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es in viscous and viscoelastic
aerosol particles†

Thomas C. Preston *ab and Andreas Zuend a

Secondary organic aerosol (SOA) particles in Earth's atmosphere can exist in phase states where mass

transport and chemical transformations are greatly impeded. Gas-particle partitioning in both semi-solid

and solid (e.g. glassy phase state) SOA particles can be kinetically limited, and these equilibration

timescales are often evaluated using a Fickian model with a concentration-dependent diffusivity. Within

that framework, particles are considered to be inviscid fluids and thus their rheology is ignored. In this

work, rheological properties are not neglected and particle equilibration is investigated using both

a viscous model (an incompressible Newtonian fluid) and a viscoelastic model (a Maxwell material). We

derive analytic expressions for gas-particle equilibration times in viscous and viscoelastic aerosol

particles and compare these times to the well-known Fickian equilibration time. These expressions are

then applied to the important example of the equilibration of atmospheric aerosol particles with the

surrounding relative humidity (i.e. water uptake and loss). The two systems studied here are aqueous

sucrose, which is often used as a surrogate for secondary organic material found in the atmosphere, and

aqueous oxidized a-pinene, which is an atmospherically relevant secondary organic material. We show

that viscous effects (i) are likely unimportant in single particle experiments, except under very dry

conditions, and (ii) can result in water vapor equilibration times of minutes to hours at any altitude in the

troposphere for accumulation mode particles.
Environmental signicance

The analytic equations derived here allow for both viscosity and viscoelasticity to be included in calculations of the gas-particle equilibration timescale. In the
atmospheric aerosol, this is relevant to our understanding of how high viscosity secondary organic aerosol particles equilibrate with their surroundings. We
show that, for sub-100 nm particles, timescales that include viscosity can be several orders of magnitude greater than those calculated within a purely Fickian
framework. The consequences of this are that water vapor equilibration times for accumulation mode particles can be minutes to hours longer in situations
where it was previously reported that equilibrium can always be assumed, e.g. the planetary boundary layer and middle troposphere.
1 Introduction

Binary diffusion in the liquid state is generally well-described by
Fick's laws of diffusion. When assessing the timescale for
establishing gas-particle equilibrium, a characteristic equili-
bration time, sD, based on the Fickian model is oen used in
atmospheric aerosol science. For a particle with a binary
(Fickian) diffusivity, DAB, in the condensed phase and radius, s,
the equilibration timescale is

sD ¼ s2

p2DAB

: (1)
Sciences, McGill University, Montreal,

cgill.ca

y, Montreal, Quebec, Canada

mation (ESI) available. See

1376–1388
This equation has been applied to a variety of mass transport
calculations where gas-particle partitioning is limited by
condensed phase diffusion, such as equilibration in aqueous
droplets1–3 and mixing in high viscosity secondary organic
aerosol (SOA) particles.4,5

For SOA particles, eqn (1) is commonly used to make argu-
ments concerning the validity of the homogeneous mixing
assumption in the atmosphere; e.g. are equilibration timescales
long enough to inhibit cloud condensation nuclei (CCN) activation
or impact ice nucleation pathways?6–9 Depending on composition,
temperature, and relative humidity (RH), the phase state of SOA
particles can be a low viscosity liquid, but solid and semi-solid
phase states are also possible.10–12 These non-liquid states can
have very high viscosities.13,14 For instance, glassy states that form
in the SOA condensed phase can have viscosities on the order of
1012 Pa s.10 Therefore, one would anticipate that a Fickian frame-
work, which treats the condensed phase as being an inviscid uid
insofar as mass transport is concerned, would eventually become
inaccurate. Certainly, decades of work on sorption in glassy
© 2022 The Author(s). Published by the Royal Society of Chemistry
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materials has already demonstrated that understanding non-
Fickian behaviour is crucial to accurate mass transport calcula-
tions.15–21 In these high viscosity systems, viscoelastic or purely
viscous effects can readily dominate Fickian diffusion and very
oen cannot be ignored.22However, it would be difficult to directly
apply this previous research to SOA particles as it has almost
exclusively focused on polymer-penetrant systems where physical
quantities are determined using models appropriate for polymer
solutions.19

Fig. 1 presents laboratory measurements of diffusivity and
viscosity for two well-studied systems across a large range of
water activities. Fig. 1a shows measurements for sucrose,
a common surrogate for SOA material in laboratory-based
studies,13,23–32 and Fig. 1b shows measurements for SOA mate-
rial produced by the oxidation of a-pinene.7,33–38 Here, the
Stokes–Einstein (SE) relation is used to convert diffusivity to
viscosity or vice versa. Two trends are immediately apparent
from Fig. 1. First, both viscosity and diffusivity vary by orders of
magnitude across atmospherically relevant water activities.
Second, the discrepancy between diffusivity (viscosity) predicted
by the SE relation using viscosity (diffusivity) measurements can
be quite large. At lower water activities, the predictions from the
SE relation can be off by several orders magnitude. For instance,
Fig. 1 Experimental measurements of diffusivity and viscosity for (a) a
organicmaterial.7,33–38 Conversions from diffusivity to viscosity or vice vers
a molecular radius of 0.2 nm.60 Diffusivity measurements were perform
systems. See referenced papers for details.

