
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

02
5/

10
/2

8 
23

:4
2:

04
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Single particle m
Chemical Engineering Department, Carnegi

Pittsburgh, Pennsylvania 15213, USA. E-ma

† Electronic supplementary information (
details including m/z stick diagrams an
rates during the experiments. See https://

Cite this: Environ. Sci.: Atmos., 2022, 2,
727

Received 9th March 2022
Accepted 28th May 2022

DOI: 10.1039/d2ea00017b

rsc.li/esatmospheres

© 2022 The Author(s). Published by
easurements of mixing between
mimics for biomass burning and aged secondary
organic aerosols†

Luke Habib and Neil Donahue *

Gas-phase exchange between aerosol populations via evaporation and condensation of semi-volatile

organics can be a major mechanism of mixing between accumulation-mode particles with slow

coagulation. This exchange may be impeded in highly viscous, semi-solid, or glassy particles due to

diffusion limitations. Here we describe experiments on carefully prepared particle populations

representing highly viscous or potentially “glassy” aged organic particles (non-volatile sugars 13C-

glucose, sucrose, and raffinose with ammonium sulfate seeds) and fresh biomass burning particles

(erythritol with black carbon seeds) to develop a model phase space for organic aerosol systems and

better understand when particle phase state impedes mixing. Our hypothesis is that these limitations are

alleviated at some relative humidity threshold, which increases with decreasing ambient temperatures.

We quantify the mixing state of these particle populations from 10–25 �C and 5–90% RH using an

Aerosol Mass Spectrometer (AMS) combining Event Trigger (ET) and Soot Particle (SP) modes. The

observed single particle mass spectra are aggregated in short time slices and used to perform a linear

combination of relevant reference spectra to determine the contributions each constituent has on the

resulting particle signal. Our results suggest that the non-volatile sugar particles have little to no diffusive

limitations to mixing at the conditions tested.
Environmental signicance

Diffusion of compounds into or within atmospheric particles can be important for several reasons. It can control oxidation rates and the replenishment of aged
surfaces. It can also control the rates with which semi-volatile aerosols interact with each other to evolve from external mixtures of distinct particles into internal
mixtures of indistinguishable particles. Studies have rarely assessed diffusion into sub-micron aerosol particles directly, however. The experiments we describe
here accomplish this via single-particle aerosol mass spectroscopy on well controlled particles that are models for fresh biomass smoke (erythritol coating black
carbon) and aged background particles (glucose, sucrose, and raffinose coating ammonium sulfate). Directly observing whether or not particle populations mix
at certain conditions enables us to condently describe conditions where internal mixtures will or will not be able to form rapidly in the real atmosphere.
Introduction

Aerosol mixing state inuences important properties such as
the number of cloud condensation nuclei in an airmass,1 and
many transport models assume either that all aerosols of
a given size form a so-called internal mixture, with identical
composition and properties, or that aerosols remain in one of
several different populations or modes, forming a quasi-static
external mixture. However, there is considerable evidence that
mixing state will evolve from a high degree of external mixing
near sources to a much more homogeneous internal mixture
downwind of sources.1,2 This can be driven by a uniform coating
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of secondary compounds (i.e. ammonium sulfate, ammonium
nitrate, and secondary organic aerosol) but also by exchange of
semi-volatile organics via so-called Marcolli mixing.3–8 This may
lead to a situation where aerosols consist of externally mixed
cores with unique sources coated by internally mixed shells with
numerous, homogenized sources.

In order to completely understand how aerosols affect
climate forcing and human health, it is necessary to understand
their composition and, therefore, their mixing state; uncer-
tainty in particle composition directly contributes to uncer-
tainty in their effects on health and the environment. Despite
the importance of understanding their composition and effects,
aerosols remain a highly uncertain and poorly understood
aspect of anthropogenic climate forcing and much of our focus
on their human health effects centers around particle size
rather than composition.9–18 Here we shall explore one aspect of
this – mixing and potential diffusive limitations of distinct
Environ. Sci.: Atmos., 2022, 2, 727–737 | 727
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aerosol populations – using model systems to represent the
interaction of fresh biomass burning emissions with aged
background aerosols.

