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Influence of particle viscosity on mass transfer
and heterogeneous ozonolysis kinetics in
aqueous–sucrose–maleic acid aerosol†‡

Frances H. Marshall,a Thomas Berkemeier, b Manabu Shiraiwa, c Lucy Nandy,d

Peter B. Ohm,d Cari S. Dutcher d and Jonathan P. Reid *a

Mass transfer between the gas and condensed phases in aerosols can be limited by slow bulk diffusion

within viscous particles. During the heterogeneous and multiphase reactions of viscous organic aerosol

particles, it is necessary to consider the interplay of numerous mass transfer processes and how they are

impacted by viscosity, including the partitioning kinetics of semi-volatile organic reactants, water and

oxidants. To constrain kinetic models of the heterogeneous chemistry, measurements must provide

information on as many observables as possible. Here, the ozonolysis of maleic acid (MA) in ternary

aerosol particles containing water and sucrose is used as a model system. By varying the mass ratio of

sucrose to MA and by performing reactions over a wide range of relative humidity, direct measurements

show that the viscosity of the particle can be varied over 7 orders of magnitude. Measurements of the

volatilisation kinetics of MA show that this range in viscosity leads to a suppression in the effective

vapour pressure of MA of 3–4 orders of magnitude. The inferred values of the diffusion coefficient of

MA in the particle phase closely mirror the expected change in diffusion coefficient from the Stokes–

Einstein equation and the change in viscosity. The kinetics of ozonolysis show a similar dependence on

particle viscosity that can be further investigated using the kinetic multi-layer model of aerosol surface

and bulk chemistry (KM-SUB). Two scenarios, one constraining the diffusion coefficients for MA to those

expected based on the Stokes–Einstein equation and the other including the diffusion coefficients as a

fit parameter, yield similarly adequate representations of the ozonolysis kinetics, as inferred from the

experimental decay in the signature of the vinylic C–H stretching vibration of MA. However, these two

scenarios provide very different parameterisations of the compositional dependence of the diffusion

coefficients of ozone within the condensed phase, yielding qualitatively different time-dependent

internal concentration profiles. We suggest that this highlights the importance of providing additional

experimental observables (e.g. particle size, heterogeneity in composition) if measurements and models

are to be universally reconciled.

I. Introduction

The presence of aerosol particles in the atmosphere can affect
the Earth’s climate by directly scattering incoming solar and
reflected terrestrial radiation back into the atmosphere.1 Aerosol

particles can also act as cloud condensation nuclei (CCN) and ice
nuclei (IN), providing surfaces onto which gas phase species,
such as water, can condense and indirectly influence climate.2–4

Aerosols also impact on air quality, reducing visibility and posing
an adverse risk for public health.5,6 In all of these contexts, a
detailed understanding of the chemical and physical processes
governing aerosol composition and particle size is critical for
quantifying aerosol impacts. Indeed, it has become apparent that
the relationships between particle phase state (liquid, crystalline or
amorphous),7 chemical reactivity, hygroscopicity and component
volatilities are poorly constrained.8–11 This leads to uncertainties
in the equilibrium gas-particle partitioning of volatile and semi-
volatile components,12–14 the timescales of responses in particle
size and composition to change in environmental conditions,15,16

and the efficiency of particles as CCN and IN.7,17–20
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Organic compounds constitute a significant proportion of
atmospheric aerosol, varying temporally and spatially, and can
account for up to 90% of the submicron aerosol mass globally.10

After their introduction or formation in the atmosphere, organic
aerosols undergo further chemical processing by oxidants prevalent
in the atmosphere such as ozone and OH radicals.11 Oxidation
leads to a highly complex mixture of chemical functionalities
and physical properties such as volatility, leading to changes in
the partitioning of components between the gas and condensed
phases, particle viscosity, and hygroscopicity.10,21,22 Conventionally,
partitioning models have assumed a liquid state for aerosol
particles, which attains equilibration with the surrounding gas
phase instantaneously, and is homogenous and well mixed
in composition, with diffusional mass transfer occurring on
a short timescale.23,24 Nonetheless, evidence from field and
laboratory measurements has shown that SOA can exist as an
amorphous, ultra-viscous semi-solid and these observations
have challenged the theory of instantaneous equilibration,
instead suggesting that slow mass transfer could inhibit the
approach to equilibrium in the condensed phase.25–28 Particles
that are highly viscous will exhibit decreased diffusion rates
and penetration of trace molecules within the particle bulk
potentially suggesting that slow diffusion may become the rate-
limiting step in heterogeneous reactions.14,29–31 If the particle
bulk is sufficiently viscous, the reaction may even become
surface-limited. Slow diffusion can also change the growth of
SOA particles from absorptive to adsorptive partitioning, yielding
steep concentration gradients throughout the particle and negating
a key assumption to partitioning models.12,32–34

The Stokes–Einstein equation is commonly used to relate the
molecular diffusion coefficient, D, of a molecule in the condensed
particle phase to the particle viscosity, Z:29,35

D ¼ kBT

6pZr
(1)

where r is the radius of the diffusing molecule, kB is the Boltzmann
constant and T is the temperature. Particles with viscosities
approaching that of a glass (Z 4 1012 Pa s) have been observed
in laboratory studies of atmospheric aerosol surrogates, a
departure of 15 orders of magnitude from the viscosities of
dilute aqueous solutions (Z B 10�3 Pa s).27,35,36 Given relation-
ship (1), a similar span of diffusion coefficients would therefore
be expected;33,37 indeed the S–E equation is often adequate for
describing the diffusion properties of molecules percolating a
matrix with a similar molecular size.38,39 However, a divergence
from the S–E equation has been observed when using the
relationship to assess the diffusion of small molecules, such as
water and ozone, through highly complex saccharide matrices of
sucrose or secondary organic aerosol, even when the viscosity is
measured to be as low as 10 Pa s.20,29,35,40–42 These differences
can become as large as six orders of magnitude when the viscosity
increases to 109 Pa s, highlighting the failings in using the S–E
equation for estimating the diffusion properties of atmospheric
aerosol. Indeed, the equilibration in the water content in samples
of secondary organic aerosol (SOA) has been shown to remain

sufficiently fast that kinetic limitations in ambient aerosol can be
ignored.18,19

