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Geranyl ester components of volatile chemical
products readily induce black carbon

restructuring

Christian A. Escritt, Habeeb H. Al-Mashala, and Elijah G. Schnitzler*

Department of Chemistry, Oklahoma State University, Stillwater, OK 74078, USA

E-mail: elijah.schnitzler@okstate.edu

Environmental significance

Black carbon (BC), a major component of particulate matter in urban environments, plays
a significant role in climate and public health. In recent years, volatile chemical products
(VCPs) have been recognized as a large source of indoor and urban air pollution, in both
the gas and particle phases. Here, we show that geranyl esters, which are major
components of many commercial fragrances in VCPs (e.g., scented candles), are
extremely efficient at restructuring BC aggregates, requiring a coating volume as little as
1% of the initial BC volume for maximum compaction. The size and morphology of BC
govern to what extent it deposits in the respiratory system, so these interactions may play

a role in the effects of BC on public health.
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Abstract

Volatile chemical products (VCPs) are an emerging contaminant in the urban
environment. Black carbon (BC) aggregates, initially highly branched, are also a prominent
pollutant in the urban environment, emitted by diesel engines and other combustion
sources outside and indoors, and they have effects on climate and public health that are
influenced by their physical properties, e.g., size and morphology. Here, we investigate
the effects of geranyl esters, abundant components of fragrances in VCPs, on the
morphology of laboratory generated BC aggregates. BC with an initial mobility diameter
of 200 nm, generated by an inverted diffusion burner, was selected using a differential
mobility analyzer (DMA) for coating experiments. We find that geranyl formate, acetate,
propionate, and butyrate are extremely efficient at inducing BC restructuring. Complete
compaction to a diameter growth factor of less than 0.75 occurs already at a volume
growth factor of 1.01, i.e.,, when the coating volume is less than 1% of the initial BC
volume, in contrast to dioctyl sebacate, a common coating taken as a reference material.
Compaction was also observed by scanning electron microscopy. Using a publicly
available model of condensation to BC, we rationalize that this efficient restructuring
occurs because the geranyl esters partition exclusively to point contacts between primary
particles of BC through capillary condensation. Our results highlight the potential
interactions of BC and VCPs, particularly in the indoor environment, where, e.g., scented

candles co-emit BC and fragrances.
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1. Introduction

Volatile chemical products (VCPs) are an emerging contaminant in the indoor and urban
environment. While the use of major petrochemicals is largely dominated by natural gas
and gasoline fuel, the small amount used for VCPs contributes a large fraction of the total
mass of volatile organic compounds (VOCs) emitted from petrochemicals.! VCPs also have
a significant potential to form secondary organic aerosol (SOA),>3 potentially constituting
nearly half of all SOA formed from petrochemicals, which can have further implications
for air quality.! These VCPs are widely used in household products, and it is estimated
that more than half of VCP emissions occur indoors.* These have a large impact on indoor
air quality, as the confined space and limited airflow are key factors that allow them to
reach elevated concentrations and persist indoors.>® Eventually, after emission, much of
the VCP mass from indoors passes into the outdoor urban environment, where the
components can interact with oxidants to contribute to criteria pollutants, including fine
particulate matter and ozone.’

Geranyl esters are major components of essential oils and widespread in VCPs.
Geranyl acetate, shown in Fig. 1, constitutes up to 60% of eucalyptus oil,® and it has been
detected in ambient air in a forest of Scots pine, i.e., Pinus sylvestris.® These compounds
are widely used as fragrances, e.g., in reconstituted essential oils, personal care products,
and scented candles.'® Geranyl acetate, specifically, has been detected as an emission of
commercial products used indoors, including diffusers, potpourri, and spray fragrances.'!

In passing, we note that geranyl acetate has also been tested for use as a repellent of pest
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species.'?13 Because of their wide applications, geranyl esters are value-added chemicals,

targets in a wide range of recent biosynthetic methods.141’

Jo i,
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I

Fig. 1. Homologous series of geranyl esters: from top to bottom, geranyl formate, geranyl

acetate, geranyl propionate, and geranyl butyrate.