© 2022 The Author(s). Published by the Royal Society of Chemistry
for aqueous sucrose at a water activity of 0.25, viscosity and
diffusivity predicted using the SE relation differ by a factor of 8.2
� 105 from their measured values. In addition to the breakdown
of the SE relation, it is also clear from Fig. 1 that there will be
a large range of water activities where the equilibrated
condensed phase will not be a low-viscosity liquid. Typically,
liquids have viscosities less than 102 Pa s and the phase state
between 102 to 1012 Pa s is characterized as a semi-solid.12 In
both panels of Fig. 1, this semi-solid region covers a signicant
portion of atmospherically relevant water activities.

In the current work, we study the inuence of uid rheology
on the characteristic equilibration time of aerosol particles with
their surroundings. We consider both viscous and viscoelastic
uids as models for phase states relevant to atmospheric aerosol
particles. These two models differ from the Fickian framework as
viscosity is no longer zero during mass transport. The main
question that we are concerned with is: How do the rheological
properties of these phase states impact gas-particle partitioning?
This is answered by deriving expressions for the characteristic
equilibration time, analogous to eqn (1), for both viscous and
viscoelastic spherical particles. The resulting expressions, given
in eqn (29) and (35), are found to predict equilibration times that
are several orders of magnitude greater than the Fickian
queous sucrose13,23–32 and (b) aqueous oxidized a-pinene secondary
awere calculated using the SE relation with a temperature of 293 K and
ed on either binary (H2O + solute) or ternary (H2O + D2O + solute)

Environ. Sci.: Atmos., 2022, 2, 1376–1388 | 1377
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equilibration time for a range of atmospherically relevant particle
sizes and conditions. We discuss the implications for single
particle experiments and also examine timescales for represen-
tative conditions that exist in the planetary boundary layer,
middle troposphere and upper troposphere.
2 Theory
2.1 Mass transport in a viscous and viscoelastic binary
system

Mass transport of species a in a non-reacting solution is written
using the convection–diffusion equation with no source term

vra

vt
þ V$rav ¼ �V$ja; (2)

where ra is the mass concentration of species a, v is the mass
average velocity, and ja is the mass ux of species a.

For a solution containing N components, we can express the
mass density of the solution, r, with the partial specic
volumes, �va, and mass fractions, wa, of species a using

1

r
¼

XN
a¼1

vawa: (3)

We have previously shown that, when �va are constant, the
mass average velocity can be expressed in terms of mass uxes
according to39

v ¼ �
XN
a¼1

vaja: (4)

This equation allows for the mass average velocity to be
eliminated from eqn (2). For a binary system (N ¼ 2) with
species A and B, eqn (4) along with the relation jA ¼ �jB can be
applied to eqn (2) to yield

vrA

vt
¼ �vBV$rjA: (5)

Therefore, to calculate the rate of change of the mass
concentration in a binary system, what is now required is an
expression for jA. For binary diffusion in the absence of
temperature gradients and forced diffusion, the generalized
Maxwell–Stefan (MS) equation40 simplies to

jA ¼ �rADAB

�
1� wA

1� xA

��
ðV ln aAÞT ;p þ

fA � wA

cART
Vp

�
; (6)

where, for species A, xA is the mole fraction, aA ¼ gAxA is the
activity, gA is the activity coefficient, cA ¼ xAc is the molar
concentration, fA ¼ rA�vA is the volume fraction, c is the total
molar concentration, R is the universal gas constant, T is the
temperature, p is the local pressure, and DAB is the binary MS
diffusivity. As indicated in eqn (6), the gradient of the natural
logarithm of aA is evaluated at a constant T and p.

In a binary system, the MS diffusivity and the Fickian
diffusivity, DAB, are related through41
1378 | Environ. Sci.: Atmos., 2022, 2, 1376–1388
DAB ¼ GAB
�1DAB; (7)

where GAB is the thermodynamic factor for the binary system
and is dened as

GAB ¼ 1þ xA

vln gA

vxA

����
T ;p

: (8)

Therefore, when gA is constant (e.g. for an ideal solution
where it would be equal to one), we will have D12 ¼ D12 and the
two diffusivities are identical.

