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ABSTRACT: In the presence of inorganic salts, secondary organic
aerosol (SOA) undergoes liquid—liquid phase separation (LLPS),
liquid—solid phase separation, or a homogeneous phase in ambient
air. In this study, a regression model was derived to predict aerosol
phase separation relative humidity (SRH) for various organic and
inorganic mixes. The model implemented organic physicochemical
parameters (ie., oxygen to carbon ratio, molecular weight, and
hydrogen-bonding ability) and the parameters related to inorganic
compositions (i.e., ammonium, sulfate, nitrate, and water). The
aerosol phase data were observed using an optical microscope and
also collected from the literature. The crystallization of aerosols at
the effloresce RH (ERH) was semiempirically predicted with a
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neural network model. Overall, the greater SRH appeared for the organic compounds with the lower oxygen to carbon ratios or the
greater molecular weight and the higher aerosol acidity or the larger fraction of inorganic nitrate led to the lower SRH. The resulting
model has been demonstrated for three different chamber-generated SOA (originated from p-pinene, toluene, and 1,3,5-
trimethylbenzene), which were internally mixed with the inorganic aqueous system of ammonium—sulfate—water. For all three SOA
systems, both observations and model predictions showed LLPS at RH <80%. In the urban atmosphere, LLPS is likely a frequent

occurrence for the typical anthropogenic SOA, which originates from aromatic and alkane hydrocarbon.

1. INTRODUCTION

Particulate matter (PM) is one of the major criteria pollutants
that has a significant impact on human health"” and climate
forcing.‘g’4 PM are often mixtures of water, inorganics, and
organics, which are sourced from both primary emissions and
secondary products formed through the atmospheric reaction
of precursors.” Complex sets of inorganic and organic mixtures
frequently show a dynamic phase transition such as liquid—
liquid phase separation (LLPS), homogeneous aerosol phase
(HAP), and liquid—solid separation under relevant environ-
mental conditions. The aerosols scatter and absorb solar
radiation, which may be changed during the phase transition. A
recent study by Fard et al.’ showed that aerosol optical
properties can be modified due to the changing of aerosol
phase state and consequently alter the aerosol radiation
forcing. The changing of aerosol phase state also modifies
their ability to act as nuclei for cloud droplets’ and the
atmospheric chemistry.”

As relative humidity (RH) cycles in the ambient
atmosphere, the mixtures of orﬁanic and inorganic salts may
experience phase transition.” ' Several technologies have
been developed to study the aerosol phase state via direct or
indirect observations. For example, Parsons et al.'> developed
an electrodynamic balance to study the crystallization of single
droplets. Ciobanu et al.'® used a Raman microscope coupled
with a heating/cooling cell for the measurement of aerosol
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phase state. The optical reflectance microscope mounted with
a temperature and RH controlled flow cell was also adapted to
study the aerosol phase state of particles with diameter ranges
from 10 to 300 um.'”'*'”'® A more precise technique using
optical tweezers was recently developed by Rafferty et al."” to
study the aerosol phase state of single particles with nanometer
size. The recent study by Ohno et al.”’ used a fluorescence
aerosol flow tube spectroscopy to characterize the phase state
of inorganic and organic mixed submicron particles (100—200
nm) containing poly(ethylene glycol), ammonium sulfate, and
sodium chloride.

The aerosol phase state and the aerosol phase separation
relative humidity (SRH) of various organic—inorganic mixtures
were predicted previously using a semiempirical equation in
terms of the oxygen to carbon (O/C) ratio of organic.m’m’w’18
The resulting model is a rough approximation of the aerosol
phase state and is robust for the predicting of aerosols with
extremely low O/C ratio (<0.3) or extremely high O/C ratios
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(>0.8). For typical ambient aerosols, which O/C ratio often
ranges from 0.3 to 0.8, the predicted aerosol phase state
remains a large uncertain. In addition, aerosol acidity can also
impact the phase transition of inorganic/organic mixed
aerosols.'” Therefore, a more elaborate prediction model
with the consideration of various physicochemical parameters
of organic and inorganic compounds is needed.