Black carbon (BC) is another abundant pollutant in the urban environment,
emitted largely from transportation.’®20 BC alters the radiative balance of the
atmosphere directly, by strongly absorbing solar radiation and decreasing surface
albedo,?! and indirectly, by influencing cloud properties.?? BC also has significant effects
on public health, and it has been found to be a factor in millions of deaths each year.?3
The extent of deposition of BC in the lungs is related to its shape and size.?426 BC
aggregates are emitted initially as branched, fractal-like clusters of many smaller primary
spherical particles.?’~2° Due to this initial morphology, BC can undergo restructuring to
more compact morphologies upon coating during its residence time in the
atmosphere.3%31 Specifically, restructuring has been observed for coatings of water,
sulfuric acid, and a variety of pure organic species,?738 in addition to complex mixtures,

4
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e.g., SOA.3941 The efficacy of a given coating to induce restructuring is critical, as it
determines the final morphology that in turn governs the effects of BC on climate and
health.

Here, we probe the efficacy of geranyl esters, as representative components of
VCPs, to induce BC restructuring. A homologous series of four geranyl esters was selected,
from formate to butyrate (see Fig. 1), and compared to dioctyl sebacate, a reference
species that has been used in previous studies.3>36 BC aggregates were produced using a
miniature inverted soot generator (MISG), and those with initial mobility diameters of 200
nm were selected using a differential mobility analyzer (DMA). These monodisperse
particles were exposed to vapors of one of the geranyl esters or dioctyl sebacate in a
saturator-condenser apparatus, and subsequent changes in mobility diameter for the BC
aggregates were monitored using either a second DMA or an electrostatic particle
classifier (EPC), coupled to a condensation particle counter (CPC). Imaging of particles
before and after coating, collected with an electrostatic aerosol sampler (EAS), was also
performed using scanning electron microscopy (SEM). Our results and their atmospheric

implications are discussed below.

2. Materials and methods

2.1. Generation of black carbon
BC aggregates were generated using a setup that has been described in detail
previously.*? Briefly, BC was produced using a MISC (Argonaut, MISG-3) supplied with

ethylene (Airgas, Ultra High Purity) and air (Airgas, Ultra Zero Grade) at flow rates of 0.1
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and 10 L min?, respectively,*344 as shown in Fig. 2. From the exhaust of the burner, 0.3 L

min~! was directed through a denuder packed with activated carbon (Sigma Aldrich,

SBHL1410) followed by two denuders packed with silica gel desiccant (Parker, DRP-14-

10B). The conditioned aerosol was then sent to an electrostatic classifier (TSI, 3082),

equipped with a 0.0457-cm nozzle upstream of the inertial impactor, a soft X-ray

advanced aerosol neutralizer (TSI, 3088), and a long DMA (TSI, 3081), with sample and

sheath flow rates of 0.3 and 3 L min~%, respectively. The DMA voltage was set to select

particles with an electrical mobility diameter of 200 nm.
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Fig. 2. Schematic of the experimental setup for the

generation, coating, and

characterization of BC aggregates. There were three setups in all, using either (1) the

second DMA, (2) the EPC, or (3) the EAS, respectively. The three setups are not drawn to

scale. DMA: differential mobility analyzer; CPC: condensation particle counter.
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2.2. Coating of black carbon

The size-selected particles were then directed to the saturator-condenser apparatus (see
Fig. 2). The saturator consisted of a glass bubbler in a sand bath on a hot plate, as
described previously.*? In each experiment, 200 uL of a particular coating compound was
dispensed into the bottom of the bubbler using a calibrated micropipette. The stem of
the bubbler was above the liquid level. The saturator temperature was increased
incrementally for the duration of the experiment to increase the amount of coating
material being applied to the BC aggregates.