The pressure gradient in eqn (6) is determined by using the
equation of motion

r

�
vv

vt
þ v$Vv

�
¼ �Vpþ V$s

4 þ rg; (9)

where s
4

is the stress tensor, and g is the external force per unit
mass. For simplicity, we ignore the effects of inertia by setting
the le-hand side of eqn (9) to zero. As we will only consider
cases where g ¼ 0, eqn (9) simplies to

Vp ¼ V$s
4
: (10)

A viscoelastic stress–strain relationship will be used to
describe the stress in eqn (10). The standard Maxwell model42 is
chosen here. In this linear model of viscoelasticity, the uid
consists of a spring and a dashpot in series19

vs
4

vt
þ bs

4 ¼ E
v 3
4

vt
; (11)

where E is the Young's modulus, b ¼ E/h is the ratio of the
elasticity to viscosity, h is the concentration-dependent viscosity
of the dashpot in the Maxwell model, 3

4
is the innitesimal

strain tensor, and

v 3
4

vt
¼ 1

2

�
Vvþ ðVvÞT� (12)

is the rate-of-strain tensor. A relaxation time can be dened as sl
¼ 1/b ¼ h/E.

We will restrict our analysis to spherical coordinates with
radial symmetry. Eqn (10) will be

vp

vr
¼ 1

r2
v

vr

�
r2srr

�� 2sqq

r
; (13)

and the non-zero components of the rate-of-strain tensor are

v3rr

vt
¼ vvr

vr
and

v3qq

vt
¼ v3ff

vt
¼ vr

r
: (14)

The solution to eqn (11) when h and E depend on the
concentration of A for a system that is initially unstressed
(s
4 ¼ 0 at t ¼ 0) is

srrðr; tÞ ¼
ðt
0

e
�
Ð t

t0 bðrAðr;uÞÞduE
�
rA

�
r; t

0�� vvr�r; t0�
vr

dt
0
; (15)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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sqqðr; tÞ ¼ sffðr; tÞ ¼
ðt
0

e
�
Ð t

t0 bðrAðr;uÞÞduE
�
rA

�
r; t

0�� vr�r; t0�
r

dt
0
:

(16)

In these equations, the concentration history of the system,
extending back to the initial unstressed state at t¼ 0, inuences
the stresses at the current time, t. The origin of this memory
effect in a viscoelastic system is the presence of a nite relaxa-
tion time (sl > 0).

In addition to the viscoelastic model, we will also consider
a viscous model. When E / N, the Maxwell model (eqn (11))
reduces to

s
4 ¼ h

v 3
4

vt
; (17)

which is identical to the description of stress that is found using
an incompressible Newtonian uid (when the term with dila-
tational viscosity is set to zero, see p. 241 from ref. 40). The non-
zero components of the stress tensor will simply be

srr ¼ h
vvr

vr
and sqq ¼ sff ¼ h

vr

r
: (18)

In the viscous model, only the current state of the system
determines the stress. The memory effect seen in the solution to
the viscoelastic model is absent as relaxation is now instanta-
neous (sl ¼ 0).

We now proceed in our analysis by considering the case
where only small changes in species A and B occur during the
mass transport process (this is sometimes referred to as
differential sorption).17 We will linearize equations by assuming
that the coefficients that appear in them are constant. When
eqn (13) is inserted into eqn (6), the mass ux of species A can
be written as

jr;A ¼ � 4

vBr

vrA

vr
� w

hðvA � vBÞ
�
1

r2
v

vr

�
r2srr

�� 2sqq

r

�
: (19)

where

4 ¼ vBrgADAB and w ¼ rDABhðvA � vBÞwAwB

xAxB

fA � wA

cRT
:

Eqn (5) and (19) along with the appropriate stress expres-
sions can be used to determine governing partial differential
equations for both viscous and viscoelastic mass transport
during differential sorption. For the viscous model, the gov-
erning equation can be found by inserting eqn (18) into (19) and
then using eqn (4) to eliminate vr from the resulting equation.
All of the uxes, jr,A, and their partial derivatives can then be
replaced through the application of eqn (5) and its partial
derivatives. This yields

vrA

vt
¼ 4

r

v2

vr2
ðrrAÞ þ

w

r

v2

vr2

�
r
vrA

vt

�
: (20)
© 2022 The Author(s). Published by the Royal Society of Chemistry
The governing equation for the viscoelastic model is deter-
mined as follows. First, we recognize that for constant h and E,
eqn (15) and (16) simplify to

srrðr; tÞ ¼ e�t=sl E
ðt
0

et
0=sl

vvr
�
r; t

0�
vr

dt
0
; (21)

sqqðr; tÞ ¼ sffðr; tÞ ¼ e�t=sl E
ðt
0

et
0=sl

vr
�
r; t

0�
r

dt
0
: (22)

These two equations are then inserted into eqn (19) and then
eqn (4) is used to eliminate vr. The result will be an equation
that contains integrals over the interval of 0 to t. If the partial
derivative with respect to time is applied to both sides of this
equation, the resulting equation will contain no integrals. Then,
just like the viscous case, application of eqn (5) and its partial
derivatives can be used to replace all uxes with partial deriv-
atives of concentrations. When this is done, the viscoelastic
governing equation is found to be

sl
v2rA

vt2
þ vrA

vt
¼ 4

r

v2

vr2
ðrrAÞ þ

wþ sl4
r

v2

vr2

�
r
vrA

vt

�
: (23)

