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ABSTRACT

Volatile organic compounds (VOCs) dominate the class of pollutants that accumulate in the
atmosphere and indoors. Assessing the gas-particle partitioning of VOCs is important to determine
their fate, transport, and adverse health impacts. This work is a companion to our earlier study
on the temperature dependence of VOC partitioning. Here, we report our measurement of the
gas-particle partition coefficient (K,) for weakly polar (trichloroethylene, TCE) and moderately
polar (n-butanol, n-BuOH) VOCs under varying relative humidity (RH) levels onto organic and
inorganic aerosols. K, of TCE was four to five orders of magnitude lower than those of n-BuOH.
Results suggest preferential sorption of the VOCs onto inorganic aerosol particles than onto organic
aerosol particles. K, values for both TCE and n-BuOH decreased as RH levels increased; the K, for
both VOCs declined sharply at an RH > 35% onto inorganic aerosol particles, whereas the K,
declined slowly onto organic aerosol particles. Partitioning of the VOCs onto organic aerosol
particles was less dependent on RH levels while partitioning onto inorganic aerosol particles was
important only at low RH levels. At lower RH, partitioning proceeded by adsorbing onto the
aerosol particles. In contrast, at higher RH, the extremely low mass fraction of the VOCs,
absorbed onto the aerosol particle’s bulk by dissolving into the aqueous phase. For organic
aerosol particles, partitioning may be dominated by adsorption at all RH levels. At increasing RH
levels, both VOCs partitioning onto in/organic aerosol particles exhibited similar behavior
(exponential) consistent to those observed for 1,2-dichlorobenzene, therefore, insensitive to the
polarity. However, at a similar RH level, polarity affects the mass fraction of the VOCs that sorbed
onto the aerosol particles.
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1 INTRODUCTION

Volatile organic compounds (VOCs) dominate the class of organic pollutants that accumulate
in the atmosphere and indoors due to their low boiling point and high vapor pressure. The
contribution of biogenic VOC emission from South America, which is home to the largest rainforest
forest in the world, accounts for 35% of the global isoprene emission alone (Guenther et al.,
2012). In North America, while biogenic emissions dominate the VOC budget on a carbon basis,
anthropogenic emissions comprise over half of the ambient VOC loading because of their longer
aggregate lifetime (Chen et al., 2019). VOC emissions from mobile sources have declined. Still,
those released from volatile chemical products (VCPs) have increased (McDonald et al., 2018). A
primary sink of VOC is their chemical reactivity through multigenerational and multiphase reactions,
converting VOCs to secondary atmospheric aerosol (SOA) (Donahue et al., 2007; Gong et al.,
2018; Pan et al., 2009).

The gas-particle partitioning coefficient (Kp) is a measure of a compound’s ability to distribute
between gas and aerosol phases; thus, it predicts the mobility and fate in the environment. Many
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studies on contaminants in aerosols have implicated semivolatile organic compounds (SVOCs)
than do VOCs since the latter do not partition preferentially onto aerosols (Liang et al., 1997;
Pankow, 1998; Goss and Schwarzenbach, 1999a; Qin et al., 2021; Wu et al., 2018). Although only
a small fraction of a VOC will partition onto the gas phase, VOC concentration in the atmosphere
and indoors substantially exceeds those of SVOCs (Xu and Little, 2006). Therefore, at a steady-
state, for some VOCs, the mass fraction accumulated onto aerosol particles can reach similar
orders to those of SVOCs (Hamilton et al., 2004; Matsumoto et al., 2010; Odabasi et al., 2005).
Assessing VOCs’ gas-particle partitioning is limited by the difficulty in determining the relatively
small mass fraction in the aerosol to their high gas-phase concentration. Estimates of the partitioning
coefficient of VOCs have been derived mainly from field sampling. K, acquired via field sampling
can be inaccurate because of environmental and sampling factors that are difficult to control.
Assessing VOCs’ environmental and human health impact has been less understood because of
the limited gas-particle partitioning data. To our knowledge, few studies have demonstrated the
biological impact of aerosol-phase VOC. In this study, acrolein, an extremely volatile VOC, induces
significant adverse biological effect on cells compared to the pristine aerosol (Ebersviller et al.,
2012). This study suggests the need to understand more the biological impact of aerosol-bound
VOCs. Exposure to VOCs via multiple routes induces short-term and long-term adverse health
effects (Brown et al., 2015; Cakmak et al., 2014; Gao et al., 2014). Prenatal exposure to gas-phase
VOCs negatively affects postnatal growth (Chang et al., 2017). Even more so, aerosol-bound VOCs
can reach regions of the respiratory system that are typically inaccessible to gas-phase VOCs
because they are poorly absorbed by cells (Ebersviller et al., 2012).