Machine learning (ML) can provide a useful tool for the
semiempirical prediction of aerosol properties. Deep learning
neural network, a typical machine learning method, has been
increasingly agplied in the prediction of air qualities and
emissions.”” " Deep learning can have customized structures
for different goals, such as classification, regression, and
prediction. On the other hand, ML model could be overfitted
with a small database and has generally more complex model
parameters compared to traditional regression models.

In this study, SRH of various organics that were internally
mixed with different inorganic compositions was observed
using the optical microscope, which was mounted with a
temperature and humidity-controlled flow cell. The newly
added data in this study and the reported literature
values®'*'*'7?*® were used to derive a multilinear regression
model to predict SRH as a function of various physicochemical
parameters (i.e., salt compositions, inorganic to organic ratios,
O/C ratios of the organics, and molecular weight). In addition,
the prediction of effloresce RH (ERH) of the inorganic species,
which was semiempirically estimated using a deep neural
network as a function of inorganic compositions, was applied
to determine whether SRH is higher than ERH. The model
was also demonstrated by measuring SRH for three-chamber-
generated secondary organic aerosol (SOA) (toluene, 1,3,5-
trimethylbenzene, and f-pinene) mixed with inorganic salts
(i.e, ammonium hydrogen sulfate). Toluene and 1,3,5-
trimethylbenzene are abundant in the urban environment,”
while pS-pinene is one of the important biogenic SOA
precursors in rural areas.

2. MATERIALS AND METHODS

2.1. Measurement of Aerosol Phase State. Table 1 lists
model organic compounds used for the measurement of
aerosol phase state in the presence of various inorganic
compositions. Four carboxylic acids and one alcohol were
investigated for the study of the aerosol phase state. All of the
organic chemicals used for the experiments were purchased
from Sigma-Aldrich: mesaconic acid (99%), azelaic acid
(98%), suberic acid (98%), 1,4-butanediol (99%), and adipic
acid (99%). The O/C ratio for the selected organic species
ranges from 0.44 to 0.8. A detailed experimental condition for
the observations of SRH used in this study is listed in Table S1
(Supporting Information).

Figure S1 illustrates the experimental setup for the
measurement of aerosol phase state using the microscope
(B120, Amscope Inc.) mounted with a specifically fabricated
flow cell. The organic species were mixed with different
inorganic salts in 3 mL of water/methanol (1:1 in volume).
The aerosols were generated by passing clean air through a
nebulizer (Pari LC star, Starnberg, Germany) and impacting
on a 13 mm diameter transparent Teflon film. Methanol was
quickly evaporated during the nebulization. The Teflon film
was immediately put into the flow cell for the observation of
the aerosol phase state. An inline water vapor analyzer (RH-
300, Sable Systems International Inc.) was used to monitor RH
inside the flow cell. The inline RH sensor was calibrated using

Table 1. Experimental Conditions for the Measurement of
Phase Separation Relative Humidity (SRH) of Model
Organic Compounds

exp no. compounds O/C  fumon" IOR” average SRH (%)°

1 mesaconic acid 0.80 0.50 2.07 53.0 + 3.5
2 mesaconic acid 0.80 0.59 1.92 0

3 mesaconic acid 0.80 0.67 0.97 0

4 azelaic acid 0.44 0.50 1.92 >95.0

S azelaic acid 0.44 0.67 0.56 91.7 + 2.1
6 azelaic acid 0.44 0.86 1.95 88.0 + 2.7
7 suberic acid 0.50 0.50 2.02 >95.0

8 suberic acid 0.50 0.67 2.11 783 + 3.8
9 suberic acid 0.50 0.80 1.97 76.7 + 5.1
10 suberic acid 0.50 1.00 0.50 753 £ 4.5
11 1,4-butanediol 0.50 1.00 0.94 0