Wildres occur in many countries across the globe every
year, contributing biomass burning particles to local aerosol
populations. Further, since the start of the century, the
frequency of large highly destructive res has increased. Wild-
res may constitute a positive feedback loop with climate
change; the soot particles released in the smoke from these res
exert a positive climate forcing, exacerbating the warmer and
drier climate in arid, re-prone regions, resulting in more
destructive and more frequent wildres.19 In California in the
western United States, nine of the top ten most destructive res,
as well as the top ten largest res, in the state's history have
happened in the last 20 years; ve of the top ten largest res in
California's history took place in 2020. The 2018 California
wildre season was the most destructive season on record, with
the Camp Fire becoming themost destructive Californian re in
history and the most expensive natural disaster worldwide in
2018.20 Australian wildres have been comparably severe over
the past several years.21–23

Particles released in these wildres are primarily composed
of black carbon soot and a complex mix of organic compounds.
They eventually combine with the ambient aerosol population.
Aged ambient aerosol populations typically include a complex
mixture of organic compounds24–27 called “Low-Volatility
Organic Aerosol”, LVOOA;28 this can become highly viscous,
even semi-solid or glassy, under ambient conditions.25,29,30 Aer
these populations interact, the evolvingmixing state of the fresh
biomass burning and the aged glassy aerosol populations has
implications for climate change, human health, and how
scientists model the atmosphere and make predictions relevant
to those effects.25,29–45

It has oen been assumed that the organic material in
secondary organic aerosol is relatively easy to diffuse through.
However, studies have shown that organic aerosol particles can
become highly viscous and glassy even at room temperature and
over a wide relative humidity range. Diffusion limitations at the
surface of atmospheric particles could inhibit particle oxidation
and aging, condensational growth, and exchange of semi-
volatile organics. However, these possible diffusion limita-
tions are oen inferred based on indirect measures (bounce,
viscosity, etc.), relying on estimated diffusivity, oen via the
Stokes–Einstein relation.29–45

If important processes are inhibited or diffusion limited
under ambient conditions, many of the commonly held
assumptions that simplify how we model aerosol effects on
climate and health could be challenged.29–45 If internal mixtures
do tend to form, gas-phase exchange of their semi-volatile
organic compounds must occur on the timescale of hours;27

thus, those molecules need to diffuse into the particle phase in
the same timescale. For 100 nm particles, this corresponds to
a diffusion coefficient 10�15 < D < 10�14 cm2 s�1.38 Rather than
calculating diffusivity, as in previous studies,31–45 we observe
mixing between particle populations directly. This choice
makes it possible to observe conditions where the phase state or
viscosity of our organic fractions inhibit mixing between the
728 | Environ. Sci.: Atmos., 2022, 2, 727–737
particle populations, if those conditions exist within our
experimental ranges.
Experimental
Experimental design

We conduct experiments in a 10 m3 Teon smog chamber with
temperature and relative humidity control, depicted in
Fig. 1.46,47 The chamber temperature is controlled by an isolated
HVAC system with temperatures ranging from 10 �C to 40 �C.
The chamber can also be humidied by passing air through
a three necked ask lled partially with ltered, deionized
water, heated to 70 �C by a hot water bath, and ultimately into
the chamber. The chamber can be humidied to 80 to 90% RH
in a few hours. Here we established all chamber conditions (i.e.
temperature and relative humidity) before injecting any parti-
cles. Temperature was either 20 �C or 10 �C. RH within the
chamber was either very low (2–5%) or high (�90%).