The uptake of VOCs on aerosol particles is affected by several factors. Foremost of these
factors is the hygroscopic behavior and water content of aerosols. These factors are highly
dependent on the chemical composition, mixing state, and RH. Here, we focus on RH and aerosol
composition. The interaction of aerosol components with their surroundings is complex; changes
in one property influence other physicochemical behavior (Choi and Chan, 2002; Krieger et al.,
2012; Martin, 2000). Uptake of water by the aerosol particles at different RH levels is a critical
factor (Ding et al., 2021; Hennigan et al., 2009, 2008; Sun et al., 2013; Zhang et al., 2012). RH affects
aerosol properties such as mass, size distribution, and composition (Hennigan et al., 2008; Zhang
et al., 2012). Atmospheric aerosols of biogenic and anthropogenic origin are a mixture of complex
inorganic and organic compounds with diverse physicochemical properties. Differences in
composition drastically affect the partitioning behavior of a VOC on aerosol. Organic-phase water
cansignificantly influence the total organic aerosol concentrations by increasing the aerosol mass
depending on the relative humidity, particle size, and aerosol chemical composition (Jathar et al.,
2016; Pye et al., 2017; Saxena et al., 1995). Often, studies account for the impact of inorganic
aerosol but neglect the contribution of organic aerosols.

The organic fraction of atmospheric aerosol contains a large amount of water-soluble organic
compounds (Decesari et al., 2005; Gysel et al., 2004; Saxena and Hildemann, 1996). Among the
most abundant is succinic acid (Kawamura and Bikkina, 2016). Ammonium sulfate and succinic acid
coexist in atmospheric aerosol (Lightstone et al., 2000; Liu et al., 2016). The presence of water-
soluble organic acid (e.g., succinic acid) can modify the phase behavior or inorganic constituent,
particularly those exhibiting distinct phase transition such as ammonium sulfate (Jing et al., 2018).
The study outlined here focuses on aerosol with a single component (either organic or inorganic)
rather than a mixture to benchmark each aerosol type’s behavior under different RH levels. Although
aerosols composed of a higher amount of inorganic component dictates water uptake, at an
equal concentration (organic:inorganic), organic acids will influence water uptake behavior (Prenni
et al., 2003). Hence, for predicting water uptake on aerosol with mixed composition, data from
pure components can be used, assuming that each component contributes independently (Prenni
et al., 2003).

Scant research was conducted on VOC partitioning onto airborne aerosol at different RH
conditions. Many gas-particle partitioning studies have focused on SVOCs (Weschler and Nazaroff,
2010). SVOCs have been used as proxies in estimating the gas-particle partitioning of VOCs.
However, SVOCs cannot accurately describe the VOC partitioning behavior because of the
substantial differences in their physicochemical properties. Our previous study (accepted paper)
investigated the partitioning behavior of 1,2-dichlorobenzene (1,2-DCB) and how temperature
and RH affect partitioning. Using a previously developed method to measure the K, of moderately
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polar (n-butanol, n-BuOH), weakly polar (trichloroethylene, TCE), and nonpolar (1,2-dichlorobenzene,
1,2-DCB). This study will help understand the transport, degradation, and health impact of
airborne compounds via gas-to-particle partitioning.

2 MATERIALS AND METHODS

2.1 Chemicals

For this study, we used two VOCs: n-BuOH (> 99%) and TCE (> 99%), which were purchased
from Sigma Aldrich and used without further purification. We choose TCE as a surrogate for nonpolar
VOCs, whereas n-BuOH was selected as a surrogate for moderately polar compounds. Deuterated
analogs of TCE (trichloroethylene-d, > 98%, Sigma-Aldrich, USA) and n-BuOH (1-butanol-dio, > 99%,
Sigma-Aldrich, USA) were used as the internal standards. All solutions were prepared in methanol
(> 99.99%, Fisher Chemical). We generated the aerosols using dilute solutions of succinic acid
(>99%, Alfa Aesar) and ammonium sulfate (> 99%, Sigma). Hereafter, we will refer to aerosol
particles of ammonium sulfate and succinic acid as Am Sulf and SA, respectively.