12 1,4-butanediol 0.50 0.50 1.90 62.3 + 2.5
14 adipic acid 0.67 0.50 1.92 90.0 + 2.0
15 adipic acid 0.67 1.00 1.96 S1.3 £3.5
16 adipic acid 0.67 0.71 1.98 692 + 2.6
17 adipic acid 0.67 1.00 2.08 54.0 £ 4.7
18 adipic acid 0.67 0.84 1.98 57.7 £ 3.6
19 adipic acid 0.67 0.91 1.94 574 £ 4.1
20 adipic acid 0.67 0.55 2.00 79.5 + 2.6
21 adipic acid 0.67 0.63 2.00 72.0 £ 3.0

“fonion is the fraction of anion valence charges to total ions valence
charges. IOR is the mass ratio of dry inorganic products to organic
products. “The averaged SRH and the associated errors were
calculated by three replicates. SRH equal to 0 when LLPS was not
observed for RH greater than ERH of the inorganic species.

dry nitrogen gas (RH = 0%) and a bubbler flask, which was
saturated with water vapor at a temperature lower than the
temperature of the inline RH sensor (RH = 100%). RH was
controlled by manipulating the airflow (~1 L min™') by
passing clean and dry air through a water bubbler. The initial
RH in the flow cell was set to ~95% after inserting the particle
impacted Teflon film and allow to equilibrate for 10 min.
Then, RH decreased at a rate of 0.8—1% per minute. The
temperature of the flow cell was ~298 K during all of the
experiments. The sizes of the observed particles are ranged
from 20 to 30 um before adjusting RH. The video of the
aerosols was recorded at 5 frames per second until RH reached
5% or ERH. The measurements were repeated three times for
each combination of the organic compound and inorganic
compositions. The measurement method and the aerosol
equilibrium time were examined by measuring the ERH of
pure ammonium sulfate inorganic particles. The estimated
ERH of ammonium sulfate particle is 45.5 + 3.0%, which is
similar to the reported value, ~45% for 20 ym of particles.” >
An example of the optical image for the aerosol phase
transition is shown in Figure S2.

2.2. SOA Generated Using an Outdoor Photo-
chemical Reactor. SOA was produced from the photo-
oxidation of three different hydrocarbons: f-pinene, toluene,
and 1,3,5-trimethylbenzene using the Atmospheric PHoto-
chemical Outdoor Reactor (UF-APHOR) dual chamber (52
m? each) located at the University of Florida in the presence of
NO,. The detailed information for the operation of the
outdoor photochemical reactor has been described in the
previous studies.”*™>® Briefly, the hydrocarbons were evapo-
rated into the outdoor chamber with heating. Four hundred
parts per billion of nonreactive CCl, (Sigma-Aldrich; >99.5%)
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Table 2. Chamber Experimental Conditions for SOA Samples to Measure SRH

experimental conditions

precursors date” consumed hydrocarbon (ppb)
p-pinene 03/04/2021-E 311
toluene 03/14/2021-E 792

1,3,5-trimethyl-benzene 03/14/2021-W 684

a«

HC/NO, (ppbC/ppb)  temp. (K)  RH (%)  SOA yield” (%)
23.1 280—308 29-90 59
22.1 286—315 21-89 10.9
21.8 287-315 27-94 4.45

E” and “W” denote the east side and west side of the UF-APHOR outdoor photochemical dual reactor, respectively. “SOA yield is estimated

using the concentration of total organic matter normalized by the consumption of hydrocarbons. The total organic matter concentration was
corrected by the particle loss to the chamber wall. The SOA vyields were estimated at the end of each experiment.

was used as the indicator for chamber dilution. Hydrocarbons
and NO (2% in N,, Airgas Inc.) were introduced into the smog
chamber before sunrise. The concentration of gas-phase HCs
was monitored by a gas chromatography flame ionization
detector (GC-FID) (78204, Agilent Technologies, Inc.). The
concentrations of ozone and NO, were continuously
monitored by a photometric ozone analyzer (400E, Teledyne
Technologies, Inc.) and a chemiluminescence NO/NO,,
analyzer (T201, Teledyne Technologies, Inc.), respectively.

