding time determined from an exponential t to the plot of
aspect ratio versus time.28 The time constant, s, associated with
coalescence is related to viscosity, h, according to:13

sz
hs

r
(5)

where s is the surface tension and r is the radius of the coa-
lesced particle. In the present study, surface tension was
assumed to be 72 mN m−1. While it is known that ammonium
sulfate will increase surface tension and citric acid will reduce
surface tension,49 there is no available data or reliable model-
ling method to predict the value for highly supersaturated
concentrations such as those in the measurements performed
here. To account for this, we include a large (�30 mN m−1)
uncertainty in the calculations of viscosity.

3. Results and discussion
3.1 Water transport in AS and CA particles

Water transport measurements were performed by tracking the
particle response to a change in RH by 1%. The response of the
particle was measured from the change in wavelength of
a resonant peak in the Mie resonance spectrum. This method
was applied to particles in the size range 5 to 7 mm and resulted
in changes in peak positions of up to 1 nm. A typical normalized
response curve is shown in Fig. S2A† for a 1% increase and
decrease for pure CA at around 20% RH. The stretched expo-
nential described by eqn (2) is t to both transitions, and the
half-life is determined by solving for t1/2 using eqn (3).
Measurements were typically performed with an additional LiCl
particle in the trap as a means of determining the RH and
establishing the timescale for the step change in RH, which was
found to occur with a half-life of∼3 to 5 s (Fig. S2B†). This leads
to an upper value for the diffusion coefficient that we can
measure of approximately 5 × 10−13 m2 s−1, with faster rates of
Environ. Sci.: Atmos., 2023, 3, 24–34 | 27
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diffusion leading to particle responses that are limited by the
rate of change of the RH in the gas phase.

To compare this method and validate the results against
previous measurements, we performed a rigorous set of
measurements on pure CA particles. The diffusion coefficients
were determined from the average of 5 repeat measurements at
each RH, and the results are shown in Fig. 1A. The large stan-
dard deviation, on the order of �50%, is attributed to random
error associated with measuring such a small change in particle
state during the 1% transition. However, the trend with RH is
clearly captured, and a good agreement compared to the earlier
isotope exchange measurements is observed.16 Other measure-
ments of this system, reported by Preston et al.35 and Wallace
et al.,50 also agree within error, although these are not shown to
preserve clarity. These measurements indicate much faster
water diffusion than early data reported by Lienhard et al.;37

however, these were extrapolated from low-temperature data
and may not be fully comparable to the present measurements.
Fig. 1 (A) The diffusion coefficient of water in pure CA compared to
earlier isotope exchange. Error bars account for the uncertainty in
repeat measurements. (B) The diffusion coefficient is shown for
mixtures of AS and CA, indicated with xorg. At the lower RH's, adding
a small amount of AS slows the rate of water diffusion by a significant
amount (see inset). Further addition of AS results in a gradual increase
in D, leading to a “V”-shaped dependence. For subsequent analysis,
discussed in Section 3.4, a 2nd-order polynomial fit was performed for
log(Dw) versus RH to generate a continuous function of Dw that spans
the measured RH range and facilitates a comparison with other
experimental data.

28 | Environ. Sci.: Atmos., 2023, 3, 24–34
Compared to similar methods that measure the response to
a large step change in RH, this method allows for a more direct
measure of diffusivity at a single-valued RH. For a large step
change in RH, the half-life will be skewed to shorter times
compared to a smaller change as a larger proportion of the
change in the particle state will occur at a faster rate of diffu-
sion. Thus, inferring the rate of diffusion from these kinds of
experiments has limitations and necessitates a more in-depth
modelling approach to extract information. The measure-
ments and interpretation we present here, while simplied
relative to earlier work, provide a useful set of data for
comparing the changes across different conditions and particle
compositions.