2.2 Experimental Setup

Detail of the experimental setup, characterization and verification of the total suspended
particle (TSP), the analytical methods, and other important aspect of the experiment are described
in our previous study (Ahn et al., 2021a). Briefly, we used a cylindrical chamber (g ~0.5m, h ~0.1 m,
volume ~7 L) made of aluminum enclosed in a temperature-controlled cabinet (CEQ932, Lunaire
Environmental, New Columbia, PA) to maintain a constant temperature (Fig. 1). Three flows were
directed to the chamber: dilute VOC, aerosol, and humid air flows. Dilute n-BuOH or TCE flow
streams were generated by placing a 2-mL amber vial containing 1 mL of the pure VOC liquid in
the chamber of a precision standard gas generator (491M-B, KIN-TEC Laboratories Inc, La
Marque, TX, USA). Pure VOC vapor from the vial was diluted with clean, particle-free compressed
air. The dilute TCE mixing ratio, or n-BuOH mixing ratio, was 30 ppb in air, which we used in all
the tests in this study. We used a similar level for 1,2-DCB in our previous study. Mixing ratio was
measured using a gas chromatograph-mass spectrometer (GC-MS) described in section 2.4. An
RH/temperature probe (USBTENKI-T-RH-CC2, Dracal Technologies, Inc.) installed in the chamber
measured the temperature and RH in real-time. To investigate the effect of RH on partitioning,
we varied the RH level from 5% to 85%, while we maintained the temperature at 25°C. Detail of
the experimental conditions is listed in Table 1.

The organic and inorganic aerosols were generated by atomizing a 200-ppm aqueous solution

Humid air

(60 mL min")

Sampling train

Cylindrical Chamber
(volume ~7L)

Vacuum pump
(300 mL min-")

Am Sulf/SA aerosols

(200 mL min") F1F2

(40 mL min'")

Dilute n-BuOH and TCE (30 ppb)
Fig. 1. The schematic of the experimental setup for measuring the gas-particle partitioning of
surrogate VOCs. F1 and F2 are the filters. Location marked 1 and 2 are sites where measurement
of aerosol properties was conducted. The schematic was adapted from our previous study (Ahn
etal., 2021a).
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Table 1. RH levels for each compound and aerosol type used in this study.

TCE n-BuOH
Am Sulf SA Am Sulf SA
5% 5% 5% 5%
35% 40% 35% 35%
55% 60% 65% 70%
85% 85% 80% 85%

of ammonium sulfate and succinic acid. Ammonium sulfate salts and organic aerosol account
for> 50% of the components of atmospheric aerosols (Cass et al., 2000). Ammonium sulfate is a
representative of water-soluble inorganic salt, and succinic acid is a slightly water-soluble organic
component in atmospheric aerosol (Abbatt et al., 2005; Riipinen et al., 2006). The atomizer’s (TSI
3076, TSI Incorporated, Shoreview, MN) flow rate was set at 2.3 L min~* using a mass flow controller
(MFC, FC-280, Tylan). Aerosol exiting the atomizer was passed through a diffusion dryer containing
silica beads. Silica beads were dried by heating them at 100°C before use for each sampling. The
dried aerosol was routed to the chamber at a flow rate of 200 mL min~%, while the excess was
vented into the atmosphere. Wet and dry air were mixed to achieve the required RH level. We set
the VOC, humid air, and aerosol flow streams at 40, 60, and 200 mL min~%, respectively, resulting
in a total flow rate of 300 mL min~* entering the chamber. Each flow rate was optimized to minimize
VOC breakthrough during the sampling. The aerosol properties were measured using a scanning
mobility particle sizer (SMPS, electrostatic classifier model 3082 with a condensation particle
counter model 3775, TSI Incorporated, MN).

2.3 Sampling and Analysis

Two glass microfiber filters collected the aerosol containing the VOC (GF/F, ID, ~13 mm; pore
size, 1.0 um, Whatman™) embedded in a separate filter holder connected in series. The sampling flow
rate was set at 300 mL min~! by an MFC with a vacuum pump (Model 6025SE-V, Environmental
Monitoring System). The first filter captured the aerosol containing the sorbed VOC, whereas the
second filter captured only the VOC. The second filter was used for correcting the VOC concentration
in the gas phase that was collected on the filter fiber. Only a negligible amount of aerosol was
captured in the second filter (Ahn et al., 2021a). After sampling, each filter was transferred to 10-mL
borosilicate vials to achieve equilibrium between the headspace and aerosols on the filter. To
collect the VOC in the headspace at equilibrium, we used solid-phase microextraction (SPME,
Supelco™) using a needle assembled with a Carboxen® /Poly-dimethylsiloxane (CAR/PDMS) fiber
(Supelco™), which was inserted and suspended in the headspace for 30 min and 4 h at 22°C. The
mass of VOC absorbed on SPME was injected into the GC-MS for quantitative analysis. Details of
the sampling and characterization, such as the VOC recovery from the filter have been described
previously (Ahn et al., 2021a). Each sampling and analysis were conducted in triplicate under
similar condition.