The particle size distribution was monitored using a
scanning mobility particle sizer (SMPS 3080, TSI Inc.). The
meteorological factors, such as temperature, relative humidity
(RH), and sunlight intensity, were monitored both inside and
outside of the smog chamber using a hygrometer (CR1000
measurement and control system, Campbell Scientific Inc.)
and an ultraviolet radiometer (TUVR, Eppley Laboratory
Inc.), respectively. The concentration of organic carbon in
aerosol was monitored using an organic carbon/elemental
carbon aerosol analyzer (OC/EC model 4, Sunset Laboratory
Inc.) for every 50 min. The aerosols were also monitored by an
aerosol chemical speciation monitor (ACSM, Aerodyne
Research Inc.). The concentration of OM produced in the
chamber was corrected for both chamber dilution using the
dilution factor and the particle loss to the chamber wall using a
particle loss factor. The resulting ACSM compositions were
used to estimate the organic nitrate formation. SOA yields (Y)
were then calculated as the maximum concentration of OM
divided by the consumption of HC precursors. The detailed
experimental conditions of outdoor chamber experiments are
summarized in Table 2.

SOA was collected by sampling onto a 13 mm Teflon-coated
glass fiber filter (Emfab TX40 HI20 WW; Pallflex Corp.,
Putnam). The filters were weighted using an analytical balance
(MXS; Mettler-Toledo Ltd., England) before and after the
sampling. After the collection of samples, the filters were
immediately extracted by 3 mL of water/methanol mixture
(1:1 in volume) and then internally mixed with inorganic
aqueous salts. The extraction efficiency was calculated by the
weighted dry filter mass before and after the extraction. The
estimated extraction efficiency of filter samples was nearly
100%. The inorganic/organic mixture was used for the
measurement of SRH. The O/C ratio of the chamber-
generated SOA was calculated using the filter mass, the
organic carbon concentration by OC/EC, the reference value
of H/C ratio (1.1-1.6),””* and the fraction of organic nitrate
measured by ACSM (5—10%). The detailed calculation
method is described in Section S3 in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Efflorescence Relative Humidity Prediction Using
a Deep Neural Network. The phase state data collected in

this study contained both LLPS particles, homogenous liquid
phase particles, and solid-core liquid-shell particles. In
particular, the SRH of the solid-core liquid-shell particle was
lower than the ERH and recorded as 0%. Thus, the solid-core
liquid-shell particle cannot be directly applied to the prediction
of aerosol phase state and was excluded from phase state data.
In this study, the ERH of the salted aqueous solution was
semiempirically predicted for inorganic salts frequently found
in ambient air (i.e., ammonium, sulfate, and nitrate ions). In
general, the prediction of ERH for a multicomponent aerosol is
much more complicated than that of pure inorganic salt. The
crystallization of a multicomponent salt may involve both
heterogeneous nucleations of salts and homogenous nucleation
depending on the interaction between ions.”"** Owing to its
nonlinearity, a machine learning model by a deep neural
network approach was employed to predict ERH of
atmospherically abundant inorganic salts, which comprise
ammonijum, sulfate, and nitrate ions. Two inputs were used:
the molar fraction of nitrate to total anions (f..) and the
fraction of anion charges to total ions charges except proton

(i-, funion = 0.5 for ammonium sulfate and f,,;,, = 1 for sulfuric
acid)

£ = n(NO,”) + 2 X n(SO,*7)
anion n(NO3_) +2 % H(SO42_) =+ n(NH4+) (1)

For the derivation of the model, the literature data were used
(Table S$3).>**** Data augmentation was also applied by
introducing random noise (<5%) within the uncertainties of
input variables. After then, the database was randomly divided
into a training set (120 cases) for fitting of model parameters
and a validation set (30 cases) for the evaluation of model
performance.