In a recent study, Marshall et al. reported independent
measurements of particle viscosity, water and semi-volatile
organic compound (SVOC) mass transport rates, and ozonolysis
reactive uptake kinetics in particles composed of a ternary
mixture of water–maleic acid–sucrose with the aim of exploring
the correlation between diffusivity and viscosity.42 Maleic acid
(MA) was chosen as the SVOC as it has a pure component
vapour pressure of B10�3 Pa and an olefinic bond that makes it
susceptible to ozonolysis, permitting a concurrent investigation
of the diffusivity and reactivity over an experimentally convenient
timeframe. In addition, the water activity dependence of viscosity
for aqueous solutions of sucrose is well documented, it is inert to
ozone and has a negligible vapour pressure; thus, the addition of
sucrose solely provides an effective means of modifying the
particle viscosity. A 5 : 1 mass ratio of sucrose to MA was chosen
with particles spanning a viscosity range from o1 to B105 Pa s
with decrease in relative humidity (RH) from 80 to 15%. Over this
viscosity range, water transport kinetics were found to remain fast
and proceeded without a bulk kinetic limitation on gas-particle
equilibration timescales. Similarly, the kinetics of oxidation were
shown to have only a weak dependence on viscosity over this range,
showing only a factor of five decrease in ozone uptake coefficient. By
contrast, when the volatilisation of the SVOC was assessed,
suppressions of the apparent vapour pressure by as much as
three orders of magnitude from the pure component vapour
pressure were observed across the same viscosity range.

In this publication, we provide a more comprehensive study
of the relationships between particle viscosity and the timescales
for compositional change (water and SVOC partitioning) and
heterogeneous chemistry. By incorporating different mass ratios
of sucrose to MA in the initial solution used to form the aerosol
and by varying the RH, we show that we can vary the viscosity over
a wide range, spanning more than 9 orders of magnitude. We
report direct measurements of the particle viscosity, achieved by
coalescing pairs of droplets at different water activities. The effective
vapour pressure of MA is estimated from the time-dependence in
particle size without exposure to ozone. Then, the ozonolysis
kinetics are explored with varying particle viscosity. In particular,
diffusion coefficients are extracted from the temporal evolution of
the Raman intensity profiles using the kinetic multi-layer model of
aerosol surface and bulk chemistry (KM-SUB) developed by Shiraiwa
et al. described in Section III.39,42–44 Our principle objective in this
study is to highlight the challenges associated with the rigorous
interpretation of detailed experimental data for heterogeneous
aerosol chemistry, even when a number of observables (size,
composition, viscosity) are available to constrain kinetic fits. We
conclude with some general recommendations that should
inform the experimental and analysis strategies in future studies.

II. Experimental description

The experimental procedure using aerosol optical tweezers has
been described in detail in previous publications and will only
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be briefly reviewed here.42,45,46 A plume of aerosol is introduced
into the trapping cell with a medical nebuliser. A single droplet
is captured at the focal point of the laser (532 nm Opus),
formed by passing the beam through a high numerical aperture
oil-immersion objective. At the moment of trapping, the
sucrose : MA mass ratio is assumed equal to that in the starting
nebulised solution, however the volatilisation of MA leads to a
gradual change over time. Within the trapping cell, the RH can
be controlled by mixing different ratios of dry (o5%) and
humidified (498%) nitrogen flows, with the RH and temperature
conditions monitored constantly using a digital capacitance probe
(Vaisala HUMI-CAP HMT 330) located prior to the cell. The
stability of the droplet is imaged using conventional brightfield
microscopy.

The backscattered Raman light from the droplet is focussed
onto the entrance slit of a spectrometer and dispersed onto a
non-intensified CCD camera. The Raman spectra comprise
both spontaneous and stimulated features, as shown in Fig. 1(a).
Characteristic spontaneous Raman bands, Stokes shifted from the
incident wavelength of 532 nm, are observed for all the chemical
functionalities present in the aqueous droplet, including the O–H
band (present between 637 and 665 nm), the vinylic C–H band
from MA (634–637 nm) and the sp3 hybridised C–H band of
sucrose (626–634 nm).45 The change in intensity of the vinylic
C–H stretch permits the progress of the ozonolysis reaction to
be followed, with the temporal evolution for several experiments
under similar reaction conditions shown in Fig. 1(b) as examples
of the reproducibility of the measurements. Further, a spherical
particle acts as a low loss optical cavity with enhancement in the
spontaneous Raman signal at wavelengths that are commensurate
with whispering gallery modes (WGMs).9 By comparing the wave-
lengths of the experimental WGMs with a library of modes
predicted from Mie theory, the radius and refractive index can
be inferred for each Raman spectrum.45,47,48

For oxidation experiments, ozone is introduced into the
trapping cell by passing synthetic air through an ozone generator
consisting of an UV light source.46 Experiments were conducted
at a constant ozone concentration, measured using a custom
fabricated 10 cm Beer–Lambert cell. The Beer–Lambert cell was
initially calibrated by comparing measurements to a commercial
ozone analyser (49C ozone analyser, Thermo Environmental
Instruments). The reaction between MA and ozone generates
products with increased volatilities relative to MA resulting in a
change in radius and increased oxidation levels leading to an
increase in refractive index (RI). The reaction can be considered
complete when the vinylic C–H stretch is no longer apparent in
the Raman fingerprint. Notably, there may be a continued
change in radius and RI beyond this time, indicative of the
slow volatilisation of the products of oxidation and variations in
component RI with volatility, as shown in Fig. 1(c).46