Before each sampling, the VOC was introduced into the chamber for 3 h (total chamber outflow
was 300 mL min™) until the measured VOC concentration exiting the chamber was identical to that
introduced. This result is consistent to the high relative recovery of VOCs from aluminum material
(> 90%) stored for 48 h (Kim et al., 2012), showing losses due to wall adsorption is minimal.
Additionally, VOCs that sorbed on the wall equilibrated rapidly to those in the gas-phase (Shiraiwa
and Seinfeld, 2012).

2.4 VOC Analysis

GC-MS (Clarus 680—Clarus SQS8T, PerkinElmer, Waltham, MA) system equipped with a DB-5
column (0.25 mm, internal diameter; 30 m, length; 0.25 pm, film thickness) was used to analyze
TCE and n-BuOH. We used the following chromatographic condition and parameters: GC injector
temperature 250°C, split flow rate 20 mL min?, carrier gas flow rate 1.1 mL min™%, and carrier gas
helium (99.999%). To separate TCE, we used the following GC setting: initial oven temperature
40°C, hold time 0.5 min, final temperature 100°C, ramp rate 25 °C min™2. For n-BuOH, we used
the following setting for the first ramping: initial oven temperature 40°C, hold time 0.1 min, final
temperature 60°C, ramp rate 5°C min~, hold time 0.1 min. For the second ramping, the oven
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temperature was set to 140°C, ramp rate 5°C min~%, and hold time 0.1 min. The MS was operated
under electron ionization mode at 70 eV. The spectra were acquired using selected ion
monitoring. The temperature of the ion source and the transfer line were set as 200°C. Mass-to-
charge ratio (m/z) of 130 and 132 were used to identify TCE, and m/z of 41 and 56 were used to
identify n-BuOH.

2.5 K Calculation

The gas-particle partition coefficient, Ky, of VOCs on Am Sulf or SA aerosol particles were
measured at 25°C and varying RH levels from 5 to 85%. The K, values were calculated using the
determined VOC concentration in the particle and gas phases using Eq. (1).

_ [voc],
“ ~Tvoc, <75 w

where [VOC], and [VOC]; are the VOC concentration in particle and air phases (g m=), and TSP
denotes the mass concentration of the aerosols (g m=). We used a TSP level of ~500 g m=3. We
used the TSP level recorded by the SMPS, which has been experimentally validated in our
previous study (Ahn et al., 2021a).

3 RESULTS

3.1 Effect of RH on K, of Weakly Polar and Strongly Polar VOCs

Fig. 2 depicts the dependence of K, with RH at a constant temperature of 25°C for TCE and
n-BuOH partitioning onto Am Sulf aerosols. The trendlines for the K, values for both organics
decreased with increasing RH levels. For Am Sulf aerosol particles, the K, for both n-BuOH and
TCE were highest at a low RH and declined continuously at higher RH levels. The K, values at an
RH of ~40% decreased sharply for Am Sulf aerosol particles. These behaviors were similar to that
of 1,2-DCB. However, compared to 1,2-DCB partitioning onto the same aerosol particles, the
decline in K, with RH was more gradual (Fig. 2). Compared to TCE and 1,2-DCB, the K, values were
higher for n-BuOH, suggesting that it preferentially sorbed onto Am Sulf aerosol particles.

Fig. 3 depicts the dependence of K, with RH at a constant temperature of 25°C for TCE and
n-BuOH partitioning onto SA aerosol particles. Compared to the partitioning of these organics
onto Am Sulf aerosol particles, the K, decline slowly with increasing RH levels. At all RH levels,
the K, varied only within an interval of ~5 x 1072 for TCE (Fig. 3(a)) and ~10 x 1073 for 1,2-DCB.
The most extensive interval range was for n-BuOH, which fluctuated by an interval of ~20 x 1073,
However, compared to 1,2-DCB partitioning onto the same aerosol composition, K,’s decline with
RH was more gradual. The Kps for n-BuOH were higher than those for TCE and 1,2-DCB (Figs. 2
and 3), consistent with their observed behavior on Am Sulf, suggesting preferential sorption.

Overall, the K;s for the three VOCs partitioning into Am Sulf aerosol particles were higher than
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Fig. 2. The K, of (a) TCE, (b) n-BuOH, and (c) 1,2-DCB (Ahn et al., 2021a) partitioning into Am Sulf aerosol at 25°C at different RHs.
Error bars are one standard deviation from the mean, which were taken from triplicate measurements.