Particles consisting of black carbon cores coated with
erythritol (Sigma-Aldrich, $99%) are generated by diluting
a concentrated liquid dispersion of Aquadag (graphene) (SEM-
icro; Conductive Graphene Carbon Paint, 5–15% graphite
content), to obtain an approximate graphene-to-water ratio of 2
g L; in our case 6 grams of Aquadag diluted into 300 mL of
water. Then, we add 0.6 grams of erythritol to the dispersion so
that concentration is also 2 g L�1. Similarly, particles consisting
of ammonium sulfate (Sigma-Aldrich, $99%) and various non-
volatile sugars (D-glucose-13C6: Sigma-Aldrich, $99 atom % 13C,
$99%; sucrose: Sigma-Aldrich $99.5%; D-(+)raffinose pentahy-
drate: Sigma-Aldrich $98%) are generated by mixing 0.6 grams
of ammonium sulfate as well as the desired sugar into 300 mL
of water to achieve a 2 g L�1 aqueous solution (for both
components). We assume that during the drying phase these
assume a core–shell morphology, but as O : C > 0.8, at high RH
they likely form a single liquid phase.48 We inject the particle
populations into the chamber using a TSI Aerosol Generator
3076 atomizer, connected to an airline from a clean air gener-
ator (aadco Instruments, 737 series) at 20 psi. The particles pass
through a diffusion drier to remove most of the water and then
ow into the chamber.

Aer we generate and inject particles, a Scanning Mobility
Particle Sizer (SMPS) (TSI) evaluates the size distribution of the
chamber particle population(s) and a Soot Particle Aerosol Mass
Spectrometer (SP-AMS) (Aerodyne) captures the particle mass
spectra. The TSI SMPS is a combination of the TSI Electrostatic
Classier 3082 and TSI Condensational Particle Counter 3775.
The SP-AMS is a combination of the Aerodyne Aerosol Mass
Spectrometer (AMS) and the Droplet Measurement Technolo-
gies Single Particle Soot Photometer (SP2). We use the Event
Trigger (ET) mode of the AMS to observe individual particles.
This enables us to track composition changes of the two particle
populations over the course of the experiment. The AMS
vaporizes particles with both a high-intensity IR soot-particle
laser and a tungsten vaporizer heated to 600 �C. The Soot
Particle (SP) mode makes it possible to observe refractory light-
absorbing species such as black carbon. Whenever we collected
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Experimental set-up for particle mixing experiments. Particle combination occurs in a 10 m3 Teflon smog chamber with temperature and
relative humidity control. Both are established before the start of an experiment and controlled at those starting levels thereafter. Particle
populations are generated by atomizing aqueous dispersion (for black carbon cores) or solution (for ammonium sulfate cores). Particle size
distributions are measured with a scanning mobility particle sizer and mass spectra are measured with a high-resolution aerosol mass
spectrometer.
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data in the ET mode, the SP laser and tungsten lament were
used simultaneously.

Employing the ET and SP modes, we analyze sugar particles
with distinct non-volatile cores to mimic two major classes of
atmospheric aerosol populations: particles with erythritol
coating black carbon cores represent fresh biomass burning
aerosol,49–51 and particles with various effectively non-volatile
sugars coating ammonium sulfate represent aged, ambient,
highly viscous and potentially glassy, SOA (LV-OOA).28 We are
thus modeling the interaction of fresh smoke plumes with aged
background airmasses, to test the speed with which the coat-
ings can evolve from a fully external mixture towards an internal
mixture.

Because of the ambiguity associated with the term “mixing”,
we shall use “combination” to describe dispersing two distinct
particle populations within a single volume (in this case our
chamber) to form an “external mixture” and reserve “mixing” to
refer to the exchange of constituents among populations and so
within individual particles, and thus the evolution toward an
“internal mixture”. Note that the degree of mixing will depend
on the constituents in question. In our case (because of negli-
gible coagulation) the non-volatile particle cores will never mix,
but the organic shells will at least have the potential to mix. This
also means that the denition of “mixing state” can depend
strongly on the constituents under study and the instrumenta-
tion employed. We are using the non-volatile and distinct
nature of our chosen core materials as a tag, and then investi-
gating the mixing of the coatings.
Model particle selection

By using distinct particle cores, including black carbon, we take
full advantage of the ET and SPmodes of the AMS. The ETmode
of the AMS collects single-particle data only when the signal
© 2022 The Author(s). Published by the Royal Society of Chemistry
from an individual particle event is above a selected ion trigger
threshold in one or more user-selected m/z regions of interest.
Thus, because we know which core each sugar is on when it is
injected into the chamber, and because we keep particle
concentrations low enough to avoid coagulation as a major
mechanism of particle mixing, we can track composition
changes in each of the particle populations by triggering at m/z
values that are selective of and specic to the distinct particle
cores. For the black carbon cores, we chose two regions of
interest at m/z ¼ 12 or 24 (C+ and C2