Viscosity measurements using aerosol optical tweezers are
achieved by incorporating a diffractive optic, specifically a
spatial light modulator (SLM), into the optical path that allows
the trapping of pairs of particles in two optical traps.35,49,50 The
optical landscape is defined by pre-programming a sequence of
phase only holograms (kinoforms) into the SLM. At the start of

an experiment, the two traps are separated by a few droplet
diameters. Then, the distance between the traps is decreased to
a point at which the particle touch and coalescence occurs. The
coalescence event is followed either by examining the bright-
field images (see, for example, the images in Fig. 2(a)) or by
recording the elastic backscattered light collected by a silicon
photodiode, and using the relaxation time from either technique
to infer the particle viscosity.51 Relaxation timescales between 10�6

and 10�3 s can be followed by the light scattering method; the
camera acquisition rate sets the lower limit available to the
brightfield imaging technique of 10�3 s. At viscosities less than
10 Pa, corresponding to timescales faster than 1 ms, the relaxation

Fig. 1 (a) Typical Raman spectra of a mixed component aqueous
sucrose : MA (3 : 5 mass ratio) droplet prior to and after ozonolysis at an
RH of 72%. The initial droplet radius is B5.7 mm. (b) Relative change in
vinylic C–H band intensity from MA during ozonolysis for 3 experiments at
the same initial sucrose : MA mass ratio of 1 : 5, an ozone concentration of
43 ppmv and an RH between 71–77%. (c) An example of the change
in droplet radius and refractive index during ozonolysis for a mixed
component aqueous sucrose : MA (3 : 5) particle at 72% RH and exposed
to 47 ppm ozone.
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timescale, and thus viscosity, is inferred from the decay of the
elastic back-scattered light intensity.51 Above this threshold
viscosity, the elastic light scattering signal arises from a

convolution of the motion and reorientation of the particle in
the trap and the capillarity driven relaxation in shape and so
the viscosity must instead be inferred from the relaxation time-
scale observed in the bright-field images.35,50 The point at which
the two particles have fully merged to form a perfect sphere is
determined from the time dependence of the aspect ratio
between the polar and equatorial lengths, with the damping time
calculated from an exponential fit of the aspect ratio against time.

III. Kinetic modelling

We use the kinetic multi-layer model of aerosol surface and
bulk chemistry (KM-SUB), which provides time and depth-
resolved calculation of mass transport and chemical reaction
in aerosol particles.52 KM-SUB resolves the following processes
explicitly: gas-phase diffusion, surface adsorption and desorption,
surface-bulk exchange, diffusion of trace gas (O3) and bulk
reactant (MA) in the particle bulk as well as chemical reactions
at the surface and in the particle bulk. MA is assumed to react
with ozone in a concerted, bimolecular reaction, which yields
reaction products that have the same physical properties as the
starting compound MA. Secondary reactions involving oxidation
products and evaporation of volatile products are neglected for
simplicity.

In order to obtain a common kinetic parameter set describing
all experimental data sets, we used a global fitting method
combining a uniformly-sampled Monte-Carlo (MC) search with a
genetic algorithm (GA), the MCGA algorithm.53 In the MC search,
kinetic input parameters for KM-SUB were varied randomly within
individual bounds. All measurements were fitted simultaneously
by the model and the correlation between modelled and experi-
mentally determined decay of maleic acid evaluated in a least-
squares fashion. The globally best-fitting parameter sets are fed
into the starting population of a genetic algorithm (Matlab
Global Optimization Toolbox), in which they are optimised by
processes mimicking survival, recombination and mutation in
evolutionary biology. To ensure diversity within the pool of
parameter sets and to counteract the sampling bias from
shallow local minima, the same number of random KM-SUB
input parameter sets was added to the starting population. In
the GA step, the same parameter boundaries were used as
in the preceding MC step. The optimization was stopped when
the population was homogeneous and, thus, the increase in
correlation with the experimental data had ceased.

The input parameters for KM-SUB derived from experimental
data and laboratory conditions are reported in Table 1. Further,
substance-specific properties required as input parameters for

Fig. 2 (a) Viscosity of ternary MA/sucrose/water aerosol droplets at vary-
ing RH measured by aerosol optical tweezers. Sucrose : MA mass ratios of
10 : 1, 5 : 1 and 1 : 5 are indicated by the red, blue and green datasets (points
and lines, top to bottom in order), respectively. Multiple measurements are
binned into narrow ranges in RH. The viscosity parameterisations for binary
aqueous/sucrose and aqueous/MA droplets are shown by the yellow (top)
and grey (bottom) lines, respectively, for comparison. The inset images
show one example of a coalescence event at an RH of 41% for a sucrose :
MA mass ratio of 10 : 1. In this example, the composite particle viscosity is
B103 Pa s. (b) Mass fraction of water against viscosity for three different
initial mass ratios of sucrose : MA (red 10 : 1, blue 5 : 1, green 1 : 5). The mass
fraction of water is calculated from the coalescence relative humidity
using the model of Dutcher et al. The ordinate error arises from the error
envelope associated with the viscosity parametrisation, while the abscissa
errors from the �2% uncertainty in the RH probe which propagates
through to the error in the mass fraction of water in the particle. The
mass fraction of water predicted for the RH region where the largest
difference in viscosities occurs are shown in the inset.

Table 1 KM-SUB input parameters reflecting the environmental conditions during laboratory experiments

Symbol Unit 10% RH 35% RH 55% RH 75% RH Meaning

T K 293 Temperature
[O3]g cm�3 9.39� 1014 Gas phase concentration of ozone
rp cm 5.36 � 10�4 5.07 � 10�4 5.49 � 10�4 5.50 � 10�4 Particle radius
[MA]b cm�3 1.32 � 1021 1.18 � 1021 1.05 � 1021 8.77 � 1020 Maleic acid particle bulk concentration
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KM-SUB are taken from the literature and are reported in Table 2.
The Henry’s law coefficient of ozone (Hcp,O3

), the bulk diffusion
coefficient of ozone (Db,O3

) and MA (Db,MA) are RH-dependent
parameters. Db,O3

and Db,MA were fitted with the constraint that
they increase monotonically with an increase of RH. Hcp,O3

can be
calculated via eqn (2) using the solubility in pure water (Hcp,O3,w =
1 � 10�5 mol cm�3 atm�1)54 and in the pure organic substance
(Hcp,O3,org, used as fit parameter) by using a logarithmic mixing
rule:33