Having validated the approach, further measurements were
performed on AS/CA mixtures with organic mole fractions, xorg,
of 0.5, 0.67, and 0.75. Repeat measurements were performed
showing the standard deviation to be broadly consistent with
the pure CA measurements. The inferred diffusion coefficients
are shown in Fig. 1B for each mixture and pure CA. While the
measured values span up to an order of magnitude at each RH,
the differences in D across the range of composition are small.
At 10% RH, the rate of diffusion of water in the pure CA particle
is faster than in mixtures containing small amounts of AS (see
inset of Fig. 1B), with a “V”-shaped dependence. At the highest
AS content, the diffusion rate is observed to be faster than pure
CA. The slowest diffusion is consistently observed in the xorg of
0.67 and 0.75 mixtures and, although the uncertainties overlap,
this behavior was seen for all measurements. To explore the
differences between particle compositions more closely, instead
of trapping a sample particle alongside a LiCl probe particle,
measurements were made with pure CA and a mixture particle,
with an xorg of 0.5 and 0.67. The 1% step change was initiated,
and the response of the particles directly compared. Fig. S2†
shows the resulting diffusion coefficient calculated from these
measurements. These measurements conrm that at∼10% RH,
the pure CA particles respond at approximately same rate as the
xorg = 0.5 mixture and slightly faster than the xorg = 0.67
mixture.

In our earlier work, the diffusivity was assessed using the
Maxwell–Stefan framework and the experimental data were
used, alongside the mixing rules and thermodynamic data
derived from the AIOMFAC model, to infer the diffusivity.21,50,51

This decouples the diffusion of water from the diffusion of
other species in the particle. However, it was concluded that the
timescale for equilibration depends on the parameter D12,
which does not show a strong dependence on the composition
at a xed RH. This agrees with our measurements, which show
a variation only within the uncertainty of the measurement.
When modelling the diffusion coefficient using the Maxwell–
Stefan framework, the amount of water present plays an
important role. However, the hygroscopic growth of these
mixtures has not previously been measured. In the next section,
we present new measurements of hygroscopic growth to
compare against the modelling predictions of AIOMFAC.
Furthermore, diffusion is typically correlated with viscosity,
although many studies point towards how the Stokes–Einstein
relationship breaks down when considering water diffusion. To
© 2023 The Author(s). Published by the Royal Society of Chemistry
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explore how rheological properties of the particle connect with
the rate of diffusion and hygroscopic growth, Section 3.3 will
discuss new measurements using coalescence to determine the
viscosity of AS/CA mixture.
Fig. 2 (A) Radial growth factors for mixed AS/CA and pure compo-
nents. Points were measured in this study, while the solid lines
represent pure CA hygroscopicity from our previous work and pure AS
from the E-AIM model.44,52 The dashed lines represent the AIOMFAC
predicted hygroscopicity of the mixtures, assuming a volume-additive
density. (B) Radial growth factors of different mixing ratios of AS/CA
particles at the deliquescence RH of LC (11%). The error bars reflect the
uncertainty in particle size. A trend towards increasing hygroscopic
size with increasing organic fraction is observed.
3.2 Hygroscopic growth of AS and CA particles

The hygroscopic growth of AS/CA particles will inuence the
physicochemical properties due to the strong dependence
diffusivity and viscosity on water content. Previously, the
AIOMFACmodel was used to predict the hygroscopicity of these
mixtures.50,51 Here, we report measurements for the hygroscopic
growth of mixed particles and compare these data to AIOMFAC
predictions across the full RH range and, specically, at low RH.

Using the dual-droplet method with a LiCl particle as an RH
probe, the radius of AS/CA particles was measured as a function
of RH. To derive the dry size, particles were le under dry
conditions for an extended period and the measured size was
used to determine the radial growth factor. Measurements were
performed on particles with xorg = 0.5, 0.67, and 0.75, with data
reported in our earlier work used for pure CA.44 Fig. 2A shows
the radial growth factor as a function of RH. As expected, the
radial GF increases more strongly with RH as the composition
of the particle tends towards ammonium sulfate. Mixtures had
similar growth factors at lower RH, namely, 10 and 20%. Above
20%, however, differences in hygroscopicity between mixtures
gradually deviate from one another as AS becomes a more
signicant contribution to water uptake due to its greater
hygroscopicity. We can determine the effective k parameter,
from k-Kohler theory,23 from these data, and the results are
shown in Fig. S4.† These data show that a xed value of keff is
not able to capture the full dependence, although the general
trend towards larger keff with more AS is reproduced, at least at
high RH. The volume-additive prediction of keff using a value of
0.55 for AS and 0.23 for CA is shown for comparison.22 A trend
towards an increased keff as the RH decreases is not unusual,
having been reported for a range of systems.22,44,53 The value of
keff reaches a maximum at around 40% RH and then decreases
as the RH falls further. At low RH, the keff decreases, indicating
that the mixture is less hygroscopic than a simple mixing rule
would predict. This is consistent with an increase in the extent
of inter-molecular interactions due to more favorable solute–
solute interactions than solute–solvent interactions.