Five pure liquid compounds were used as coating materials. Four were the
following geranyl esters: geranyl formate (Sigma-Aldrich, >95%), geranyl acetate (Sigma-
Aldrich, >97%), geranyl propionate (Sigma-Aldrich, >95%), and geranyl butyrate (Sigma-
Aldrich, >95%). The fifth compound was dioctyl sebacate (Tokyo Chemical Industry,
>98.0%). The vapor pressures of these compounds at room temperature (298.15 K) were
estimated using predictions and, when available, experimental data at other
temperatures. The methods of prediction used were the following: MPBPWIN (version
1.43), distributed in EPI Suite (version 4.1); SIMPOL.1, implemented in Excel;*> SPARC,
accessed online January 2025 (we note, in passing, that we can no longer access SPARC
as of July 2025);* and ChemBCPP, accessed online July 2025.#” For extrapolation from
experimental data at other temperatures, we used the Antoine equation if the Antoine

parameters were available.*®
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2.3. Characterization of particles upon coating

After coating in the saturator-condenser, the particles were directed alternately through
one of two paths. In the first path, the sample was passed through a thermal denuder,
described previously,*>*° which was set to a temperature of 200°C. In the second path,
the sample was sent directly for characterization without passing through the thermal
denuder. Two methods were used to characterize electrical mobility. In the first method,
denoted Setup 1 (see Fig. 2), the sample was directed to a second DMA, which was
equipped and operated the same as the first, followed by a CPC (TSI, 3750). The sample
flow rate of the CPCis 1 L min~%, but only 0.3 L min~! was available from the conditioning
and coating setup. The remaining 0.7 L min~! was sampled from the laboratory through a
particle filter. In the second method, denoted Setup 2 (see Fig. 2), the sample was directed
to an EPC, followed by the CPC. The EPC, illustrated in Fig. S1, was modelled after the
design of Enekwizu et al.>° The voltage was controlled using an external high-voltage
power supply (Analog Technologies, AHVACN20KVR5MABT) and read using a multimeter.
Details about the method and calibration are presented in Fig. S2-S3. The bypass tubing
was minimized to 4 cm in Setup 2 to characterize coated aggregates. The distribution of
the coating on the BC aggregates was predicted using the online Capillary Condensation

Model developed by the Khalizov group,3>1-33 accessed July 2025.

2.4. Electron microscopy of black carbon
In addition to electrical mobility measurements, SEM was used to characterize the BC

aggregates. To prepare samples of deposited BC for microscopy, we used Setup 3 (see Fig.

Page 8 of 30
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2), with a reconditioned EAS (TSI, 3100) where the second DMA or EPC was situated
during electrical mobility measurements. The sample flow rate was the same, i.e., 0.3 L
min~1. The precipitating voltage of the EAS was provided using the same power supply as
was used for the EPC, set to -4.2 kV, as in past studies.>*> The corona discharge of the
EAS was not used since the particles had already passed through an X-ray aerosol
neutralizer in the first DMA. Silicon substrates (Ted Pella, 16006), 1-cm squares, were
placed on the stage beneath the high voltage plate of the EAS, along the edge closest to
the inlet. The sampler was run for 2 h to allow adequate deposition onto the silicon
substrates. This sampling was completed for both uncoated-denuded aggregates and
coated-denuded aggregates, to compare the initial and restructured BC. Imaging was
performed on a scanning electron microscope (Thermo Fisher, FEI Quanta 600 FEG),
operating at a voltage of 20 kV. The resulting images were analyzed using the Fiji
distribution of Imagel to determine the average diameter of the primary particles, based
on 40 primary particles selected from four size-selected aggregates with a mobility

diameter of 200 nm.>6-58

3. Results and discussion

To begin, we performed our saturator-condenser experiments on a well characterized
organic liquid, dioctyl sebacate, which has been used extensively as a proxy of organic
aerosol.>>=%2 More specifically, with an oxygen-to-carbon ratio of 0.15, dioctyl sebacate is
a proxy of primary organic aerosol.®® Furthermore, it has been used as a coating on BC

aggregates from other sources and shown to induce restructuring.3>3% A representative
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experiment with dioctyl sebacate on initially 200-nm BC aggregates from the miniature
inverted burner is shown in Fig. 3a, in terms of mobility diameter as a function of saturator
temperature. An initial mobility diameter of 200 nm was chosen because, first, it is larger
than the peak of the polydisperse output (see Fig. S4) of the inverted burner (i.e.,
minimizing the impact of multiply-charged particles) and, second, it is representative of
the mean diameter of BC aggregates from transportation and biomass burning.®* With
Setup 1, the mobility diameters plotted in Fig. S5 are the geometric mean diameters of
lognormal fits to number concentrations measured as the voltage of the second DMA was
stepped (see Fig. S6). The geometric standard deviations of the fits were used to verify
that the particles were monodisperse throughout each experiment.®>¢ With Setup 2, the
mobility diameters plotted in Fig. 3 are based on the collection efficiencies measured with

a fixed voltage (i.e., 355 V) applied in the EPC (see Fig. S2).