It is clear from inspection that when the relaxation time goes
to zero (sl / 0), the viscoelastic governing equation (eqn (23))
reduces to the viscous governing equation (eqn (20)).
2.2 Characteristic equilibration times

The viscous and viscoelastic equilibration times for the binary
system where species A is the gas-phase species/penetrant and
species B is the condensed/particle phase species can be found
by solving the linear boundary problem with the appropriate
boundary conditions. At the centre of the particle we have the
usual symmetry condition

vrA

vr

����
r¼0

¼ 0: (24)

For nanometer-sized particles with low condensed phase
diffusivity, it is usually an excellent approximation to assume
that the concentration of A at the surface can be xed at its nal
value.5,43,44 Therefore, in this particle-diffusion limited case, the
boundary condition at the particle surface will be

rA(s,t) ¼ rA,N, (25)

where rA,N is the bulk gas-phase mass concentration of species
A in the condensed-phase. We remark that the approximation
that yields eqn (25) has only been validated within a Fickian
framework.5,43,44

The particle radius is assumed to be constant here so that we
do not have a moving boundary problem. The initial condition
for the problem will be

rA(r,0) ¼ rA,0, (26)
Environ. Sci.: Atmos., 2022, 2, 1376–1388 | 1379
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where rA,0 is the concentration of species A in the particle at
t ¼ 0.

For the viscous case, we can solve the boundary-value
problem using separation of variables to get

rAðr; tÞ ¼

rA;N þ 2s
�
rA;N � rA;0

�
r

XN
n¼1

ð�1Þn
np

sin
	npr

s



exp

�
� ln4

1þ lnw
t

�
;

(27)

where the eigenvalues are

ln ¼
	np
s


2

: (28)

The characteristic equilibration time, sN, for the viscous
incompressible Newtonian uid is then

sN ¼ 1þ l1w

l14
¼ s2 þ p2w

p24
: (29)

For the case when �vA ¼ �vB there is no viscous ow and sN will
reduce to the Fickian equilibration time (eqn (1)), provided that
the solution is ideal (gA¼ 1). However, if �vAs �vB then sN will not
reduce to sD, even if the viscosity is zero. This occurs because
the typical Fickian treatment neglects convective mass trans-
port due to density changes. Also, we see that for s2 [ p2w, the
viscous pressure gradients will not signicantly affect the
equilibration time. Fig. 2 shows concentration proles calcu-
lated using eqn (27) during both uptake and loss in the case
Fig. 2 Concentration profiles for species A during uptake (a and b) and lo
transport is dominated by Fickian diffusion. In panels (b) and (d) s2 � p2w

this case).

1380 | Environ. Sci.: Atmos., 2022, 2, 1376–1388
when Fickian diffusion dominates (a and c) and viscous effects
dominate (b and d). In panels b and d, the concentration of A is
always uniform (except near r ¼ s) and equilibration is deter-
mined by material response during swelling or shrinkage
(rheological limitations).

An approximate expression for sN that is more straightfor-
ward to apply in many situations of interest, and also useful in
terms of physical insight, can be obtained through the following
assumptions: the solution is ideal, wA � wB, and the s2/p24

term can be replaced by sD. Then, eqn (29) becomes

sN ¼ sD þ hðvA � vBÞ vA
vB

wAMA

RT
: (30)

In Fig. 3, eqn (29) and (30) are compared across a range of
water activities and radii for the system of aqueous sucrose.
Even when the condition wA � wB is no longer true, the accu-
racy of eqn (30) does not begin to deteriorate. This is because sD
will dominate in that case, so the second term on right-hand
side of eqn (30) is negligible. Aside from being slightly
simpler than eqn (29), one other advantage of eqn (30) is that
MB is not needed if wA is already known. So, for instance, in
a calculation involving water transport in SOA material, the
molar mass of the SOA, which is typically dened as an average,
will not be required.

For the viscoelastic case, we require a second initial condi-
tion to formulate the boundary-value problem due to the second
order time derivative in eqn (23). We will use
ss (c and d) calculated using eqn (27). In panels (a) and (c) s2[ p2w and
and transport is dominated by non-Fickian effects (which are viscous in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison between the viscous characteristic equilibration time calculated using the exact (eqn (29)) and approximate (eqn (30))
equations as a function of radius at several different activities, aA (or mass fractionswA). Species A is water and species B is sucrose. Parameters for
aqueous sucrose at T ¼ 293 K were used for the calculations.