We further compare our results to the output from the
AIOMFAC model, as shown in Fig. 2A. While the measurements
and model agree well for pure CA, when AS is added, the
AIOMFAC predictions indicate a slightly larger growth factor at
high RH. This may arise from how the density is treated to
convert the AIOMFAC model output to a size-based parameter.
To convert from themass growth factor model output to a radial
growth factor, a volume-additive density approach was used.
The density of AS was taken to be 1.55 g cm−3 and the density of
CA was 1.58 g cm−3. These values reect the fact that the solutes
are not in a crystalline form and are thus smaller than the
respective crystalline densities.54 In general, the trend towards
increased hygroscopic growth at high RH is observed and is
consistent across both the model and measurement. At low RH,
© 2023 The Author(s). Published by the Royal Society of Chemistry
the AIOMFAC model also predicts that the radial GF will be
larger as the amount of AS is increased. However, our
measurements show a trend towards a smaller radial GF with
increasing AS contribution. To show this more clearly, addi-
tional measurements were performed at a single RH equal to
the deliquescence RH of LiCl (∼11% RH). The growth factor was
determined for a ner range of mixing ratios of CA and AS,
yielding the data shown in Fig. 2B. Here, a clear increase in the
radial growth factor at 11% RH is observed as the organic
fraction is increased. These results highlight the challenges of
converting the mole fraction output of AIOMFAC to a radial
growth factor, requiring assumptions of the aqueous density
and the density of the dry particle state. Further unknowns in
how the density varies with composition limit the applicability
of a direct quantitative comparison between AIOMFAC and
experimental observations.
Environ. Sci.: Atmos., 2023, 3, 24–34 | 29
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In general, due to the larger value of the hygroscopicity
parameter of AS compared to CA, an increase in radial growth
factor would be expected when xorg decreases, which is counter
to the observed behavior at low RH. The implications of this
dependence on the particle properties will be discussed
considering diffusion measurements in the prior section and
viscosity measurements in the next section.
Fig. 3 The viscosity of pure CA andmixtures with ammonium sulfate is
shown as a function of RH. The arrow indicates that measurements
contributing to that point did not go to completion, and instead, this
represents a lower limit on the measured viscosity. The error bars arise
from the standard deviation of repeat measurements and the uncer-
tainty in the particle properties, such as diameter and surface tension
(s = 0.072 � 0.03 N m−1).
3.3 Viscosity of AS and CA particles

The viscosity is related to the composition and the amount of
water present.Water acts as a plasticizer and will reduce viscosity,
leading to a strong RH dependence on viscosity. The viscosity is
related to the diffusivity, with the rates of diffusion predicted to
be slower in highly viscous material from the Stokes–Einstein
equation. Given our measurements of diffusion, a signicant
change in diffusivity is not expected. However, the hygroscopic
growth data at low RH indicate that viscosity might show
a change, as mixtures with lower xorg have less water. Using the
coalescence method, measurements of the viscosity were ob-
tained for the AS/CA mixtures across the RH range from ∼5% to
25%, as shown in Fig. 3. There is an increase in the coalescence
timescale as the RH is decreased, consistent with an increase in
viscosity. Furthermore, there is a clear increase in viscosity as xorg
is reduced, with at least 3 orders of magnitude separating the
viscosity of pure CA from the xorg = 0.5 mixture. This signicant
variation is unexpected based on diffusion measurements but
correlates with the trend in radial growth factor at low RH, with
less water correlated with increased viscosity.