10
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Three stages are evident in the saturator-condenser experiment in Fig. 3a. The
first stage began at the initial temperature, i.e., room temperature. The initial mobility
diameter of denuded particles, dp ; was the same as that of non-denuded particles, dyp ;,
since no coating was present. These mobility diameters were steady until the saturator
temperature reached about 55°C. At this temperature, marking the beginning of the
second stage of the experiment, the mobility diameter of the denuded particles began
decreasing due to the partitioning of dioctyl sebacate from the gas phase to the
aggregates, downstream of the saturator, which induced restructuring of the BC cores. At
the same time, the mobility diameter of the non-denuded (i.e., coated) particles began
decreasing like the denuded particles. This similarity indicates that appreciable
restructuring occurs upon coating formation rather than removal, because the coating
was intact on the non-denuded particles. As temperature increased further, the mobility
diameter of the denuded particles decreased sigmoidally, reaching a plateau at about
85°C, marking the end of the second stage. About halfway through this stage, at 70°C, the
mobility diameter of the non-denuded particles began increasing. This divergence of the
denuded and non-denuded particles is due to the increasing coating volume required for
further restructuring. At 85°C, marking the beginning of the third stage of the experiment,
the BC aggregates were fully restructured, with a final mobility diameter, dp, f, of about
150 nm for the denuded particles. On the other hand, the coated particles continued to
grow exponentially, as the gas-phase concentration of dioctyl sebacate increased with a
temperature dependence described by the Clausius-Clapeyron equation. Heavily coated

restructured BC aggregates are known to be spherical,® so the volume of coated particles

12
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during the final stage, Vnp r can be calculated geometrically from dyp . Approximating
the restructured BC cores as spheres is less precise but still reasonable,*%7 so Vp, ¢ can be
estimated similarly. These stages of restructuring have been observed in other coating
experiments, including saturator-condenser experiments with pure liquids®® as well as
complex mixtures, i.e., biomass burning organic aerosol (BBOA),*? and smog chamber
experiments with SOA.3° Duplicate experiments for dioctyl sebacate with each of Setups
1 and 2 are shown in Fig. S7 and S8, respectively. From a comparison of results for non-
denuded particles (see Fig. S9), it is evident that the DMA and EPC perform similarly for
dioctyl sebacate. The similarity indicates that no evaporation of dioctyl sebacate occurred
as the sample travelled from the condenser to the second DMA, consistent with previous
measurements of low volatility coatings.>°

A representative experiment with geranyl formate as the coating species is shown
in Fig. 3b. From a comparison of the results for non-denuded particles (see Fig. S10), it is
evident that evaporation of the geranyl esters occurred in Setup 1, upstream of the
second DMA, consistent with previous observations of high volatility coatings.>®
Evaporation is prevented in Setup 2, as the EPC can be placed immediately (i.e., 4 cm)
downstream of the condenser. As in the above experiment with dioctyl sebacate, the
mobility diameters of denuded and non-denuded particles changed significantly as a
function of saturator temperature, which was increased from room temperature to about
50°C. At room temperature, the initially 200-nm size-selected BC aggregates had already
restructured slightly, and as the temperature increased, the mobility diameter decreased

sharply, such that the aggregates were fully restructured at 35°C. This transformation
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restructuring occurs at lower temperatures for geranyl formate than dioctyl sebacate. For

comparisons here and below, vapor pressures at room temperature were estimated using

several methods, as shown in Table 1. The estimates for a given species show good, i.e.,

order-of-magnitude, agreement, except for the EPI Suite estimate for dioctyl sebacate.

From the other estimates, the vapor pressure of dioctyl sebacate is many orders of

magnitude (10° to 107) lower than that of the geranyl esters.

Table 1. Estimated saturation vapor pressures of the geranyl esters and dioctyl sebacate

at room temperature (298.15 K) using different methods of prediction.