+), meaning any event with
cumulative signal at m/z ¼ 12 and 24 above the ion threshold
will trigger the AMS to save a single-particle mass spectrum. For
the ammonium sulfate cores we chose m/z ¼ 64 (SO2

+). The
spectra shown in Fig. 2 demonstrate the specicity and selec-
tivity of the m/z ratios we chose.

Additionally, we designed the experiment with one pop-
ulation (an aged mimic) including a non-volatile sugar fraction
and the other (a fresh mimic) including a semi-volatile sugar
fraction. We can specically track mixing into one population
from the other, without expecting any mixing in the opposite
direction. Thus, we are only tracking mixing, and any potential
mixing limitations, into the non-volatile sugar populations.
Using two distinct sugars, we can also be quite sure that if we
encounter any mixing limitations between the particle pop-
ulations, they would be due to diffusion and not miscibility.
Data analysis

Once we have collected single-particle data, themass spectra are
further processed, ltered (for false positive or non-particle
events), and sorted into categories based on their composi-
tion, notably their core composition. We rst lter out obvious
false positive and/or non-particle events by plotting the total
event ion signal against the particle time-of-ight in the AMS.
Environ. Sci.: Atmos., 2022, 2, 727–737 | 729
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Fig. 2 Bulk mass spectra of distinct particle cores. On the left, for black-carbon cores made from Aquadag, carbon fragments (Cn
+) are shown in

black and residual semi-refractory adsorbed organics in dark green. On the right, for ammonium sulfate, sulfur-containing fragments (SOn
+) are

shown in red. The particle cores are excellent analogs for real particle systems that also have distinct mass spectra, facilitating discrimination of
individual particle signals. Black carbon cores mimic fresh biomass burning particles. Ammonium sulfate cores mimic aged, ambient particles.

Fig. 3 Composition vs. time at room temperature (20 �C) and low
relative humidity for a particle population comprised of ammonium
sulfate and 13C-glucose. Individual particle signals are co-added on
a 10 min basis. The figure shows the signal from each component
normalized by the core signal. Here the effectively non-volatile
glucose (green) maintains a mass ratio of roughly 1.75 to the sulfate (a
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We then split the remaining event signals into three categories
based on the seed type: one of the two known cores, or inde-
terminate. The indeterminate category includes any coagulated
particles as well as any other “junk” signals and typically
comprises less than 1% of the total ltered events. We then co-
add signals from individual particles in the two core categories
over a pre-determined time range (typically 10 minutes) to
obtain an aggregated spectrum with sufficient signal-to-noise to
analyze for composition. Using reference bulk mass spectra of
the individual components constituting the particle population,
we calculate a linear combination of those components to
determine the fractional composition for the two populations
over the course of the experiment. We do this by conducting
a regression on the observed particle spectra and the reference
spectra of the components as in eqn (1):

A1 �Mnv sugar + A2 �Mammounium sulfate + A3 �Merythritol + A4 �
Mblack carbon ¼ Mobserved (1)

Here, M corresponds to the mass spectrum indicated by the
subscript, and A corresponds to coefficients of the linear
combination, which ultimately represent the fraction of the
observed mass spectrum that comes from each of the reference
spectra. We convert the resulting fractional composition to
a mass ratio to the respective (non-volatile) core signal. An
example of this is shown for a 13C-glucose and ammonium
sulfate test population in Fig. 3. We conrm that the two core
signals remain distinct (that there was no signicant coagula-
tion) and then evaluate the extent of mixing between the two
sugar coatings over time. In these experiments, we typically
have at most one semi-volatile sugar, and so we expect that
signal to deplete in one population as the semi-volatile sugar
evaporates from the original core and possibly to increase in the
other population if the semi-volatile sugar diffuses into the
opposite, typically non-volatile (and potentially glassy) sugar
coating.
730 | Environ. Sci.: Atmos., 2022, 2, 727–737
Results and discussion