Aerosol and Air Quality Research | https://aaqr.org 5 of 15 Volume 21 | Issue 11 | 210094


https://doi.org/10.4209/aaqr.210094
https://aaqr.org/

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210094

(a) 20

(a)

3 13,

K, (mug, 167
3
1

T T T
20 40 60
Relative Humidity (%)

35 20—
(b) (c)
30 -
15
25
2 20 °
& -
= 210
& 15 E
' &
10 -
5 } 5
L]
| =
0 0
T 1 T T T T 1 T T T T 1
80 100 20 40 60 80 100 20 40 60 80 100
Relative Humidity (%) Relative Humidity (%)

Fig. 3. The K, of (a) TCE and (b) n-BuOH, and (c) 1,2-DCB (Ahn et al., 2021a) partitioning into SA aerosol at 25°C. Error bars are
one standard deviation from the mean, which were taken from triplicate measurements. Solid lines are not fit but were drawn

as a guide only.

those onto SA aerosol particles. In general, the K, for TCE, n-BuOH, and 1,2-DCB partitioning onto
Am Sulf aerosol particles were ~5x, ~10%, and ~600x higher than onto SA aerosol particles. As the K,
of Am Sulf aerosol were 1.36 x 1073 to 3.96 x 1072 for TCE and 1.57 x 108 to 1.19 x 107° for
n-BuOH, the K, of n-BuOH was four orders of magnitude higher than those for TCE. For the
partitioning onto SA aerosol particles, the K, were 4.45 x 1073 to 8.99 x 1073 for TCE and 4.80 x
10®to0 1.78 x 107 for n-BuOH. The K, of n-BuOH was five orders of magnitude higher than those
of TCE.

3.2 Evolution in Aerosol Properties at Different RH Levels

We monitored changes in the properties of Am Sulf and SA aerosols for ~8 h at different RH
levels (Fig. 4). The particle median diameter appeared to be less affected by RH even at higher
RH levels. The size of SA aerosol particles was slightly larger than those of Am Sulf aerosol
particles; average particle median diameter was 95 £ 7 nm for Am Sulf aerosol particles and 108
+ 12 nm for SA aerosol particles. For both aerosol types, we observed that the TSP and particle
number concentration fluctuated more at an RH of ~85% but were stable at lower RH during the
8-h monitoring. The particle number concentrations for Am Sulf aerosol were 5.37 x 10°cm™ at
an RH of 5% RH, 5.65 x 10°cm™ at 35% RH, 5.48 x 10°cm~ at 65% RH, and 5.52 x 10 cm™ at
85% RH. Although the particle number concentration as depicted in Fig. 4 fluctuated the
concentration remained within 10°cm™, except at an RH of 85%, which increased by an order of
magnitude. Particle number concentrations of SA aerosol particles were 5.56 x 106 cm™3, 6.24 x
10°cm3, 5.86 x 10° cm™3, and 9.90 x 10° cm™ at RH levels of 5%, 35%, 65%, and 85%, respectively.
At an RH of 85%, the number concentration for Am Sulf aerosol particles fluctuated intensely but
stabilized after 4 h and resulted to higher TSP compared to those at lower RH levels. At similar
RH level, the number concentration for SA aerosol particles also fluctuated for 4 h, but the TSPs
were within a similar level to those measured at lower RH levels. Higher fluctuations in TSP only
occurred for Am Sulf aerosol. We did not observe intense fluctuations of the TSP for SA aerosol.
The TSPs measured by the SMPS were at similar levels for Am Sulf and SA aerosols, which were
1,930 + 461 and 1,952 + 715 g m~3, respectively. Note that the high uncertainty was due to the
strong fluctuations at an RH of ~85%. TSP and particle number concentration became slightly
larger during the 8-h measurement at all RH levels.

4 DISCUSSION

Although the mass fraction of VOCs that partitions into aerosol particles is less compared to
SVOCs, VOCs dominate the class of atmospheric and indoor pollutants. Therefore, some highly
abundant VOC can reach concentration levels comparable to SVOCs with very low abundance
(Hamilton et al., 2004; Matsumoto et al., 2010; Odabasi et al., 2005). This companion paper
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Fig. 4. Time-evolution of the particle size, particle number concentration, and TSP of Am Sulf and SA aerosols at different RH

levels.

described our measurement of the partitioning coefficient for TCE and n-BuOH under different
RH levels and aerosol composition. We compared them with our earlier studies on 1,2-DCB (Ahn
et al., 2021a). The K, values for TCE and n-BuOH were at similar ranges to those measured for
different aerosols sampled from diverse sources (Arp et al., 2008) and were at similar orders to
that of 1,2-DCB (Ahn et al., 2021a). Overall, results showed that: (1) VOC partitioning onto Am Sulf
was higher than onto SA aerosol particles; (2) partitioning on SA was affected less at all RH levels,
whereas partitioning onto Am Sulf aerosol particles was affected only at low RH level.
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4.1 Partitioning Mechanism