Saturation vapor pressure (Pa)

Geranyl Geranyl Geranyl Geranyl Dioctyl
Method .

formate acetate propionate butyrate Sebacate
EPI Suite 9.07 x 10° 6.17 x 10° 3.09 x 10° 6.64 x 107! 2.62x 10
SIMPOL 6.01 x 10° 2.26 x 10° 8.51x10* 3.20x 10! 2.79x 107
SPARC 8.62 x 10° 2.43 x10° 9.68 x 10! 3.43x 10?1 1.44x 107
ChemBCPP 4.17 x 10° 2.83x10° 8.41x 10" 2.72x 1071 8.22 x10°°
Antoine 9.76 x 10° 4.40 x 100 N/A? 4.65x 1071 N/A?

@ Antoine parameters not available for this compound.

Throughout this entire stage of the experiment, the mobility diameters of the non-

denuded (i.e., coated) and denuded (i.e., bare) particles overlapped closely. This

observation supports two conclusions. First, the agreement indicates that restructuring

14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00761e

Page 15 of 30 Environmental Science: Processes & Impacts

View Article Online
DOI: 10.1039/D5EM00761E

A A w w wapenbcgeserticlePulistedoni20 Rebuan 2026 Doplpaded an225/2026 111357AMA — 0 o N O U1 A W N =
- e \0_ i arti cfRis R c&Rsed'uer 3 Crearte Commons RitfbuitbriN At mniéda ib&ported Licence.

ocouvuuUuuuuuuUuuudsdBNIAEDNANDNRN
SVWoONGOOULBDWN_OOVONOULDWN

occurs mostly during coating formation rather than removal, as inferred for dioctyl
sebacate early in the second stage depicted in Fig. 3a. Second, the extent of the
agreement, i.e., across this whole stage of restructuring, indicates that very little coating
material is required for geranyl formate to fully restructure the BC aggregates,
gualitatively less than for dioctyl sebacate, for which the data series diverge about
halfway through the second stage (see Fig. 3a). Above 35°C, the mobility diameter of
coated-denuded particles reached a plateau, taken as dp . The mobility diameter of the
coated (i.e., non-denuded) BC aggregates followed that of the denuded aggregates until
the saturator exceeded 35°C. Above 35°C, the non-denuded aggregates began increasing
in mobility diameter, exponentially. The exponential increase in diameter for the coated
particles during this stage, as above, is consistent with fully restructured BC cores
completely enveloped in spherical coatings of geranyl formate. Consistent observations
were made for geranyl acetate, propionate, and butyrate. Duplicate experiments for the
geranyl esters with each of Setups 1 and 2 are shown in Fig. $11-S18. The difference in
morphology between the uncoated and coated-denuded BC aggregates is evident from
SEM images, in addition to electrical mobility measurements. As shown in Fig. 4, a
representative BC aggregate before coating is highly branched, while a representative
aggregate after coating with geranyl formate is compact, more closely approximated by

a sphere; i.e., branches have collapsed through coating and restructuring.
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Fig. 4. SEM images of BC aggregates with an initial electrical mobility diameter of 200 nm

(a) before and (b) after restructuring with geranyl formate.

Note that there are differences between the duplicate experiments in terms of
the non-denuded mobility diameters at elevated saturator temperatures, as the
conditions governing the coating volume can vary between experiments; consequently,
in the following discussion, the comparison between the geranyl esters and dioctyl
sebacate will mostly be presented in terms of volume growth factor, the independent
variable determining restructuring, as described below. During the last stage of the
experiments, when the particles are assumed to be spherical, the volume of the coating,
V coat is approximated by the difference between Vyp s and Vp . The resulting values of
V coat are fitted with an exponential function to interpolate between the initial (i.e., zero)
and final coating volumes to all saturator temperatures (see Fig. S19). The volume of the
BC aggregates is the same throughout the experiment, i.e., Vp; = Vpy, so the volume
growth factor, Gfv, of the coated particles at any saturator temperature can be estimated

by eqn (1) as follows:
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vV +V
Gfv = coat D (1)
Vp