The architecture of the neural network used in this study is
shown in Figure S4 in the Supporting Information. Two
hidden layers were included with five neurons in total. The
detailed information of the neural network used in this study is
explained in Section S2. The number of neurons was optimized
by minimizing the neurons without decreasing the prediction
accuracy. The neural network was trained based on the Keras
model using TensorFlow 2 as the backend (https://keras.io).
The mean squares errors (MSE) between observations and
predictions were used as the loss function for the evaluation of
training performance. The training and validation were
performed on an NVIDIA Tesla K80 GPU cloud machine
provided by the Microsoft Azure machine learning studio. The
model was trained for 1000 epochs or until the validation loss
reached the minimum. Figure S5 shows the model perform-
ance on the training set and the validation set. As shown in
Figure SSa, the MSE between the training set and the
validation set has no significant difference indicates that the
model is robust. Figure S5b shows the predicted ERH of
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Figure 1. Observations of phase SRH vs (a) O/C ratios, (b) hydrogen bond parameter (Hyq,q), (c) molecular weight (g mol™), (d) anion
compositions (fiion in eq 1), and (e) inorganic to organic dry mass ratio (IOR). r is the calculated correlation coefficient. Observed data were
obtained from an optical microscope data of this study and the literature data (Table S1).

validation data vs the observations. Overall, the ERH of the
inorganic salts in the database is well predicted by the
generated model (R* = 0.913).

3.2. Correlation between Observed SRH and Phys-
icochemical Parameters. For the inorganic/organic mixed
aerosol, LLPS occurs when the organic concentration exceeds
its maximum solubility at a given inorganic aqueous solution.
The maximum solubility of an organic component in the
inorganic and organic mix is closely related to their interaction
energy as well as mixing entropy. The interaction energy can
be influenced by organic physicochemical parameters (i.e.,
polarity) and inorganic compositions that are modulated by
the type of ions and humidity (i.e., aerosol water content). The
O/C ratio is commonly used as a simple proxy for the polarity
of organic species. Additionally, the hydrogen bond parameter
(Hpona) significantly impacts the solubility of organic species in
the salted aqueous phase, which is closely related to maximum
solubility. The Hy,,q value is estimated mainly for a hydroxyl
group (number of OH) and a carboxylic acid group (1.6 X
number of COOH).”*** Molecular weight (MW, g mol™)
negatively influences organic solubility because the larger
molecule needs a greater mixing entropy to mix with water

10201

molecules.””** For inorganic compositions, in a similar manner
to the prediction of ERH (Section 3.1), finion a0d fyiae Were
employed in the predictive model.

To investigate the influence of aerosol’s physicochemical
parameters on phase state, the SRH data were plotted to O/C
ratios (Figure la), MW (Figure 1b), Hyona (Figure 1€), funion
(Figure 1d), and inorganic to organic dry mass ratio (IOR)
(Figure le) for various organic and inorganic mixtures. SRH
data were selected for those when SRH was higher than the
ERH of inorganic salts. The ERH of inorganic salts was
predicted by the model derived in Section 3.1. Amon% total
136 data (Table S1), including literature values®''>!'7*% and
the measurements of this study, 117 data were feasible when
SRH was higher than the predicted ERH of the inorganic salts.
Within the feasible data, 89 mixtures undergo LLPS over the
experimental RH ranges and the others remain in a
homogeneous phase.

As seen in Figure 1, the O/C ratios of organic compounds
exhibit the strongest correlation with the observed SRH
(correlation coefficient: r = —0.628). For the O/C ratio greater
than 0.8, aerosol is homogeneous in most cases. Similar to the
results reported by previous studies,"”"""”** when the O/C
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Figure 2. Observed SRH vs the predicted SRH using the derived equation from (a) this study, (b) the study by Bertram et al.,'” and (c) the study
by You et al.'"’ The observed data were obtained from an optical microscope data of this study and the literature (Table S1).

ratio ranges between 0.4 and 0.8, the role of O/C ratios on
SRH is somewhat uncertain, indicating that SRH is also
impacted by other physicochemical parameters. In general, the
higher SRH appears with the lower O/C ratio, which accords
with the previous laboratory studies.'”*® In a similar matter,
the H,,,q parameter is negatively correlated with the observed
SRH (r = —0.473 in Figure 1b). MW, however, showed a
weakly positive correlation with the observed SRH (r = 0.411
in Figure 1c) due to the poor solubility of the organic
compound with a large MW.