Fig. 4 Viscoelastic parameters d1
2 and u0,1

2 as a function of water
activity. Eqn (33) and parameters for aqueous sucrose at T ¼ 293 K
were used for the calculations.
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vrA

vt

����
t¼0

¼ 0: (31)

With this additional condition, the solution to the visco-
elastic boundary-value problem is

rAðr; tÞ ¼

rA;N þ s
�
rA;N � rA;0

�
r

XN
n¼1

ð�1Þn
np

sin
	npr

s



e�dnt½ð1� dn=anÞe�ant

þð1þ dn=anÞeant�; (32)

where

dn ¼ 1þ ðwþ sl4Þln
2sl

; an ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dn

2 � u0;n
2

q
; and u0;n

2 ¼ ln4

sl
:

(33)

The parameters w, 4, and ln have the same denitions as in
the viscous case. The difference between the viscous and
viscoelastic solutions is that the time-dependent part of eqn (32)
in the viscoelastic solution is that of a damped harmonic
oscillator whereas the viscous solution was that of a homoge-
neous rst-order differential equation. Therefore, dn is the
damping parameter and u0,n is the natural frequency. As should
be expected, in the limit where sl / 0, eqn (32) reduces to the
time-dependent viscous concentration prole (eqn (27)).

For large t in the overdamped case (dn
2 > u0,n

2), eqn (32) can
be approximated as

rAðr; tÞ ¼ rA;N þ s
�
rA;N � rA;0

�
r

XN
n¼1

ð�1Þn
np

sin
	npr

s



ð1

þ dn=anÞe�Lnt; (34)

where Ln ¼ dn � an. Fig. 4 shows the parameters d1
2 and u0,1

2

across an activity range of zero to one for the model system of
aqueous sucrose at several different radii. In all cases, the
overdamped condition is satised. We will therefore assume
that the overdamped solution is the only one that is relevant for
atmospheric systems and that the characteristic time, sV, for the
viscoelastic uid can subsequently be written as
© 2022 The Author(s). Published by the Royal Society of Chemistry
sV ¼ 1

L1

¼ 2s2sl

p2ðwþ sl4Þ þ s2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p4ðwþ sl4Þ2 þ s4 þ 2p2s2ðw� sl4Þ

q :

(35)

The viscoelastic equilibration time given here does not
exactly reduce to the viscous equilibration time (eqn (29)) when
the relaxation time goes to zero due to the approximations used
to arrive at eqn (35).
3 Results
3.1 Calculated characteristic equilibration times

Fig. 5 shows the characteristic equilibration times for aqueous
sucrose particles calculated across a range of water activities
and radii using the expressions for viscous and viscoelastic
equilibration times found in Section 2.2. Although the equili-
bration times were evaluated from 10 mm down to 1 nm, it
should be anticipated that as this lower size limit is
approached, the continuum assumption used throughout this
work will fail. The Fickian equilibration time (eqn (1)) is also
Environ. Sci.: Atmos., 2022, 2, 1376–1388 | 1381
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Fig. 5 The Fickian (eqn (1)), viscous (eqn (29)), and viscoelastic (eqn (35)) characteristic equilibration time as a function of radius for an aqueous
sucrose particle at a RH of (a) 10%, (b) 20%, (c) 30%, and (d) 50%. Parameters for aqueous sucrose at T ¼ 293 K were used for the calculations.
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presented for comparison. The parameterizations for diffusivity
and activity for aqueous sucrose were taken from ref. 23 and
viscosity was calculated using AIOMFAC-VISC.45,46 For the
Young's modulus, a value of 33 GPa was used in all calculations,
which is representative of reported measurements for sucrose
crystals at room temperature.47,48 Note that regardless of particle
size and water activity, there will always be a small difference
between the Fickian equilibration time and the other two
equilibration times because �vA s �vB and gA s 1 in the viscous
and viscoelastic calculations. The origin of this discrepancy was
discussed in Section 2.2.

In Fig. 5 we see that at lower RHs (drier conditions), the
radius at which noticeable separation between the three curves
rst appears becomes larger. The most signicant difference
across all panels is always between the Fickian curve and the
viscous and viscoelastic curves. In the driest example shown
(panel a), the Fickian times are several orders of magnitude
faster than the viscous or viscoelastic times across sizes that
would be relevant to atmospheric SOA (e.g. size distributions
that are peaked below 100 nm (ref. 49–51)). In contrast, both the
viscous and viscoelastic curves are qualitatively similar. Even
quantitatively, the difference between the two curves is small. As
the Young's modulus is always positive, the viscoelastic equili-
bration time will always be greater than the viscous equilibra-
tion time. Overall, as the RH increases, the region where this
difference occurs moves to lower radii. At the highest RH (panel
d), the three curves are nearly indistinguishable from each other
over the plotted range of radii.