Hcp,O3
= exp((1 � worg)log(Hcp,O3,w) + worg log(Hcp,O3,org)) (2)

where worg is the mass fraction of the organic component. Note
that in all fitting scenarios, surface-layer reactions could not be
uniquely separated from near-surface bulk reactions with the
available experimental data. Both reaction pathways lead to
consumption of MA in the outermost particle layer and can
typically only be distinguished if oxidant concentrations or
particle sizes are varied significantly,55 or bulk diffusion coefficients
are exceptionally low.33,56 Hence, the rate of surface-layer reactions,
as defined by Pöschl et al.57 and originally implemented in KM-SUB,
was fixed to zero in all global optimizations in order to reduce
model complexity without a reduction of achievable experiment-
model correlation. Analogously, the desorption lifetime of ozone
at the surface, a parameter determining the rate of surface-layer
reactions,55 was fixed at a value of 0.1 ms, and showed no
sensitivity in any of the model runs (Table 2).

IV. Results and discussion

A key aspect of the current work is to explore explicitly the
relationship between the rates of evaporation of a SVOC and
ozonolysis chemistry with aerosol particle viscosity. Measurements
of particle viscosity are first presented from coalescing pairs of
particles to provide RH-dependent parameterisations for particles
of varying sucrose : MA mass ratio. We then report measurements
of volatilisation kinetics without reaction followed by the ozonolysis
kinetics of MA in particles of varying viscosity.

IV.a. Compositional dependence of particle viscosity

Measurements of viscosity were performed for three initial
sucrose : MA mass ratios of 10 : 1, 5 : 1 and 1 : 5 and the water
activity dependencies of viscosity are shown in Fig. 2. All

coalescence events for these particle compositions were in the
overdamped regime with viscosities higher than 20 mPa s,
characterised by coalescence events that proceeded by a slow
creeping flow and relaxation to a spherical shape rather than
damped oscillations;35,49 an example is shown in Fig. 2(a). Each
data point is the average of several coalescence events per-
formed at similar RHs. Given the uncertainty associated with
the viscosity measurement, we report only linear fits for the
dependence of the logarithm of the viscosity of RH. For
comparison, the linear water activity dependence of aqueous
sucrose and aqueous MA droplets are shown in Fig. 2(a).35,50

The linear fit for binary MA is taken from bulk viscosity data in
Gomez et al. which used an automatic capillary viscometer at
25 1C.58 Owing to the limited solubility of MA, data are only
available up to a mass fraction of MA of 0.402, corresponding to
an RH of 90%, estimated using the thermodynamic treatment
of Dutcher et al.59,60 The parameterisation is extrapolated below
this RH for comparison with the other data sets.

Discussions within the literature have highlighted the impor-
tance of water as a plasticiser, with water molecules increasing the
mobility of the organic–aqueous matrix.35,39 Thus, the viscosity of
each mixture decreases with increase in RH. MA is more hygroscopic
than sucrose (k = 0.367 � 0.021 and 0.115 � 0.005 respectively);61

thus, the increase in water content with increase in RH may be
expected to be most significant for the more MA rich aerosol
particles. To calculate the water content as a mass fraction with
varying gas phase RH and sucrose : MA ratio, we have used the
thermodynamic model of Dutcher et al.42,59,60,62,63 This thermo-
dynamic predictive model uses statistical mechanics and
adsorption isotherms to treat aqueous solutions consisting of
arbitrary number of solutes.62 Coulombic short range electro-
static interactions are used to determine the energy parameters
for water sorption onto the hydration shell for each monolayer
of the solute molecule in binary systems.59 This multilayer
adsorption isotherm model is expected to describe particularly
well the compositional dependence of water content to zero
solvent activity.60,63 The compositional dependencies on RH
and activity coefficients estimated from the isotherm model
for the different sucrose : MA mass ratios are shown in Fig. 3,
using the model parameters given in Marshall et al.42

When the dependence of aerosol viscosity is reported in
terms of mass fraction of water, Fig. 2(b), there is a consistent
trend across the compositional range and spanning almost 8

Table 2 KM-SUB input parameters reflecting the physicochemical properties of sucrose, maleic acid and ozone

Symbol Unit Numerical value Meaning

as,0,O3
0.5 Surface accommodation coefficient of ozone on an adsorbate-free surface

Dg,O3
cm2 s�1 0.14 Ozone gas phase diffusion coefficient

MO3
g mol�1 48 Molar mass of ozone

MMA g mol�1 116.07 Molar mass of maleic acid
MSuc g mol�1 342.3 Molar mass of sucrose
rMA g cm�3 1.59 Density of pure maleic acid
rSuc g cm�3 1.59 Density of pure sucrose
dMA cm 4.95 � 10�8 Effective molecular diameter of maleic acid
sO3

cm2 1.52 � 10�15 Effective molecular cross section of ozone
Hcp,O3,w mol cm�3 atm�1 1.0 � 10�5 Henry’s law coefficient of ozone in pure water
td,O3

s 1.0 � 10�4 Desorption lifetime of ozone
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orders of magnitude in viscosity. It must be recognised that the
viscosity scale is shown in logarithmic form and the errors in
viscosity can be as large as one order of magnitude. A closer
examination of the data in Fig. 2(b) may suggest that the
aerosol with higher MA fraction is marginally less viscous than
the other two; conversely, the aerosol with marginally higher
sucrose content may be more viscous, consistent with MA
having a minor plasticising effect on the particle viscosity.