Acidic aerosols appeared in ambient, but their SRH were not
well studied. Thus, in this study, the SRH data for acidic
aerosols (fy,on between 0.67 and 1 in Figure 1d) was newly
added. LLPS was observed when aerosol pH is close to neutral,
which homogeneous phase appeared at a lower pH. For
example, the SRH dropped from 90 to 54% when f,;,, mixed
with adipic acid increased from 0.5 to 1 based on the
experimental data of this study. The more acidic aerosol was
more hygroscopic, lowering ionic strength. This tendency was
also consistent with the previous observations by Losey, Ott,
and Freedman.'* However, the f,,;., parameter was not enough
to represent the impact of inorganic composition on SRH. In
the f,ion scale, f,nion of ammonium nitrate is the same as that of
ammonium sulfate. In general, ammonium nitrate is more
hygroscopic than ammonium sulfate. The study by You,
Renbaum-Wolff, and Bertram'’ reported the lower SRH of the
ammonium nitrate/organic compound mix than that of the
ammonium sulfate/organic compound mix. Therefore, f ;i
was introduced to the model. In addition, the IOR values of
this study were mostly ranged between 0.5 and 2 and weakly
correlated with SRH (r = 0.094, Figure le).

To investigate the correlation between SRH and model
parameters in the absence of the influence by the inorganic
composition, the data with ammonium sulfate (59 cases) were
chosen, as seen in Figure S3. All correlation coefficients (r
values) were enhanced compared to those in Figure 1. The
correlation of the O/C ratio with SRH was slightly enhanced
from —0.628 to —0.639 (Figure S3a). However, a significant
improvement appeared in the correlation coeflicients of SRH
with other parameters such as Hy,,q (—0.473 to —0.633 in
Figure S3b), MW (0.411—0.571 in Figure S3c), and IOR
(0.049 to —0.244 in Figure S3d). The previous study by You
and Bertram"” showed that the SRH of inorganic—organic
mixed aerosol does not have a strong dependence on organic
MW. However, by choosing more diversified chemical species
and various experimental conditions in this study, MW showed
a moderate dependence on SRH. Overall, O/C ratios showed
the strongest correlation to observed SRH data, followed by
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Hy,,q and MW. Inorganic-related parameters, f,;., and IOR
ratios, are somewhat weak but still statistically significant.

3.3. Semiempirical Model to Predict SRH. A multilinear
regression model was derived to predict the SRH of organic
aerosol internally mixed inorganic salts using the physico-
chemical properties of organic species and inorganic composi-
tional parameters. As discussed in Section 3.2, six model
Parameters) O/C) Hbond} MW) fanion) fnitrate} and IOR were
included to fit a polynomial equation to the data demonstrated
in Figure 1. The resulted regression model is described as

SRH = 1.3271 — 0.599 X O/C — 0.028 X Hyq
- 0.221f

nitrate
2)

All organic and inorganic parameters except MW are
negatively correlated with SRH. The higher organic solubility
in the salted aqueous phase generally reduces SRH. Organic
hydrophilicity increases with increasing O/C ratios and Hyq.
Inorganic hygroscopicity increases with increasing f,,, and
Suitratee ' The higher IOR increases an aerosol water content
potential. However, the organic compound with a large MW
increases the combinational mixing energy with water
molecules and reduces its solubility in the salted aqueous
phase.

The derived semiempirical model was applied to the
prediction of SRH for all data listed in Table S1, which
included any aerosol phase state: LLPS particle, homogeneous
phase aerosol, and solid-core liquid-shell particle. The
predicted SRH was plotted to the observed SRH in Figure
2a. To predict SRH, all parameters, O/C, f. ion fnitrater Hbonds
MW, and IOR, were statistically significant, showing that all p-
values were less than 0.05. The predictability of the SRH
ranging from 50 to 80% was relatively high. For the SRH larger
than 80%, the model slightly underestimates SRH, while for
the SRH less than 50%, the regression model tends to
overestimate SRH. The SRH lprediction using the derived
equations from previous studies' ”'” are also plotted in Figure
2b,c. The predicted SRH from this study has much better
accuracy with R* = 0.735 (MSE = 0.014) than the SRH
predicted using previously derived equations (R* = 0.4),
especially for the cases where SRH is lower than the ERH of
the inorganic compounds.