Gas-particle partitioning of organics can proceed via absorption (i.e., diffusion into the bulk of
the aerosol) and adsorption (i.e., interacts with the active surface sites) (Pankow, 1994). Although
the dominant partitioning mechanisms are unclear, it is well known that environmental conditions
(Goss and Schwarzenbach, 1998), more importantly, RH and temperature, and aerosol composition
modulate these processes. However, the effects of RH are tightly coupled with the surface chemistry
of the particles (Sobanska et al., 2015). In general, partitioning of the VOCs onto Am Sulf was
likely via adsorption at an RH < 40%, whereas above this RH, the partitioning was more plausibly
via absorption. VOC partitioning onto SA aerosols appears to proceed via adsorption at all RH
levels, perhaps except at saturated RH since dried SA aerosol only deliquesces at an RH ~99%
(Bilde and Svenningsson, 2004). Our earlier paper described the effects of temperature (5—35°C)
for the partitioning of TCE and n-BuOH (Ahn et al., 2021b). Partitioning of TCE is independent of
temperature as deemed from the constant enthalpy of desorption consistent with the classic v'ant
Hoff relationship (In K, vs. 1/T). However, partitioning of n-BuOH strongly depends on temperature,
resulting in a non-linear behavior (Ahn et al., 2021b). At a constant RH, but increasing temperature,
absolute humidity increases; under such conditions, n-BuOH forms various complexes with water
(Delaco et al., 2016) with different desorption enthalpies (Ahn et al., 2021b).

4.2 Effect of RH

Although the fit uses at most four data points, similar to that for 1,2-DCB (Ahn et al., 2021a),
the partitioning of TCE and n-BuOH onto Am Sulf aerosol followed an exponential relationship
between K, and RH in which In K, = —C x RH + E, where C and E are VOC- and aerosol-specific
constants) (Goss, 1992; Goss and Eisenreich, 1997). For the three VOCs we studied, regardless of
the polarity, RH has a negligible impact above 50%, consistent with those reported in the literature
(Arp et al., 2008; Cotham and Bidleman, 1992; Jathar et al., 2016). The results for TCE and n-BuOH,
and that with our previous study with 1,2-DCB, suggest that aerosol-specific properties strongly
affect partitioning behavior than do VOC-specific properties. The overall K, values of TCE and n-BuOH
decreased as the RH increased for organic and inorganic aerosols at 25°C. However, sorption of
the VOCs onto SA aerosol regardless of their polarity did not fit the exponential dependence of K;
with RH. This result suggests that partitioning behavior is driven more by aerosol-specific properties
than do the VOCs’ properties; under such a mechanism, it appears that the VOC’s polarity has
less impact on partitioning.

4.3 Effect of Water Uptake

Absorption of water has a considerable impact on partitioning. At high RH, water vapor can
compete with the adsorption sites on the aerosol. At RH levels of 50 to 70%, the liquid water
content of atmospheric aerosols accounts for ~10% of the total particulate mass and increases
significantly at RH > 70% (Pilinis et al., 1989; Thibodeaux et al., 1991). For instance, organic-phase
water can increase the aerosol mass, providing a larger absorbing matrix for organics (Jathar et
al., 2016). Am Sulf aerosol particles deliquesce at high RH (~82%) (Brooks et al., 2002) and highly
hygroscopic. Still, even under low RH, uptake of water can cover active sites on the aerosol
particles, which will decrease the mass fraction of adsorbed organics onto the aerosol. On Am
Sulf aerosol particles, partitioning is dominated primarily by the aerosol particle’s higher active
surface sites at low RH (adsorption) (Goss and Schwarzenbach, 1999b). On SA, water covering
the active sites was less pronounced because SA is less hygroscopic than Am Sulf. Therefore, the
number of active sites remained almost constant, which may explain the slow decline in K;
(Fig. 3(b)) as the RH increased. For SA aerosol particles, the dissolution of the VOCs in the aerosol
water was not likely the mechanism because SA deliquesces at a high RH (Bilde and Svenningsson
2004). SA droplets do not deliquesce even at 90% RH as deemed from a single-droplet study at
25°C (Peng et al., 2001). Smaller particles of SA have a higher deliquescence RH (DRH) of 99%
(Bilde and Svenningsson, 2004). Moreover, the growth factor of SA (RH of 10% and 90%) was ~1,
suggesting that they are not hygroscopic within this RH range (Peng et al., 2001). Therefore,
below saturated RH, dry SA aerosol particles introduced into the chamber was not expected to
grow. However, in Fig. 4, we observed a slight change in the particle median diameter as the RH
increased (Hameri et al., 2000). It is known that small soluble and insoluble particles increase in
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size well below the DRH because of the adsorption of water onto their surfaces (Hameri et al.,
2000). The lesser effect of RH on the K, of the VOCs partitioning onto SA is consistent with these
observations. For small Am Sulf particles, DRH is influenced by two effects. First, the solubility of
a crystal increases as its size decreases, lowering the DRH. Particles smaller than 100 nm have a
DRH of 79.9% (Tang and Munkelwitz, 1993). Even submicron particles of pure AS have a DRH =
80.7 £ 0.2% (Laskina et al., 2015; Liu et al., 2016; Wang et al., 2017). Small SA particles <200 nm
require overcoming an energy barrier to uptake water (Brooks et al., 2002; Wex et al., 2007).
Second, when the particles deliquesce, water vapor pressure increases, increasing the DRH
(Hameri et al., 2000). Aerosols consisting of mixed components have significantly different DRH
than aerosol consisting of single solute, such as this study. Aerosol consisting of a mixture of salts
effloresces at 15-40% RH, crystalizes simultaneously, and deliquesces at 63.6% (Tang and
Munkelwitz, 1993; Wu et al., 2019). Thus, for a mixed aerosol, the partitioning behavior will differ
from an aerosol consisting of one solute.