Our hypothesis is that when we combine two particle pop-
ulations containing sugars coating non-volatile cores, and at
least one sugar is volatile enough to sustain an appreciable
vapor pressure, that sugar will mix into the opposite population
unless diffusion into that opposite population is prohibitively
slow. In thermodynamic terms we assume that the activity
coefficients of the two sugars are near 1 in each other, that they
start with an activity of 0 in the opposing populations, and that
the gas-phase activity will also rise toward 1 with sufficient total
burden to drive signicant absorption into the opposing
particle types. However, adsorption onto opposing particles
(rather than adsorption into the coatings) is a potentially con-
founding effect.
horizontal line at 1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In order to ensure that mixing, or its absence, is due to
diffusion limitations in the non-volatile sugar fraction of the
“SOA” particles, it is important to conrm that our semi-volatile
sugar, erythritol, will not readily adsorb onto bare ammonium
sulfate particles. To test this, we conducted amixing experiment
with an erythritol/black-carbon particle population and a bare
ammonium sulfate particle population at room temperature
(�20 �C) and low relative humidity (�1–5%). The results in
Fig. 4 show that erythritol evaporates from the black carbon
particles, resulting in a dramatic drop in its signal relative to the
black carbon signal over the course of the experiment, but
without any signicant increase in erythritol signal on the
ammonium sulfate particles. There is a small increase in
Fig. 4 Composition vs. time for two combined particle populations at
signals plotted relative to the relevant (non-volatile) seeds, which appear a
(cyan) coating black carbon (black; population on the left) into a cham
coating; population on the right). Although erythritol evaporates from its
100min), it does not adsorb onto ammonium sulfate (no cyan appears on
and magenta seeds mixing). Erythritol adsorption to ammonium sulfate

Fig. 5 Composition vs. time for two combined particle populations at
signals plotted relative to the relevant (non-volatile) seeds, which appear
(cyan) coating black carbon (black; population on the left) into a cham
ammonium sulfate (magenta; population on the right). The constant suc
and 13C-glucose mass spectra. Although these sugars are thermodynam
Also, unlike with the volatile erythritol coating, neither sugar evaporates o
coagulation (black and magenta seeds mixing). Thus, non-volatile sugar c

© 2022 The Author(s). Published by the Royal Society of Chemistry
erythritol that reaches a maximum near 20% of the ammonium
sulfate signal some 50minutes aer mixing; however, this small
and short-lived signal is likely due either to experimental noise
or a small amount of erythritol briey condensing onto the
ammonium sulfate. This conrms that erythritol is semi-
volatile but also that it does not diffuse into ammonium
sulfate readily, and therefore if erythritol signal appears
signicantly in the mass spectra of a non-volatile sugar/
ammonium sulfate particle population, it must be due to
erythritol absorption into the non-volatile sugar fraction of
those particles.

A second test is to conrm that, in a scenario where mixing is
not expected, such as two cores coated by two effectively non-
room temperature (20 �C) and low relative humidity, with constituent
s horizontal lines at 1.0. We added particles with semi-volatile erythritol
ber containing bare ammonium sulfate (magenta, without any sugar
black carbon core (the cyan trace on the left drops rapidly over roughly
the right). Further, we neither expected nor observe coagulation (black
is thus negligible, as expected.

room temperature (20 �C) and low relative humidity, with constituent
as horizontal lines at 1.0. We added particles with non-volatile sucrose
ber containing particles with non-volatile 13C-glucose (olive) coating
rose signal in the ammonium sulfate is cross talk between the sucrose
ically miscible, neither adsorb onto the opposing particle population.
ff its respective particle core. Further, we neither expected nor observe
omponents should not appear in opposing particle population spectra.