The oen large difference between the Fickian curve and the
other two curves in Fig. 5 can be understood by comparing the
expression for the Fickian equilibration time (eqn (1)) to the
expression for the viscous equilibration time (eqn (29)). When it
is no longer true that s2[p2w, then viscous pressure gradients
1382 | Environ. Sci.: Atmos., 2022, 2, 1376–1388
play a signicant role during equilibration. For a non-zero
viscosity, this can always be achieved by either (i) decreasing
the particle radius or (ii) increasing w. In the approximate
equation for the viscous equilibration time (eqn (30)), the
viscous equilibration time is separated into a sum of the Fickian
equilibration time and a product involving the viscosity. It is
apparent that simply increasing the viscosity does not guar-
antee that viscous effects will dominate, as the SE relation states
that the diffusivity will simultaneously decrease (resulting in
the Fickian equilibration time increasing). If the SE relation is
perfectly satised, increasing the viscosity will not affect the
difference between the viscous and Fickian times for radii
greater than 1 nm in the case of aqueous sucrose. However, as
was discussed in Section 1, the SE relation is oen inaccurate
for lower water activities. In Fig. 1 it is clear that as water activity
decreases (and thus viscosity increases), deviations from the SE
relation become more signicant. The measured viscosity
becomes orders of magnitude larger than that predicted from
the diffusivity using the SE relation. Therefore, the breakdown
of the SE relation provides an explanation as to why the radius
at which deviations begin to occur is larger for lower water
activities.

In Fig. 6 and 7 the calculations from Fig. 5 are repeated but
using parameters for aqueous oxidized a-pinene particles.
Viscosity was calculated with AIOMFAC-VISC using a system of
15 SOA surrogate components. Tabulated AIOMFAC-VISC
calculations are provided in the ESI.† As there are no
measurements of the Young's modulus for oxidized a-pinene,
only viscous and Fickian calculations are shown here. To our
knowledge, there are only two activity-dependent diffusivity
data sets for oxidized a-pinene (with the data set from ref. 7
also being temperature-dependent). Both sets of measure-
ments along with their ts are shown in Fig. 1b, where it can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The Fickian (eqn (1)) and viscous (eqn (29)) characteristic equilibration time as a function of radius for an aqueous oxidized a-pinene
particle at a RH of (a) 10%, (b) 20%, (c) 30%, and (d) 50%. Parameters for aqueous oxidized a-pinene at T ¼ 293 K were used for the calculations,
with the diffusivity being calculated using the parameterization from ref. 7.

Fig. 7 The Fickian (eqn (1)) and viscous (eqn (29)) characteristic equilibration time as a function of radius for an aqueous oxidized a-pinene
particle at a RH of (a) 10%, (b) 20%, (c) 30%, and (d) 50%. Parameters for aqueous oxidized a-pinene at T ¼ 280 K were used for the calculations,
with the diffusivity being calculated using a polynomial fit to the measurements from ref. 33.
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seen that, at lower water activities, the discrepancy between
the two data sets is around one to two orders of magnitude.
This type of difference is not seen with any of the ve aqueous
sucrose data sets shown in Fig. 1a. The most straightforward
explanation as to why there are such large differences between
the oxidized a-pinene measurements is that the oxidation
© 2022 The Author(s). Published by the Royal Society of Chemistry
products in the two cases are signicantly different. The
chemical composition of the oxidized a-pinene products is
sensitive to the conditions under which they are produced,38

and the two samples were generated under very different
conditions; e.g. the samples in ref. 7 were produced using
oxidation with OH radicals, while the samples in ref. 33 were
Environ. Sci.: Atmos., 2022, 2, 1376–1388 | 1383
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produced using O3 oxidation. This cannot be neglected, as it
can be seen that the choice of the diffusivity for oxidized a-
pinene has a signicant impact on the calculated equilibration
times: at a radius of 100 nm the Fickian and viscous times are
nearly identical in every panel in Fig. 6, whereas in Fig. 7, large
differences are seen in both panels (a) and (b). The implica-
tions of this will be discussed in Section 3.3.
3.2 Implications for single particle measurements

For more than a decade, single particle measurements have
been used to determine the condensed phase diffusivity in
aerosol particles. Six of the eight diffusivity data sets presented
in Fig. 1 were measured by holding a particle in an electrody-
namic balance or with optical tweezers (the other two data sets
used a liquid disk on a hydrophobic slide). In all cases, the
dimensions of the particles were on the order of microns.
Analysis in these previous experiments was always performed
within the Fickian framework. From Section 3.1, we see that
such an approach should be satisfactory as, for particles in this
size regime, viscous and viscoelastic effects will not affect water
transport and can be safely neglected for all but the driest
conditions.
3.3 Atmospheric implications

The calculations in Fig. 5–7 demonstrate that treating SOA
particles, especially those with sizes in the sub-100 nm size
Fig. 8 Characteristic equilibration time for an aqueous sucrose particle w
surface, (c and d) 850 hPa, and (e and f) 500 hPa. Fickian equilibration tim
times (b, d and f) were calculated using eqn (29). Parameters for aqueous s
used as input for these calculations were taken from the global chemist

1384 | Environ. Sci.: Atmos., 2022, 2, 1376–1388
regime (e.g. glass formers), as inviscid uids can potentially
result in a many orders of magnitude error in the characteristic
equilibration time. The implications of this result to Earth's
atmosphere are explored by calculating characteristic equili-
bration times for particles with the surrounding RH using
simulated RHs and temperatures from the global chemistry
climate model EMAC52 at the Earth's surface, 850 hPa (�1.35
km), and 500 hPa (�5.5 km). The RH and temperature data that
was used is plotted in the ESI.†