This approach to estimate Gfv has also been applied recently to discuss differences in BC
restructuring induced by different volatility fractions of BBOA.*?> The diameter growth

factor of the denuded BC aggregates is given by eqn (2):

dp,f

Gfd =
dp,i

(2)

where dp ; is the initial mobility of the aggregates with no coating (i.e., 200 nm), and again
dp,r is the mobility diameter of aggregates after coating and denuded, leading to smaller
mobility diameters. When the diameter growth factor of the coated-denuded particles is
plotted as a function of the volume growth factor of the coated particles, as shown in Fig.
5, the differences between the dioctyl sebacate and the geranyl ester coatings are further
evident. The data series for the geranyl esters largely overlapped across the whole range
of volume growth factors, exhibiting a sharp decrease to the final diameter growth factor
when the volume growth factor was still close to one; the BC aggregates were fully
restructured at a Gfv value of 1.01, i.e., when the coating volume was only 1% of the BC
volume. This is even less coating to induce complete restructuring than previously
observed for fresh BBOA and is similar to that observed for high volatility compounds by
Chen et al.*2 In contrast, the BC aggregates coated with dioctyl sebacate did not
restructure at these small volume growth factors; these BC aggregates approached
complete restructuring only at a Gfv value of about 2. This data series is similar to that
observed for highly evaporatively aged BBOA*? as well as those observed for pure low

volatility liquids.3®
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Fig. 5. Diameter growth factor of coated-denuded BC aggregates as a function of

estimated volume growth factor of particles coated with a given geranyl ester or dioctyl

sebacate. Replicate experiments were performed, and the shaded regions depict inter-

experiment variance in terms of one standard deviation. The individual replicate

experiments are shown in Fig. S15-518.

We discuss the differences between dioctyl sebacate and the geranyl esters in the
context of the single-parameter model of BC aggregate restructuring developed by the
Khalizov group.3%>153 The complex morphology of BC aggregates plays an important role
in condensation.36°2 On a primary particle of an aggregate, away from point contacts with
its neighbours, the surface is convex, and condensation following adsorption may not
occur even above the saturation vapor pressure, i.e., due to the Kelvin effect.%®7° At a
point contact between primary particles, in contrast, the surface is concave, and
condensation may occur even below the saturation vapor pressure, i.e., capillary

18
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condensation.>? A coating is most effective at inducing restructuring when its volume is
distributed mostly near the point contacts rather than uniformly across the BC
surface,3%*? and a single parameter, y, has been shown to describe this distribution of

coating volume:

y=X= (3)

where [ is the Kelvin length, R, is the radius of the primary particles, and  is the reduced
(i.e., dimensionless) vapor supersaturation. When y is about one or above, capillary
rather than uniform condensation is favored.3® Here, [ for a given geranyl ester was
calculated from its molar mass, density, and estimated surface tension. The surface
tensions of the geranyl esters used are all in the range of 28.5-29.1 mN m™ (see Table
S1). From SEM image analysis of the BC aggregates produced here (see Fig. 4), the average
diameter of the primary particles was found to be 25 + 3 nm, so R, was taken to be 12.5
nm.

To illustrate the distribution of volume, we focus here on geranyl butyrate. In the
online Capillary Condensation Model, the rate of change in the coating volume, V gat,

through both capillary and uniform condensation, is expressed in eqn (4):>%52

AVeoar 1 Mp®° ( [1 D
— — — 4
It 4Aaa) ORT S —exp > lxk (4)

where t is time; A and k are the area and mean curvature, respectively, of the vapor-
liguid interface area; a is the accommodation coefficient; R is the gas constant; T is
temperature; and M, p, w, lg, p°, and S are the molar mass, density, mean speed, Kelvin

length, saturation vapor pressure, and vapor saturation, respectively, of the coating

19


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00761e

A A w w wapenbcgeserticlePulistedoni20 Rebuan 2026 Doplpaded an225/2026 111357AMA — 0 o N O U1 A W N =
- e \0_ i arti cfRis R c&Rsed'uer 3 Creartte Commons RitfbuitbriNdAdmniédia 30 &ported Licence.