IV.b. Volatility of MA from particles of varying viscosity

MA has a pure component vapour pressure of (1.7� 0.2)� 10�3 Pa,
reported from previous optical tweezers measurements,42 and can
be classified as a SVOC, making it an appropriate proxy compound
for secondary organic aerosol to measure the effect of viscosity on
volatility and partitioning. The pure component vapour pressure, p0

i ,
can be estimated from the Maxwell equation if the rate of radius (r)
change, usually represented as a dependence of r2 on t, is measured,
as in our previous determination. In the case of a species evaporating
from a stationary droplet under isothermal conditions into a gas
phase in which the background concentration of the component is
zero, the Maxwell equation can be written as:42

dr2

dt
¼ � 2MiDixigi

RTrFi
p0i (3)

where Mi is the molar mass of the evaporating species and Di is
the gas-phase diffusion coefficient of species i in the surrounding
gas. The mole fraction, mole fraction activity coefficient relative
to the pure liquid solute reference state and mass fraction of the
semi-volatile in the particle are denoted by xi, gi and Fi, respec-
tively. R is the ideal gas constant, T the temperature and r is the
density of the aqueous solution droplet. The solution density is
calculated assuming a linear mixing rule: mole fractions of each
component are calculated from the multilayer adsorption iso-
therm model at each RH and the mixture density calculated by
weighting the pure component density values for water, maleic
acid and sucrose, which are 0.997, 1.419 and 1.590 g cm�3,
respectively.64 The gas phase diffusion coefficients of many
atmospherically relevant organic compounds have not been
measured, but are instead estimated using Chapman–Enskog
kinetic theory using Lennard-Jones potential parameters.42,45

Using this method, the diffusion coefficient of MA is calculated
to be 7.2 � 10�2 cm2 s�1. With a constant flow of nitrogen
passing through the trapping cell, the partial pressure of the
evaporating species at an infinite distance can be assumed equal
to zero.

Measurements of the evaporation rate are performed at
varying RH, equivalent to varying the mass fraction of solute
in the droplet as well as the activity coefficients. During periods

Fig. 3 (a) Activity coefficient of MA (mole fraction basis with a pure liquid solute reference state), (b) mass fraction of MA, (c) mole fraction of MA and (d)
droplet density as functions of RH from the model of Dutcher et al. Different initial sucrose : MA mass ratios are shown: 1 : 5 (green), 3 : 5 (purple), 2 : 1
(mustard), 3 : 1 (grey), 5 : 1 (blue) and 10 : 1 (red).
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of fixed RH, a droplet remains in equilibrium with the surrounding
gas phase such that the compositional terms (xi, gi and Fi) and the
droplet density would remain constant if the aerosol was a simple
binary mixture (MA and water). For the ternary particles considered
here, the changing mass of MA in the particle leads to a changing
mass fraction of MA relative to total solute over time. However, the
very slow volatilisation of MA ensures that we can assume that the
relative fractions of MA and sucrose in the particle do not change
appreciably during the time period of any measurement presented
here. Measurements of volatilisation are made over a period of a few
thousand seconds such that the fractional change in radius always
remains {1%, the same method used in our previous study.42

The compositional parameters are derived from the isotherm
thermodynamic model as discussed earlier.

The rate of droplet size change at varying RH can be used to
explore the dependence of the MA evaporation rate and, thus,
the vapour pressure of MA on particle viscosity. Although we
use eqn (3) to estimate the value of p0

i , it must be recognised
that this may not equal the true value of the pure component
vapour pressure of MA due to kinetic limitations within the
particle bulk that limit the evaporation rate, particularly at low
RH and high sucrose mass fraction.42 Under these conditions,
the apparent vapour pressure inferred from the measurement
could be much lower than the previously reported value for MA.
Hence, we refer to the value of p0

i retrieved from this analysis as
the effective vapour pressure; values for particles of widely
varying sucrose : MA mass ratio are reported in Fig. 4(a). At
high RH, all the measured vapour pressures tend to the pure
component vapour pressure of MA. However, as the fraction of
sucrose in the particle increases and the RH decreases, the
degree of suppression of MA volatility increases, leading to
lower values of the effective vapour pressure.

The data presented in Fig. 4(a) were acquired by gradually
stepping the RH down in incremental steps in order to measure
the RH dependent volatilisation kinetics; thus, some experiments
required 412 000 s (43 hours) to complete. As a further verification
of these measurements and to ensure that any trends were not an
artefact of varying amounts of MA loss during the measurement
period, we performed a number of more rapid measurements where
the RH was quickly dropped from 480% to an RH between 20 to
40% in o100 s and the volatilisation kinetics of MA were then
measured at this single lower RH. In all cases, these measurements
yielded effective vapour pressures that were within the uncertainties
of the much longer timescale studies, although uncertainties in
all vapour pressure measurements can be as large as one order
of magnitude.

Using the viscosity-water activity parameterisations presented
in Fig. 2 for a subset of the compositions shown in Fig. 4(a), we
are able to explicitly examine the dependence of the effective
vapour pressure of MA on the viscosity of the particle from which
evaporation is occurring, shown in Fig. 4(b). Unfortunately, the
uncertainties in the effective vapour pressure measurements and
viscosities are both large and may well originate from the variable
particle histories prior to the volatility measurement. As we have
identified previously, forming any viscous aerosol particle by
drying leads to spatial gradients/heterogeneities in composition

and these introduce variability into any subsequent measure-
ment of mass transport kinetics.65,66 However, the general trends
are clear and the volatility suppression is over 3 orders of magnitude
with increase in viscosity of over 7 orders of magnitude for the most
sucrose rich aerosol (sucrose : MA 10 : 1). A similar trend is observed
for the sucrose : MA 5 : 1 ratio. Surprisingly, the aerosol with a
sucrose : MA mass ratio of 1 : 5 ratio shows no dependence on
viscosity over a viscosity range of B3 orders of magnitude. These
seemingly different trends in effective vapour pressure with viscosity
suggest that the ‘‘bulk average’’ viscosity is not all that is important
in determining the apparent volatility. However, it must also be
recognised that the effective vapour pressure for the sucrose : MA
1 : 5 mass ratio particles might be expected to fall by at most a factor
of 3–4 over the measured viscosity range based on the data for the
sucrose : MA 5 : 1 ratio particles; this relatively small change may be
concealed by the measurement uncertainties.