Environ. Sci.: Atmos., 2022, 2, 727–737 | 731
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volatile sugars rather than semi-volatile erythritol, the resulting
particle compositions remain distinct (with no mixing) and
constant over the course of an experiment. This tests our ability
to deconvolve potentially similar mass spectra from two sugars.
Even when we use isotopically labelled sugars, but especially
when we do not, there could be overlap between the sugar mass
spectra on the distinct seeds. Thus, it is important to conrm
that our data analysis method can sufficiently distinguish
between two organic fractions of the particle populations, not
just the seeds. In Fig. 5 we show data from an experiment
conducted at room temperature and low relative humidity with
sucrose coating black carbon cores and 13C-glucose coating
ammonium sulfate cores. Over the course of a few hours, the
signals of the original coating sugars on the two seeds remain
relatively constant, and there are no signs of mixing between
these two non-volatile sugar populations. However, there is
some crosstalk, with a spurious but constant sucrose signal
detected in the ammonium sulfate population.

We next present a mixing experiment between semi-volatile
erythritol and effectively non-volatile 13C-glucose. This is
a proxy for “fresh” biomass burning smoke (erythritol on black
carbon) and “aged” background SOA (LV-OOA; glucose on
ammonium sulfate). Various estimates of the glass transition
behavior of glucose suggest that its glass transition tempera-
ture, Tg, is typically at or below room temperature, depending
on the water content in the sugar and relative humidity of the
environment.52 Tg is oen used as a proxy for viscosity, which is
related to diffusivity via relations such as Stokes–Einstein, and
it is argued that for T < Tg, diffusive mixing can be extremely
slow even in 100 nm diameter particles.29–45 Fig. 6 shows rapid
uptake of erythritol into glucose at room temperature and low
relative humidity. Very shortly aer the erythritol/black-carbon
particles are injected (t ¼ 0), the erythritol signal begins to
decline on that particle population and increase on the 13C-
glucose/ammonium-sulfate population. Less than 100
Fig. 6 Composition vs. time for two combined particle populations at
signals plotted relative to the relevant (non-volatile) seeds, which appear a
coating black carbon (black; population on the left) into a chamber conta
sulfate (magenta; population on the right). Erythritol rapidly evaporates
erythritol signal on the 13C-glucose/ammonium sulfate particle populatio
semi-volatile organic compounds in 13C-glucose particles under these c

732 | Environ. Sci.: Atmos., 2022, 2, 727–737
minutes aer combination, the erythritol signal stabilizes in the
13C-glucose/ammonium-sulfate particles at a higher fractional
composition than the ammonium sulfate. From this we
conclude that diffusive mixing of erythritol into glucose is
uninhibited under these conditions.

The next step is to lower the temperature, which could vitrify
the glucose. In Fig. 7 we show data from an erythritol – glucose
mixing experiment at low RH and �10 �C, where we expect T <
Tg. Erythritol still evaporates from the black-carbon cores (at
roughly half the rate, taking 200–300 min), and even though we
expect the particles to be highly viscous, and potentially glassy,
erythritol evaporation is followed by absorption into the glucose
coating. This suggests that mixing was not greatly inhibited, if
at all. There are a few possible explanations. First, 13C-glucose
coatings in our smog chamber may not be dry enough to
result in vitrication even at these temperatures; though the
chamber was at low RH, the particles were created by nebulizing
droplets and then passing them through a diffusion drier.
Second, because erythritol and glucose are miscible, erythritol
might condense onto the surface of the glucose and act as
a plasticizer (as water does)53 and locally decrease Tg sufficiently
to allow more erythritol to diffuse into the evolving mixture.
There are a number of studies demonstrating how smaller
organic molecules can diffuse into highly viscous organic
material more rapidly than diffusion models estimate (i.e.,
Stokes–Einstein relation) and reduce the local viscosity.54–56

Third, it is possible that the ammonium sulfate prevents vitri-
cation; because sulfuric acid and organics condense together
to ambient particles, this would likely occur in the atmosphere
as well. There is evidence in existing literature that organic–
inorganic particle material mixtures can reduce viscosity of the
particles compared to pure organic particles by 2 or more orders
of magnitude.57