ocouvuuUuuuuuuUuuudsdBNIAEDNANDNRN
SVWoONGOOULBDWN_OOVONOULDWN

Environmental Science: Processes & Impacts

Page 20 of 30

View Article Online
DOI: 10.1039/D5EM00761E

species. The rate at which a coating species reaches gas-particle partitioning equilibrium
depends on its flux to the particle surface and, in turn, its number concentration in the
gas phase. Even for the least volatile of the geranyl esters used here, with a saturated
vapor pressure estimated from Antoine parameters to be 0.465 Pa (see Table 1), the gas
number concentration at saturation or above is sufficient for the equilibrium capillary
condensate volume to be reached extremely rapidly, i.e., in less than 0.1 s, for a model
aggregate of two primary particles with Ry of 12.5 nm, as implemented in the online
Capillary Condensation Model.”* The Kelvin length for geranyl butyrate is about 6 nm. The
single parameter, y, and equilibrium values of coating volume fraction, capillary
condensate volume, and uniform condensate volume at (dimensionless) supersaturations
from 1-0.001 are shown in Table S2. At the highest supersaturation, 1, the y value is 0.47,
much below one, and uniform condensation is highly favored. Reducing the
supersaturation by an order of magnitude, to 0.1, increases the y value proportionally, to
give 47, indicating that now capillary condensation instead is highly favored; in fact, no
uniform condensation is expected to occur. The total coating volume is significantly lower;
the coating volume fraction is 0.234, corresponding to a Gfv of 1.31. Reducing ¢ to 0.01
results in another order-of-magnitude increase iny, further favoring capillary
condensation. All the coating is again at the junction, but the volume is lower, such that
Gfvis 1.11. Importantly, a further order-of-magnitude decrease in { has only a small effect
on the capillary condensate volume, and Gfv is still about 1.11. Based on our electrical
mobility measurements (see Fig. 5), this volume of coating is more than enough to induce

complete restructuring of BC. Even when the gas-phase number concentration of geranyl
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butyrate is reduced below saturation, capillary condensation still occurs, due to the
concave surface at the point contacts between primary particles. Consequently, under all
but highly supersaturated conditions, geranyl butyrate will partition exclusively to the
point contacts in BC, where liquid coatings are most effective at inducing restructuring.
This is also the case for the other geranyl esters, which are more volatile than geranyl
butyrate. These observations have implications regarding how VCPs and BC interact, as

discussed below.

4. Atmospheric implications

Our results have implications for the interactions between VCPs and BC. In the indoor
environment, the mean concentrations of the geranyl esters, like other fragrances,>7%73
will be low. For example, in samples collected in a house over 24-h for pre-concentration
on an adsorbent cartridge, the mass concentration of geranyl acetate was found to 18 ng
m=3.74 At these gas-phase concentrations, no condensate is predicted to form in the
simulations, even by capillary condensation. In real-time, gas-phase concentrations of
fragrances can vary widely,”> depending on emission sources, as well as room volume and
air exchange rate; specifically, at a fixed emission rate, concentration can increase by
orders of magnitude as room volume and air exchange rate decrease.’® Moreover, geranyl
esters, as major components of common essential oils, are used in scented candles, which
are a source of co-emitted BC and VCPs. Except when they are smoldering, candles emit
carbonaceous aerosol that is dominated by elemental carbon (i.e., graphitic black carbon)

rather than organic carbon (i.e., functionalized organic compounds).”” The comparatively
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bare BC from candles is similar in this regard to BC from diesel engines,'®787% and BC from
candles has been shown to similarly undergo significant restructuring upon coating, an
indication of its initially highly branched morphology.3” The elevated temperature of a
burning candle could contribute to further increased saturation ratios near the source but
away from the flame. Consequently, it is plausible that capillary condensation of geranyl
esters and other fragrance components could occur, and together these species may
induce restructuring, since only a miniscule coating volume is necessary. The morphology
of candle BC plays an important role in deposition in the respiratory tract.”’ In the past,
when BC from unscented candles was shown to have larger mobility diameters than BC
from diesel engines, a lower probability of deposition was inferred.”’ If co-emitted VCPs
undergo even minute capillary condensation onto candle BC, restructuring could lead to
significantly lower mobility diameters, as shown here, and higher deposition probabilities.
Finally, fragrances and other components of VCPs have recently been shown to form SOA
upon oxidation in the atmosphere.?38081 Since SOA from well-known biogenic and
anthropogenic precursors has been shown to restructure BC upon gas-particle
partitioning,3®4! the interactions of BC and the oxidation products of fragrance

components may also be relevant.
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