4.4 Effect of the VOC’s Physicochemical Properties

We observed that moderately polar, weakly polar, and nonpolar aromatic VOCs have similar
behavior on Am Sulf aerosol particles as shown by their trendlines in Fig. 2. However, the nature
of the organics (for instance, polarity and solubility) dictates the VOC’s mass fraction that will
sorb onto aerosol particles. Below the DRH, aerosol particles can absorb sufficient amount of
water. Hence, to some extent, the aerosol particle’s surface is covered with water layers, in which
the VOCs can dissolve. At higher RHs (> 35%), the VOCs partitioned onto Am Sulf by dissolving
into the aqueous phase. The amount of the VOCs that partitioned into the aerosol particles was
inconsistent with the trend in water solubility of the VOCs. Although to some extent, compounds
with high water solubility such as n-BuOH (66X higher than TCE) had a higher mass fraction
partitioned onto both aerosols. However, solubility alone does not dictate mass transfer of a VOC
onto aerosols. The solubility of the 1,2-DCB, TCE, and n-BuOH at 25°C were 1.56, 11.8, and
680 wt%, respectively. Whereas, in general, the K, of 1,2-DCB, TCE, and n-BuOH at 25°C were on
the order of 107, 107*3, and 1078, respectively (He et al., 2010). The saturated vapor pressure,
dimensionless Henry’s law constant (H.), and octanol-air partition coefficient (Kos) (Table 2) of
the VOCs did not result in a consistent trend with Kp. For VOCs, Koq is not applicable compared to
their use for predicting K, of SVOCs. The relationship of K, with increasing RH (i.e., being
exponential) is identical for the three VOCs regardless of their polarity. However, at a similar RH
level, the mass fraction that will sorb onto the aerosol particles is to some extent influenced by
the VOC's polarity and their capacity to interact with the aerosol particles’ active sites.

4.5 VOC/Aerosol Interactions

In general, for both aerosol types, we ascribed the larger K, at an RH ~10%, to Van der Waals
interaction between the VOC and the aerosol particles’ surface. TCE, a weakly polar compound,
interacts strongly with the surface of Am Sulf aerosol particles via Van der Waal’s interaction
(Schwarzenbach et al., 2016), as deemed from the higher partitioning constant compared to
those of SA aerosol particles. We observed a similar behavior with the other two VOCs as well.
For real atmospheric aerosol consisting of hydrophobic components, this observation is
applicable since nonpolar and weakly polar VOCs are less affected at RH levels of 50-90% because
they preferentially partition into that phase (Cotham and Bidleman 1992; Jathar et al., 2016). At
low RH, TCE interacts with molecular layers of water (Goss and Schwarzenbach, 1999b), on the
surface of Am Sulf aerosol via Van der Waal’s interaction. Despite the relatively higher solubility

Table 2. Experimental and selected literature physicochemical properties of the VOCs

VOC Experimental Solubility Vapor Pressure  Dimensionless Henry’s Octanol-air Partition
log Kp (wt%) (Torr) Law Constant (HL) Coefficient (Koa)

1,2-DCB -11 1.56 1.36 7.8x 1072 4.36

TCE -13 11.2 69 4.2 x 107! 2.99

n-BUOH -8 680 7 3.6x 107 4.19

Data were taken from the National Institute of Standards and Technology except the experimental log K.
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of TCE in water to that of 1,2-DCB, the levels were similar because TCE is weakly polar and can
interact with the water in the aerosol particles better by Van der Waals interaction. However,
between the two types of aerosols, Van der Waals interaction of TCE with SA aerosol particles is
weaker compared with Am Sulf aerosol particles.