The kinetics of the hindered volatilisation of MA from
viscous sucrose–MA aerosol particles can be used to estimate
the diffusion coefficient of MA in particles of varying composition
using the treatment of Abramson et al.67 In this model, bulk
diffusion is treated as Fickian and it is assumed that the diffusion

Fig. 4 (a) Dependence of effective vapour pressure on RH for multiple
droplets with different initial sucrose : MA mass ratios: 1 : 5 (green), 3 : 5
(purple), 1 : 1 (orange) 2 : 1 (mustard), 3 : 1 (grey), 5 : 1 (blue) and 10 : 1 (red).
The grey bar indicates the lower and upper error limits of the pure
component vapour pressure for aqueous MA. (b) Variation in the retrieved
value of the effective vapour pressure with particle viscosity for particles
with different initial sucrose : MA mass ratios of 1 : 5 (green), 5 : 1 (blue) and
10 : 1 (red).
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coefficient of the semi-volatile component is invariant with
composition during the evaporation timeframe and the change
in radius is small. In our measurements, these conditions are
satisfied with the radius change in all measurements {1% of the
droplet radius over the analysis time period. In addition, we have
shown that the interplay of rates of SVOC and water evaporation
and their relative timescales must be carefully considered when
attempting to identify a true bulk diffusional limitation for the
volatilisation of an SVOC from an aerosol particle of B5 mm
radius.68 For illustration of this point, consider the relative rates
of SVOC and water evaporation in a scenario where RH is
decreased and hence the viscosity of a ternary SVOC/sucrose/
water droplet is increased: initially, the rate of water loss slows
and becomes more comparable to the rate of loss of the SVOC at
intermediate RHs.68 Under this regime, the SVOC loss rate is
governed by the low component vapour pressure and gas-
diffusional transport and only water evaporation is actually
limited by slow bulk diffusion. Only upon reducing the RH
further does a bulk diffusional limitation imposed on SVOC
loss exert an influence and limit the SVOC volatilisation.68 With
water transport showing much larger divergence from the
Stokes–Einstein equation than larger organic molecules,35,39

it can then be shown that the timescales for SVOC and water
evaporation diverge; only under these conditions can the
process of SVOC loss, contributing to particle size change, be
isolated effectively from the water loss kinetics.68 Thus, to infer
the bulk diffusion coefficient of MA in aqueous MA/sucrose
particles using the model of Abramson et al.,67 we limit our
analysis to experiments where the RH is sufficiently low that
the kinetics of size change can be unambiguously attributed to
slow bulk diffusion of MA. Based on our previous calculations
for aqueous malonic acid/sucrose particles and consistent with
measurements,68 the timescale for the malonic acid loss is
more than a factor of 20 slower than water loss at an RH of 35%
and increases with further decrease in RH. Given the similarity
in molecular size, weight and volatility of MA and malonic acid,
we consider that this provides an appropriate characterisation
for aqueous MA/sucrose particles and we consider only a subset
of volatility measurements that have been made at RHs
below B35%.

Using the model of Abramson et al.,67 we have examined the
evaporation of particles with sucrose : MA mass ratios of 5 : 1 at
36, 30, 23 and 22% RH. At the higher two RHs, the diffusion
coefficients for MA are estimated as (2� 1)� 10�16 cm2 s�1 and
(3 � 2) � 10�16 cm2 s�1, respectively. Below 30% RH, the
evaporation leads to a size change of o0.1% (B5 nm) over a
time of 43000 s and, thus, accurate determinations of

diffusion coefficients are intractable. Instead, an upper limit
can be estimated of 2 � 10�16 cm2 s�1. For comparison, these
values are within an order of magnitude of an estimate of B2 �
10�15 cm2 s�1 for a particle of viscosity of 106 Pa s, assuming
the Stokes–Einstein relationship of viscosity and diffusion
coefficient, eqn (1).42 Given the challenging nature of these
measurements and the assumptions made in the model treatment,
we consider that these are broadly in agreement. These values
will be compared with the fitted kinetics for MA ozonolysis in
particles of varying viscosity in the following section.

IV.c. Ozonolysis kinetics of MA in particles of varying viscosity

Particles with different sucrose : MA mass ratios were exposed
to ozone at concentrations between 36 and 53 ppmv for
B10 000 seconds at RHs between 10 and 80%. Sucrose is inert
to ozone and should not influence the reaction kinetics, other
than by modifying the viscosity and composition of the particle
in known ways. As the droplet containing MA is exposed to
ozone and oxidation of the CQC bond occurs, the intensity of
the vinylic band diminishes in the Raman spectrum recorded
from the particle. The reaction can be assumed complete when
the intensity of the vinylic band reaches zero. The complete
ozonolysis of MA occurs on a convenient timescale and leads to
the formation of volatile products, such as glyoxylic acid, that
are rapidly entrained in the passing gas flow. Measurements for
particles of sucrose : MA mass ratios 5 : 1 (at 75, 55, 35 and 10%
RH), 2 : 1 (at 68, 40 and 24% RH), 3 : 5 (at 72 and 24% RH) and
at 1 : 5 (at 77, 40 and 25% RH) were obtained. As described in
Section III, the KM-SUB model was used to obtain a common
kinetic parameter set describing all experimental data sets for
the ozonolysis experiments. The KM-SUB model fits were
obtained using two different scenarios to explore the sensitivity
of the fitting when different constraints are imposed on the
ozonolysis kinetics.

In the first scenario, the kinetic parameters were optimized
using rather few constraints. The MCGA algorithm was used to
optimize reaction rate coefficients, the Henry’s law coefficient
of ozone in pure organics and the bulk diffusion coefficients of
ozone and MA. Diffusion coefficients were optimized individually
for each particle composition as characterized by sucrose : MA
mass ratio and RH. The reaction rate and solubility coefficients
on the other hand were assumed to be independent of particle
composition (despite the RH dependence of H according to
eqn (2)). These properties, which were optimized using the MCGA
algorithm, are reported in Table 3 with the constrained search
range for each parameter shown. As apparent from the compar-
isons between the models and measurements shown in Fig. 5,

Table 3 KM-SUB kinetic input parameters optimized using the MCGA optimization algorithm

Symbol Unit Lower boundary Upper boundary Scenario 1 Scenario 2 Meaning

kBR cm3 s�1 5 � 10�19 1 � 10�17 5.7 � 10�18 1.7 � 10�18 a Bulk reaction rate coefficient
Db,O3

cm2 s�1 1 � 10�10 2 � 10�4 b b Bulk diffusion coefficient of ozone
Db,MA cm2 s�1 1 � 10�15 1 � 10�8 b a Bulk diffusion coefficient of maleic acid
Hcp,O3,org mol cm�3 atm�1 1 � 10�5 4 � 10�4 2.8 � 10�4 4.6 � 10�5 Henry’s law coefficient of ozone in pure organics

a Value fixed in scenario 2. b Detailed diffusion coefficients provided in Fig. 6 and Tables S1 and S2 (ESI).
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almost all data sets are well-reproduced. There is a tendency for
the MA concentration to be slightly underpredicted in the first
half of the experiment and over-predicted in the second half of
the experiment. It is possible that this stems from the depletion
of ozone in the trapping cell at early times through reaction with
residual MA throughout the trapping cell, on the cell walls and
in the gas phase.