Recently, Jeong et al.55 described viscosity measurements of
sucrose and ammonium sulfate mixtures, showing a decrease
in viscosity observed as the organic fraction was reduced. This
trend is opposite to our observations for the AS and CA systems
and indicates that the unique behavior may be due to the
molecular interactions that can result between carboxylic acid
and carboxylate groups and electrolytes. Previous work has
shown that the addition of certain electrolytes, in particular
divalent cations, to organic solutions can result in signicant
increases in viscosity.29 This effect is attributed to the formation
of a two-phase gel structure and typically coincides with
a slowing of the rate of water transport as diffusion is limited to
percolation of water through channels in the solid gel network.
In the case of AS/CA, we do not observe clear evidence for a gel
structure, as particles do eventually undergo full coalescence
and Newtonian ow was observed in all instances. In gel
particles, the rigid structure prevents full coalescence. Instead,
we surmise that the reduction in the water content at low RH
compared to pure CA contributes to an increased viscosity.
Richards et al. showed that mixtures of other organic molecules
with AS can show an increase in viscosity.28 In the case of AS/CA
mixtures, interactions between NH4

+ and negatively charged
citrate may result in the expulsion of water from the particle,
while also increasing the viscosity due to themore tightly bound
molecules. While we see no evidence for long-range solid
networks in this system, it is likely that ion–molecule interac-
tions are still responsible for the observed increased viscosity
with increasing inorganic content in AS/CA mixtures.
30 | Environ. Sci.: Atmos., 2023, 3, 24–34
3.4 Connecting viscosity and diffusion

The amount of water plays an important role in dening the
phase state and resulting properties of aerosol particles.
However, based on the data we have presented here, under low
RH conditions, there are non-linear changes that make empir-
ical relationships between these properties challenging to
derive and difficult to use. Traditionally, the Stokes–Einstein (S–
E) relationship has been used to connect the viscosity and the
diffusion coefficient:

D ¼ kT

6phRdiff

(6)

where h is the viscosity in Pa s and Rdiff is the radius of the
diffusingmolecule, taken as 0.2 nm for water. While predictions
based on the S–E equation have proved effective for larger
molecules diffusing in viscous media, the diffusion of water has
consistently been measured to be signicantly faster than the
prediction based on viscosity.42 Fig. 4A shows the diffusion
coefficient of water versus viscosity, interpolated from the
measured data reported in Fig. 2 and 3, along with the S–E
prediction. The S–E prediction is a straight line that does not
depend on the composition and predicts much slower diffusion
than observed. The limitations of the S–E approach arise due to
the assumptions in the formulation – the relationship only
holds true for molecules diffusing in a relatively homogeneous
viscous matrix.56 This is obtained when large molecules diffuse
in a medium consisting of small molecules, but the opposite
situation is present for water diffusing in the AS/CA system. We
can account for this by using the fractional Stokes–Einstein
approach, written as:43

D

D0

¼
�
h0

h

�x

(7)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) The experimental data from Fig. 1B and 3 were interpolated
and plot together (solid lines). The Stokes–Einstein prediction from
eqn (6) is shown for reference. Using the fractional Stokes–Einstein
approach (eqn (7)), a single-valued exponential factor, x, was deter-
mined and used to predict D versus viscosity (dash lines). (B) Eqn (8)
was solved using the values of x reported in the text. The uncertainty
reflects the range of x values that best fit the data. The molecular and
ionic radii of citric acid and sulfate and ammonium ions, respectively,
are indicated.
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where D0 and h0 are the diffusion coefficient of water in pure
water and the viscosity of pure water, respectively, and x is
a fractional exponent. For each dataset, the best single-valued x

was obtained from the slope of the logarithm of eqn (7), yielding
0.705, 0.669, 0.626, and 0.545 for xorg = 1, 0.75, 0.67, and 0.5,
respectively. The predicted diffusion coefficient of water ob-
tained using this approach is shown in Fig. 4A and yields much
closer agreement to the measurements, although with
discrepancies as a function of RH arising from the use of
a single-valued x. The values of x, as a function of RH, that yield
the best agreement to the experimental data are shown in
Fig. S5.†

These data indicate a couple of things regarding the AS/CA
system at low RH. Firstly, as more AS is added and the
viscosity gets larger, the deviation from S–E becomes more
signicant, as indicated by x getting smaller. We can relate x to
the properties of thematrix in which water is diffusing using the
expression:
© 2023 The Author(s). Published by the Royal Society of Chemistry
x ¼ 1� A e
�B� Rdiff