Fig. 8 shows the Fickian and viscous equilibration times for
aqueous sucrose and Fig. 9 shows the Fickian and viscous
equilibration times for aqueous oxidized a-pinene. Viscoelastic
equilibration times were not calculated as there is no
temperature-dependent measurements of the Young's modulus
available for either substance. However, based on calculations
in Fig. 5, viscoelastic times should not differ signicantly from
viscous times. A particle radius of 100 nm was chosen as being
representative of accumulation mode particles. Prior to our
discussion, we note that sharp decreases in viscosity have been
predicted for radii below 50 nm.53 While this effect will not
impact the calculations shown in this section, a viscosity
decrease would certainly need to be considered for smaller
radii.

For the surrogate system of aqueous sucrose particles, shown
in Fig. 8, the Fickian model never predicts equilibration times
of more than a few minutes at the surface or 850 hPa. This is
consistent with earlier calculations using the same Fickian
ith a radius of 100 nm with the surrounding RH at (a and b) the Earth's
es (a, c and e) were calculated using eqn (1) and viscous equilibration
ucrose were used for the calculations. RHs and temperatures that were
ry climate model EMAC,52 and are identical to those used in ref. 8.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Characteristic equilibration time for an aqueous oxidized a-pinene particle with a radius of 100 nm with the surrounding RH at (a and b)
the Earth's surface, (c and d) 850 hPa, and (e and f) 500 hPa. Fickian equilibration times (a, c and e) were calculated using eqn (1) and viscous
equilibration times (b, d and f) were calculated using eqn (29). Parameters for aqueous oxidized a-pinene were used for the calculations, with the
diffusivity being calculated using the parameterization from ref. 7. RHs and temperatures that were used as input for these calculations were
taken from the global chemistry climate model EMAC,52 and are identical to those used in ref. 8.
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model and similar parameters,8 where longer times (tens of
minutes or hours) were only found to occur at 500 hPa. In
contrast to the Fickian calculations, the viscous model predicts
equilibration times of several hours for certain locations at both
the surface and 850 hPa. The implications of these longer
equilibration timescales for water uptake and loss are the
following: Predictions concerning heterogeneous chemistry will
be affected as the particle's phase state may not be that which is
found by assuming equilibrium with the surrounding RH.4,54,55

This also applies to calculations of equilibrium particle size and
the partitioning of semivolatile organics into the condensed
phase.56,57 The phase state of the particle is also key to ice
nucleation pathways. In typical adiabatic updras of 0.1 m s�1,
glassy or solid-containing aerosol particles with equilibration
times that exceed several minutes (longer than typical CCN
activation time periods), may initiate ice nucleation heteroge-
neously under sufficiently cold conditions.6,9

Unlike aqueous sucrose particles, the equilibration times
from both the Fickian and viscous calculations for aqueous
oxidized a-pinene particles, shown in Fig. 9, are indistinguish-
able from each other at the surface and 850 hPa and are always
less than a few minutes. Here, timescales longer than several
minutes only occurs at 500 hPa. The similarity between Fickian
and viscous times for aqueous oxidized a-pinene was antici-
pated based on Fig. 6, where the two times were nearly identical
at a radius of 100 nm for all RHs that were shown. Of course, as
© 2022 The Author(s). Published by the Royal Society of Chemistry
the products of oxidized a-pinene can vary signicantly
depending on the conditions under which the oxidation takes
place, it is not possible to state that the results in Fig. 9 will
apply to all oxidized a-pinene particles. In Section 3.1 we dis-
cussed how oxidized a-pinene generated under different
conditions can have viscous times that are much longer than
Fickian times for radii of 100 nm; i.e. the results shown in Fig. 7.
However, the diffusivity function used in that example does not
have a temperature dependence (it is only valid for 280 K) and
cannot be used in the atmospheric calculations performed here.

It appears that the answer to the question of whether or not
viscous effects can signicantly effect the equlibration of SOA
particles with surrounding water vapor is dependent on the
organic material that forms particles. In Fig. 8, the effect of
viscosity was signicant and equilibration times much longer
than Fickian ones were observed at both the surface and 850
hPa. In contrast, in Fig. 9, the difference between the viscous
and Fickian times was small everywhere except for a few loca-
tions at 500 hPa. Unfortunately, there is currently a dearth of
temperature-dependent diffusivity measurements of oxidized
aqueous organic material. More laboratory-based studies will be
required to determine whether the situation in Fig. 8 or 9 is
dominant in the atmosphere.