The faster decline in the K, values even at a lower RH for Am Sulf aerosol particles is due to
water film (Goss and Schwarzenbach, 1999b) covering the aerosol particles. Once the aerosol
particle is covered with water the number of active sites available for the adsorption of the VOCs
is reduced. At high RH, water solvates and ionizes Am Sulf aerosol. Dissolved ions interacted
strongly with water, which reduced VOC uptake onto Am Sulf aerosol particles. The small mass
fraction that partitioned onto the aerosol particles occurred via dissolution, the extent of which
depends on the VOC's properties. However, deactivation of these sites due to water was less
intense for SA aerosol particles since they deliquesce only at saturated RH. Moreover, SA aerosol
particles are less hygroscopic than Am Sulf aerosol particles. Thus, at almost all RH levels, the
partitioning of TCE and n-BuOH on SA primarily occurred via adsorption on the aerosol particle’s
surface via Van der Waals interactions (Goss, 1993; Schwarzenbach et al., 2016). Of the three VOCs,
n-BuOH had the highest Kp. This behavior is expected since n-BuOH can form a strong hydrogen
bond with the adsorbed molecular water layer on Am Sulf or SA aerosols and with the carboxyl
groups in SA. At high RH, water vapor competes strongly with n-BuOH for the available sorption
sites on the aerosol particle’s surface resulting in a slight decline in K.

Since we used a simple model aerosol, the interaction does not account for the complexity of
aerosol systems. Ambient atmospheric aerosols contain multiple components that are susceptible to
phase separate depending on the condition—more importantly—RH. Phase separation can induce
the aerosol to form various structures (Freedman, 2020, 2017; You et al., 2012). The formation of
such structures and multiphase systems may interact with VOC differently. Hence, a model aerosol
we used in this experiment will substantially exhibit drastically different partitioning behavior.

Only limited studies have assessed the health impacts of aerosol-bound VOCs, partly because
of the limited data on their partitioning. VOCs' contribution in aerosol particles is often excluded
in inhalation exposure assessment because it is assumed that their amount in aerosol particles is
negligible. However, aerosol- and VOC-specific properties and environmental conditions affect
partitioning. Thus, chronic exposure to aerosol-bound VOCs may be a significant concern depending
on the VOC type and the prevailing environmental condition (e.g., RH, temperature). For example,
formaldehyde is more polar and water-soluble despite being highly volatile relative to the VOCs
we investigated in this study. Such a VOC class may amplify our inhalation risk because of the
high mass partitioning onto aerosol particles. Our experimentally derived K, when coupled with
particulate matter (PM) concentration data in cities worldwide and the PM fractions deposited
into the different regions of the respiratory system, can be used to calculate the regional mass
deposition for some VOCs. These data can be used for assessing risk and improve our knowledge
of the human health impacts of aerosol-bound VOCs.

5 CONCLUSIONS

Many contaminants of concern in the environment are VOCs, which may be released into the
environment from chemical spills, use and disposal of chemicals, and other activities. VOCs are
subject to transfer between media. Partition coefficients are critical for predicting the fate and
transport of VOCs in the environment and assessing exposure to them. In general, partitioning of
the VOCs onto Am Sulf aerosol particles was likely via adsorption at an RH < 40%, whereas above
this RH, the small amount detected on the aerosol potentially partitioned via absorption. On Am
Sulf aerosol particles, partitioning proceeds via by adsorption due to the aerosol’s higher active
surface sites at low RH. It appears that aerosol-specific properties strongly affect partitioning
behavior than do VOC-specific properties. For TCE, a weakly polar compound, interacted strongly
with the surface of Am Sulf aerosol particles via Van der Waal’s interaction, as deemed from the
higher partitioning constant compared to those of SA aerosol particles. The faster decline in the
Ky, values even at a lower RH for Am Sulf aerosol particles is due to water film covering the surface
and is more hygroscopic than SA aerosol particles. Deactivation of active sites by water was less
intense for SA aerosol particles because they deliquesce only at nearly saturated RH. n-BuOH had
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the highest K, which we attribute to its ability to form strong hydrogen bond with the adsorbed
molecular water layer on both aerosols. These studies were conducted on simple model aerosols.
Future studies should investigate more complex aerosols as aerosol-specific properties appear
to dictate partitioning. We expect that a more complex aerosols would behave substantially
different from our model aerosols. These experimental gas-particle partitioning data can be used
for developing VOC-specific models. Results can be used to improve the prediction of the impacts
of VOCs on health and the environment.
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