In the second scenario, the kinetic parameters were optimized
using tighter constraints on the diffusion kinetics. Specifically,
the RH-dependent parameterisation of viscosity for the 5 : 1
sucrose : MA mixture was used to obtain Db,MA via the Stokes–
Einstein equation, which were fixed during the parameter
optimization process. For all but the very lowest RH, the
viscosities of all particle compositions can be expected to be
within one order of magnitude of the value estimated from this
treatment (see Fig. 2). Thus, ignoring the potential failure of the
Stokes–Einstein equation, any systematic errors in the diffusion
coefficient of MA can be expected to be of the same magnitude.
Using eqn (1), Db,MA values were calculated using an effective
diameter of maleic acid of 0.495 nm. The bulk reaction rate
coefficient kBR was fixed to a value of 1.7 � 10�18 cm2 s�1, as

previously reported in the literature (Hoigne and Bader 1983).69

Furthermore, the fitting procedure for scenario 2 differed from
the procedure in scenario 1. With the MCGA algorithm,53 the
Henry’s law coefficient of ozone in pure organics, Hcp,org, and
the ozone diffusion coefficients, Db,O3

, are obtained using only
the data sets at a sucrose : MA mass ratio of 5 : 1 (at four
different RHs). These values for kBR and Hcp,org were kept
constant when fitting Db,O3

for the remaining eight data sets
at different mass ratios. As apparent from Fig. 5, the model
for this scenario fits the experimental data very well and
comparable correlations are obtained with the less constrained
fit in scenario 1.

The numerical values of the independently fitted Db,O3
and

Db,MA are shown in Fig. 6 as a function of RH and for different
sucrose : MA mass ratios. To represent the RH dependence of
the diffusion coefficients, an equation of Vignes-type, eqn (4)
and (5), is used:

Db ¼ D
1�xorgð Þa

b;w �D 1� 1�xorgð Það Þ
b;org (4)

a = exp(xorg
2(C1 + 3C2 � 4C2xorg)) (5)

Fig. 5 Comparison of KM-SUB model fits (lines) to MA ozonolysis kinetics measurements (points) at different RHs and sucrose : MA mass ratios (as
indicated in each panel). The y-axis displays the relative change in vinylic C–H band intensity from MA during ozonolysis. Scenarios 1 and 2 are indicated
by the solid and dashed lines, respectively.
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where xorg is the molar fraction of organic components (sum of
MA and sucrose), Db,w is the bulk diffusion coefficient in pure
water, Db,org is the bulk diffusion coefficient in pure organics
and C1 and C2 are fitting coefficients. No clear trends in Db,O3

was observed between the different MA : sucrose mass ratios
and hence a single Vignes-type equation was employed for all
compositions. All fitted parameters are also listed in Table S3
(ESI†).

Panel (a) shows the results of the fit in scenario 1, whereas
panel (b) shows the results according to the more constrained
fit in scenario 2. Although the representation of the experi-
mental results is equally good for both model scenarios, Fig. 6
shows very different sets of diffusion coefficients for both
optimizations. The values of Db,O3

estimated in scenario 1 show
a strong dependence on RH and are comparable to previously
reported values for ozone in the reaction of ozone with shikimic
acid particles at varying RH41,70 and with diffusion coefficients
for water in sucrose.16 Db,O3

and Db,MA have similar values, with
the diffusion of ozone being only slightly faster than diffusion
of MA. However, it should be noted that the model’s sensitivity
to Db,MA is weak in this scenario, particularly at low RH, leading
to large uncertainties as indicated by the overall large error bars
in Fig. 6(a).

Fig. 6(b) shows Db,O3
values for scenario 2. Although Db,O3

values are broadly consistent with a Vignes-type fit (grey dashed
line), the RH dependence is weak in contrast to the fit in
scenario 1. Indeed, Db,O3

values are several orders of magnitude
higher than previously inferred in the ozonolysis of shikimic
acid and for water in sucrose.33,41,70 At the intermolecular level,
it may be reasonable that Db,O3

would be larger than the values
for water at low moisture content/high viscosity due to hydrogen
bonding that can occur between water and sucrose, even though

the molecular size of O3 is larger than water. The difference
between diffusion coefficients inferred here and the values for
ozone in shikimic acid, however, are surprising. The error bars
in Fig. 6(b) are much smaller than the ones in Fig. 6(a), which
can be explained by the tighter constraint on kinetic parameters
that leaves little flexibility for the value of Db,O3