Finally, although the calculations here were restricted to
binary systems consisting of water and an organic solute,
inorganic species can also be a signicant component of
Environ. Sci.: Atmos., 2022, 2, 1376–1388 | 1385
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organic aerosol.58 One model ternary system of atmospheric
relevance where equilibration times have been measured is
water + citric acid + ammonium sulfate.59 In that case, the
Fickian equilibration time initially increased as ammonium
sulfate was added to the mixture of water and citric acid. For RH
between 10 and 40%, it was only aer a 1 : 1 molar ratio of
ammonium sulfate to citric acid was exceeded that the Fickian
equilibration time became faster than that of the binary case of
water and citric acid. For RH between 10 and 40%, AIOMFAC-
VISC calculations for this ternary system predict only
a decrease in viscosity with the addition of ammonium sulfate.
Therefore, for this system, eqn (30) predicts that the viscous
effects become less important as an inorganic solute is added to
the organic and water mixture.
4 Summary

The main results from this work were the formulation and
solution to the problem of mass transport in both a viscous and
viscoelastic spherical particle. The derived analytic expressions
for gas-particle equilibration times in viscous (eqn (29)) and
viscoelastic (eqn (35)) particles can potentially have a broad
range of applications beyond those discussed here (e.g. differ-
ential sorption in polymer spheres). When applied to systems of
atmospheric relevance, it was shown that viscous and visco-
elastic effects will be unimportant in laboratory-based studies of
water transport involving super-micron particles. In contrast, in
the sub-micron regime, and in particular below 100 nm, the
effects become signicant and both the viscous and viscoelastic
equilibration times can be several orders of magnitude slower
than the Fickian time for the same environmental conditions.
For the model system of aqueous sucrose, this result was
demonstrated to have signicant implications for the equili-
bration with water vapor in the atmosphere. However, for
aqueous oxidized a-pinene, the viscous equilibration time
showed little difference from the Fickian equilibration time.
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model of aerosol surface and bulk chemistry (KM-SUB):
The inuence of interfacial transport and bulk diffusion
on the oxidation of oleic acid by ozone, Atmos. Chem.
Phys., 2010, 10, 3673–3691.
1388 | Environ. Sci.: Atmos., 2022, 2, 1376–1388
55 F. H. Marshall, R. E. H. Miles, Y.-C. Song, P. B. Ohm,
R. M. Power, J. P. Reid and C. S. Dutcher, Diffusion and
reactivity in ultraviscous aerosol and the correlation with
particle viscosity, Chem. Sci., 2016, 7, 1298–1308.

56 Q. Ye, E. S. Robinson, X. Ding, P. Ye, R. C. Sullivan and
N. M. Donahue, Mixing of secondary organic aerosols
versus relative humidity, Proc. Natl. Acad. Sci. U. S. A.,
2016, 113, 12649–12654.

57 P. Liu, Y. J. Li, Y. Wang, M. K. Gilles, R. A. Zaveri,
A. K. Bertram and S. T. Martin, Lability of secondary
organic particulate matter, Proc. Natl. Acad. Sci. U. S. A.,
2016, 113, 12643–12648.

58 J. L. Jimenez, M. R. Canagaratna, N. M. Donahue,
A. S. Prevot, Q. Zhang, J. H. Kroll, P. F. DeCarlo, J. D. Allan,
H. Coe, N. L. Ng, A. C. Aiken, K. S. Docherty, I. M. Ulbrich,
A. P. Grieshop, A. L. Robinson, J. Duplissy, J. D. Smith,
K. R. Wilson, V. A. Lanz, C. Hueglin, Y. L. Sun, J. Tian,
A. Laaksonen, T. Raatikainen, J. Rautiainen,
P. Vaattovaara, M. Ehn, M. Kulmala, J. M. Tomlinson,
D. R. Collins, M. J. Cubison, E. J. Dunlea, J. A. Huffman,
T. B. Onasch, M. R. Alfarra, P. I. Williams, K. Bower,
Y. Kondo, J. Schneider, F. Drewnick, S. Borrmann,
S. Weimer, K. Demerjian, D. Salcedo, L. Cottrell, R. Griffin,
A. Takami, T. Miyoshi, S. Hatakeyama, A. Shimono,
J. Y. Sun, Y. M. Zhang, K. Dzepina, J. R. Kimmel,
D. Sueper, J. T. Jayne, S. C. Herndon, A. M. Trimborn,
L. R. Williams, E. C. Wood, A. M. Middlebrook, C. E. Kolb,
U. Baltensperger and D. R. Worsnop, Evolution of organic
aerosols in the atmosphere, Science, 2009, 326, 1525–1529.

59 B. J. Wallace, C. L. Price, J. F. Davies and T. C. Preston,
Multicomponent diffusion in atmospheric aerosol
particles, Environ. Sci.: Atmos., 2021, 1, 45–55.

60 D. L. Bones, J. P. Reid, D. M. Lienhard and U. K. Krieger,
Comparing the mechanism of water condensation and
evaporation in glassy aerosol, Proc. Natl. Acad. Sci. U. S. A.,
2012, 109, 11613–11618.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00065b

	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b

	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b

	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b
	Equilibration times in viscous and viscoelastic aerosol particlesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ea00065b