Rmatrix (8)

where the values of A and B were determined and reported by
Evoy et al. from a t to experimental data of diffusion coeffi-
cients and viscosity for a range of chemical systems43 and
found to be 0.73 and 1.79, respectively. Rmatrix is the average
size of the molecules in the matrix, and Rdiff is the radius of the
diffusing molecule (i.e., water). We can solve for Rmatrix,
assuming a constant Rdiff of 0.2 nm, and these values are
shown in Fig. 4B. With pure CA, the calculated value of Rdiff

agrees closely with the molecular radius of citric acid. As AS is
added, the value of Rdiff increases and the average size of the
matrix is larger than any of the individual molecules in the
system. From a molecular standpoint, this may arise due to the
formation of molecular clusters and aggregates in the amor-
phous solution through ion pairing or ion–molecule interac-
tions. As the size of the diffusing molecule remains constant,
this leads to a predicted larger deviation from Stokes–Einstein
as the viscosity increases, but the diffusion rate remains rela-
tively unaffected. The reduced amount of water associated with
mixtures as more AS is added, shown in Fig. 2, supports the
formation of aggregation between solutes, as a reduction in
hygroscopicity indicates that solute–solute interactions are
stronger than solute–solvent interactions under these condi-
tions. Secondly, the variation of x calculated on a point-by-
point basis (Fig. S5A†) indicates that as the RH decreases,
Rmatrix gets smaller, shown in Fig. S5B.† This suggests that as
the amount of water decreases, the extent of aggregation in the
solution decreases, suggesting a role for water in the formation
of these extended networks, possibly by screening the repul-
sive interactions of similarly charged ions or through its
inuence on the pH of the solution. Overall, these observations
point to a complex dependence of the molecular conguration
in the system on the amount of water, the presence of inor-
ganic ions, and the possible interactions between these
species. Detailed insights into the molecular interactions that
give rise to these observations will require computational
methods that fall outside the scope of the current work.
4. Conclusions

The physical properties of aerosol particles in the atmosphere at
low RH control many of their impacts and chemical evolution.
The hygroscopicity, viscosity, and rate of molecular diffusion in
particles inuence equilibration timescales, heterogeneous
reaction kinetics, and phase morphology, which in turn inu-
ence their optical properties and chemical composition.
Understanding how these properties are connected is vital
towards applying simplied models to predict aerosol behavior.
In this work, we have demonstrated a comprehensive approach
using single-particle levitation to quantify the hygroscopic
growth, viscosity, and rate of water diffusion in internally-mixed
particles containing ammonium sulfate and citric acid across
a range of mixing ratios. For a range of AS and CA mixtures, the
rate of water diffusion was quantied from ∼10% to 35% RH
and revealed that the addition of small amounts of AS led to
Environ. Sci.: Atmos., 2023, 3, 24–34 | 31
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a slowing of the rate of diffusion, while larger amount of AS led
to a diffusion rate similar to that in pure CA. To explore these
observations further, we have shown that the hygroscopic
growth of CA is reduced due to the addition of small amount of
AS at low RH, opposite to the trend observed in conditions
above the deliquescence RH of AS, but consistent with the
observed slowing of the rate of diffusion. Finally, we measured
the viscosity in these mixtures, revealing signicant changes
due to the addition of AS, with orders of magnitude increases in
viscosity seen with the addition of AS. Using the fractional
Stokes–Einstein approach, an established framework for cor-
recting for the assumptions of Stokes–Einstein, we have shown
that the observations are consistent with the formation of
molecular clusters likely formed due to favorable molecular
interactions between citric acid and ammonium ions. While the
molecular details cannot be resolved purely from these experi-
ments, they motivate further studies to identify the molecular
dynamics in this system to fully explain the observations.

More broadly, this study points towards the necessity of
treating aerosol systems containing both organic molecules and
electrolytes with much more care than required for organic or
inorganic aerosols alone. Along with recent studies showing the
formation of semi-solid gel states, this work provides evidence
that molecular interactions are responsible for signicant
diversions from the expected behavior that cannot be explained
using simplied mixing rules.
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