The mixing at 10 �C and low RH is slower than at 20 �C. This
could be due to slower evaporation, or it could be a sign of
room temperature (20 �C) and low relative humidity, with constituent
s horizontal lines at 1.0. W added particles with volatile erythritol (cyan)
ining particles with non-volatile 13C-glucose (olive) coating ammonium
from its black carbon core and there is a corresponding increase in
n. There are not sufficient diffusive limitations to impede exchange of
onditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Composition vs. time for two combined particle populations at low temperature (10 �C) and low relative humidity, with constituent signals
plotted relative to the relevant (non-volatile) seeds, which appear as horizontal lines at 1.0. We added particles with volatile erythritol (cyan)
coating black carbon (black; population on the left) into a chamber containing particles with non-volatile 13C-glucose (olive) coating ammonium
sulfate (magenta; population on the right). Erythritol rapidly evaporates from its black carbon core and there is a corresponding increase in
erythritol signal on the 13C-glucose/ammonium sulfate particle population, though it is less pronounced than at room temperature. There are still
not sufficient diffusive limitations to impede exchange of semi-volatile organic compounds in 13C-glucose particles under these conditions.
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emerging diffusion limitations. Fig. 8 thus shows the mixing
behavior of this sugar system is at 10 �C and high RH, where the
glucose should be less viscous. In this experiment, we mixed the
13C-glucose and erythritol particle populations at �10 �C and
90% RH. If there were any mixing limitations before, we would
see enhanced mixing in this case, which could be represented
by faster uptake into the 13C-glucose coatings or higher steady
state erythritol signal in the 13C-glucose coatings at the end of
the experiment. However, there are no striking differences
between the low RH and high RH experiments. This suggests
that there truly are no barriers tomixing at any relative humidity
at the temperatures we studied for the erythritol – glucose
system.
Fig. 8 Composition vs. time for two combined particle populations at low
signals plotted relative to the relevant (non-volatile) seeds, which appear a
(cyan) coating black carbon (black; population on the left) into a cham
ammonium sulfate (magenta; population on the right). Erythritol evapora
erythritol signal on the 13C-glucose/ammonium-sulfate particle populat
not sufficient diffusive limitations to impede exchange of semi-volatile o

© 2022 The Author(s). Published by the Royal Society of Chemistry
In pursuit of vitrication, we thus expanded our non-volatile
sugar coating to di- and tri-saccharides. In Fig. 9 we show
a mixing experiment for erythritol and sucrose, a C12 disac-
charide consisting of glucose and fructose units. Pure sucrose
has well described glass transition behavior showing a glass
transition signicantly above room temperature, somewhere
between 50–80 �C, depending on the conditions of the test.52,58

We did not use isotopically labelled sucrose, but we were still
able to distinguish between the sugar fractions in the two
particle populations. This experiment was conducted again at
low RH and �10 �C. The erythritol evaporation rate was again
consistent with the rate in the colder temperature glucose –

erythritol experiments, but those erythritol vapors were still able
temperature (10 �C) and high relative humidity (90%), with constituent
s horizontal lines at 1.0. We added particles with semi-volatile erythritol
ber containing particles with non-volatile 13C-glucose (olive) coating
tes from its black-carbon core and there is a corresponding increase in
ion, though it is less pronounced than at room temperature. There are
rganic compounds in 13C-glucose under these conditions.
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Fig. 9 Composition vs. time for two combined particle populations at low temperature (10 �C) and low relative humidity, with constituent signals
plotted relative to the relevant (non-volatile) seeds, which appear as horizontal lines at 1.0. We added particles with volatile erythritol (cyan)
coating black carbon (black; population on the left) into a chamber containing particles with non-volatile sucrose (olive) coating ammonium
sulfate (magenta; population on the right). Erythritol rapidly evaporates from its black carbon core and there is a corresponding increase in
erythritol signal on the sucrose/ammonium sulfate particle population. There are not sufficient diffusive limitations to impede exchange of semi-
volatile organic compounds in sucrose particles under these conditions.
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to condense readily onto and diffuse into the sucrose coatings,
comprising roughly half of the sugar signal aer 240 min or so.
The glass transition temperature for sucrose is higher than for
glucose. Existing data suggest that at this temperature and in
dry conditions, sucrose would normally exist as a solid glass.52,58

In spite of this, we still observe rapid, relatively uninhibited
diffusion of erythritol into sucrose at 10 �C and low RH.