. It should be
noted that the values of Db,MA determined from the Stokes–
Einstein eqn (1) should generally represent a reasonable constraint
based on recent inferences of diffusion coefficients for organic
molecules in viscous aerosol, which have shown a much tighter
adherence to eqn (1) than smaller molecules such as water.38,39,42 In
addition, the diffusion coefficients inferred from eqn (1) and
particle viscosity are broadly consistent with the values of diffusion
coefficients inferred from the volatilisation measurements in
Section IV.b. The Henry’s law coefficient for this scenario is
calculated according to eqn (2) and the coefficients for pure
material given in Tables 1 and 2. The resulting RH-dependence
of Hcp,O3

is shown in Fig. S1 (ESI†).
Fig. 7 compares the impact of the differing diffusion coeffi-

cients, inferred from scenarios 1 and 2, on the concentration
gradient of unreacted MA as a function of radial depth in the
particle and time of ozone exposure. Panels (a) and (c) show the
concentration profile of MA at a relative humidity of 35% for
scenarios 1 and 2, respectively. In both cases, MA is only consumed
close to the particle surface, as ozone does not penetrate deep
enough into the particle. The diffusion gradient appears less sharp
in panel (a) due to faster diffusion of MA in the optimization of
scenario 1, which leads to incomplete depletion of MA at the
particle surface. Panels (b) and (d) show the concentration profile
at a higher humidity of 55%. Panel (d) is very similar to the lower
humidity case (c) of scenario 2, albeit a larger penetration depth of
ozone due to higher Db,O3

and the overall lower MA concentration

Fig. 6 (a) Diffusion coefficients of ozone (Db,O3
, circular markers) and MA (Db,MA, open diamond shaped markers) obtained by a free fit to the

experimental data according to scenario 1, with sucrose : MA compositions as indicated. The diffusion coefficients for ozone and MA, dashed and solid
lines, respectively, have been parameterized using a Vignes-type equation, eqn (4). (b) Diffusion coefficients of ozone (Db,O3

, markers, same colour
markers as in (a)) obtained from a fit with a fixed RH dependence for the diffusion coefficients of MA (Db,MA, black solid line) and fixed bulk reaction rate
coefficient according to scenario 2.
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at higher humidity. Panel (b) on the other hand represents the case
of a completely mixed particle. The diffusion of MA is fast enough
that no radial inhomogeneity persists during oxidation. Similar to
what has been observed in the system of shikimic acid (Berkemeier
et al. 2016),33 a strong RH-dependence of bulk diffusion coefficients
leads to a switch in diffusive behaviour above a certain RH.

V. Conclusions

To better understand the transformation processes changing
aerosol particle size and composition in complex environments
such as the atmosphere, we require experimental tools that are
able to probe systems of increasing complexity and models that
are able to capture the correct microphysics occurring at the single
particle level. In this publication, we provide a comprehensive
experimental data set of a benchmark ternary system evolving in
composition through volatilisation of a semi-volatile component
and undergoing oxidation kinetics. In addition, we provide a
comprehensive set of viscosity measurements for particles at
steady state compositions, i.e. various mass ratios of sucrose : MA

and with varying moisture content, allowing estimations of values
for molecular diffusion coefficients. From these data, a clear
suppression in the rate of volatilisation is apparent with increasing
particle viscosity, i.e. increasing sucrose fraction and decreasing
moisture content. The time-dependence of particle size, and
fractional change in volume, has been used to provide an
estimate of the diffusion coefficient of MA within the viscous
particles, yielding values that are broadly consistent (within an
order of magnitude) of expected values estimated from the
particle viscosity and the Stokes–Einstein equation.

The measured kinetics of the ozonolysis of MA, for particles
with varying MA : sucrose mass ratio and at varying RH, are
compared to the KM-SUB model, which captures many of the
coupled discrete steps required to fully treat the chemical aging.
Two contrasting scenarios for constraining the KM-SUB model
provide equally good representations of the measured ozonolysis
kinetics but with very different values for the diffusion coefficients
of ozone (with varying particle composition and RH) and MA.
Indeed, in scenario 2, the diffusion coefficient of MA is constrained
to the value anticipated from using the measured viscosities and the
Stokes–Einstein equation; scenario 1 is unconstrained and yields a

Fig. 7 Concentration profiles of MA for scenario 1 (top) and scenario 2 (bottom) at two different RHs, 35% (left) and 55% (right) for the 5 : 1 sucrose : MA
mass atio. For scenario 1, there is a clearly visible switch from a pronounced diffusion gradient at 35% RH to mostly well-mixed MA at 55% RH. In scenario
2, an increase of the penetration depth of ozone with RH leads to an extension of the reactive zone and an overall shallower diffusion gradient.
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limiting diffusion coefficient under the driest conditions which
is B3 orders of magnitude higher. In addition, the diffusion
coefficients of ozone from the two scenarios are different by
B6 orders of magnitude under the driest conditions and for the
most viscous particles. Currently, there is no clear way of
identifying which of these two scenarios is physically most
appropriate: the decrease in the ozone diffusion coefficient by
B6 orders of magnitude with increase in viscosity in scenario 1
is consistent with some previous fits to ozonolysis data; scenario
2, however, is consistent with measurements of particle viscosity
and with the suppression in volatility of MA.

There are a number of limitations in the current study and
many of these also pertain to other studies. Only one experimental
observable in the ozonolysis measurements is considered, the
change in composition. Additionally, the change in particle size
for each particle can be retrieved and could be used to constrain
the model fits. Further, from the pattern of WGMs in the Raman
spectrum, it should be possible to identify whether or not particles
become inhomogeneous during oxidation, as predicted by the
model in Fig. 7(a, b and d), or remain homogeneous, as predicted
by the model for scenario 1 and the high RH case in Fig. 7(c).71

More generally, this analysis and interpretation of the experi-
mental data assume that the particle remains homogeneous
and that liquid–liquid phase separation does not occur forming
MA rich and sucrose rich domains, an assumption that should
be verified. The particles can be expected to evolve in viscosity
as the ozonolysis chemistry, and any secondary chemistry,
proceeds and particle composition changes, potentially leading
to a time-dependence in the diffusion coefficients,72 something
that is completely ignored in the current interpretation. The
change in composition may also lead to a change in moisture
content due to a change in the hygroscopic nature of the
aerosol composition. Clearly, combining the analysis of evol-
ving particle composition with change in particle radius, and
providing a fuller coverage of mixture compositions and RHs,
should help to more tightly constrain the model although this
would require a comprehensive accounting for changes in
composition through volatilisation of products, and changes
in particle density with composition. This study illustrates
the need for more refined measurements of multiple experi-
mental parameters if the kinetic models are to be more fully
constrained.
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C. Faiola, O. Väisänen, L. Q. Hao, E. Kari, O. Peräkylä,
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