The nal non-volatile sugar we tested was raffinose, a C18

trisaccharide consisting of glucose, galactose, and fructose
units, also not isotopically labelled. Pure raffinose has an even
higher glass transition temperature than sucrose, around
100 �C.59 The experiment shown in Fig. 10 was conducted at
10 �C and low RH. The erythritol evaporated from the black-
carbon population at a rate consistent with the other
Fig. 10 Composition vs. time for two combined particle populations a
signals plotted relative to the relevant (non-volatile) seeds, which appea
(cyan) coating black carbon (black; population on the left) into a cha
ammonium sulfate (magenta; population on the right). Erythritol rapidly
increase in erythritol signal on the raffinose/ammonium sulfate particle p
previous mixing experiments. There are not sufficient diffusive limitations
particles at these conditions.

734 | Environ. Sci.: Atmos., 2022, 2, 727–737
experiments conducted at 10 �C. Erythritol uptake into the
raffinose may be slightly slower than into sucrose or glucose
under the same conditions, but it is by no means halted; aer
200 min the coating over the ammonium sulfate cores is
roughly 1/3 erythritol and 2/3 raffinose, which strongly suggests
that the erythritol is able to diffuse into the pre-existing raffi-
nose coating without prohibitive diffusion limitations.

The initial rapid evaporation of erythritol from the black
carbon seeds, subsequent uptake and stabilization into the
non-volatile sugar/ammonium sulfate particles, which was
sometimes followed by the slow steady decline in the signal
for the rest of the experiment is consistent with other
modelled and measured mixing behavior between organic
particle fractions published in relevant literature.60–62 Based
t low temperature (10 �C) and low relative humidity, with constituent
r as horizontal lines at 1.0. We added particles with volatile erythritol
mber containing particles with non-volatile raffinose (olive) coating
evaporates from its black carbon core and there is a corresponding
opulation, though it is notably lower signal and slower uptake than the
to impede exchange of semi-volatile organic compounds in raffinose

© 2022 The Author(s). Published by the Royal Society of Chemistry
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on the particle surface area condensation sinks (available in
the ESI†) compared to the collision frequency of vapors to the
chamber walls (approximately 15–20 minutes for our system),
our results indicate that we are observing evolution towards
an internal mixtures in each of the experiments discussed
here.

Conclusions

We examined themixing behavior of various non-volatile sugars
in the particle phase when combined with a population coated
by a semi-volatile sugar, erythritol. Despite glass transition data
for the non-volatile sugars suggesting that they would behave
like a glass for some of the conditions we tested, we never
observed substantial limitations to mixing within our dened
mixing timeline on the order of hours. These results demon-
strate the importance of probing particle behavior directly
wherever possible, rather than relying solely on proxy proper-
ties, such as viscosity or an estimated diffusivity, to draw
conclusions about particle behavior. Our observations indicate
that these sugars either do not actually exist as glasses or highly
viscous at the expected conditions in the particle phase or that
they were plasticized by the erythritol, ammonium sulfate, and/
or water vapor in the chamber. Directly comparing these results
to diffusivity and viscosity measurements of the same compo-
nents under the same conditions could further illuminate the
mixing pathway for this system.

Our methodology of ET-SP-AMS analysis allows us to identify
characteristic black-carbon cores for biomass burning particles,
and aged inorganic salt cores for background particles. If the
model systems represent real-world wildre smoke, these
experiments suggest that when smoke plumes from wildres
encounter background aerosols, any semi-volatile constituents
in those two populations are likely to interchange relatively
quickly, without obvious inhibitions due to high viscosity or
potentially glassy behavior. Real world biomass burning parti-
cles likely have a more complex mixture of organic material with
a wide range of volatility and viscosity, which would certainly
affect the progress towards an internal mixture between those
particles and an ambient, aged particle population. Increasingly
complex model systems will more closely approximate the
behavior of real-world systems.
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