3.4. Prediction of SRH for SOA Internally Mixed with
Inorganic Salts. The SRH predictive model that was derived
from model compounds was extended to the SOA internally
mixed with inorganic salts. Unlike the model compounds (pure
organic compounds), SOA comprises various organic products
that differ in MW, O/C ratios, and H,,,q parameter. In this

+ 0.00044 X MW — 0.300 ><fanion

— 0.022 X IOR

https://doi.org/10.1021/acs.jpca.1c06773
J. Phys. Chem. A 2021, 125, 10198—10206


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06773/suppl_file/jp1c06773_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06773/suppl_file/jp1c06773_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06773/suppl_file/jp1c06773_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06773/suppl_file/jp1c06773_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06773/suppl_file/jp1c06773_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06773/suppl_file/jp1c06773_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06773/suppl_file/jp1c06773_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06773?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c06773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

study, the SRH values of the chamber-generated SOA
(oxidized from f-pinene, toluene, and 1,3,5-trimethylbenzene),
which were internally mixed with the ammonium sulfate
system (finion = 0.5—0.8), were simulated against observations
based on microscopic data. The SOA model parameters
comprising MW, O/C ratios, and H,,,q were estimated using
the aerosol composition predicted using the UNIPAR SOA
model.******* The detailed description of organic parameters
is shown in Section S3 and Table S4 in the Supporting
Information. For all SOA data, LLPS was observed when RH
was less than 90%. The predicted SRH of three aerosol
mixtures range from 0.7 to 0.95 as seen in Figure 3. For f-

1
0.9 £ @
0.8 B model: B-pinene
é 0.7 !ﬂ obs: B-pinene
] 0.6 ®m model: toluene
k3] 05 obs: toluene
@ 8': model: 1,3,5-trimethylbenzene
& 02 O obs: 1,3,5-trimethylbenzene
0.1
0

Figure 3. Modeled (model) and observed (obs) SRH for the three
different chamber-generated SOA: p-pinene, toluene, and 1,3,5-
trimethylbenzene with various IOR (0.2—0.8) and f,;,, (0.5—0.8).
The uncertainty of the predicted SRH using eq 2 was determined
based on the uncertainties in physicochemical parameters (O/C ratio,
MW, and Hy,,q in Table S3) of each SOA produced in the chamber.
The SOA is internally mixed with inorganic salts during the SRH
measurements.

pinene SOA and toluene SOA, the simulated SRH was
underestimated compared to the observations. SOA products
contain multifunctional complex structures and oligomeric
products, as discussed in Section S3. The MW and Hy,,q
parameters of some SOA products are beyond the data
employed in the predictive SRH model (eq 2) and this may
hinder the predictability of the SOA’s phase state.

4. MODEL SENSITIVITIES

The sensitivity of the predicted SRH to model parameters (i.e.,
MW, ] O/ C! Hbond Parameter; fanion) f nitrate’ and IOR) was
evaluated by changing of each model parameters while set
other parameters to the reference value (Figure 4). The
sensitivity of the predicted SRH is tested for O/C from 0 to 1,
MW from 100 to 300 g mol ™", Hyy,g from 0 to S, fnion from 0.5
to 1, fpwae from O to 1, and IOR from O to 10. For the
reference values to the model equation, MW was set to 200 g
mol ™, fivion to 0.75 (slightly acidic), foae to O (no nitrate),
IOR to 1, and Hyng to 1 (averaged for the organic mixture).
The phase state transition boundary in counter mappings was
plotted when the predicted SRH was higher than the predicted
ERH of the inorganic species. The noncolor region (white
color) represents the case where the predicted SRH is less than
the ERH of inorganic salts. When the O/C ratio is very high
(>0.8), SRH is nearly 0 and the aerosol is homogeneous above
ERH.

As discussed in Section 3.3, organic and inorganic
parameters except MW are negatively correlated with SRH
(eq 2). Therefore, the SRH decreases in the diagonal direction
in the counter map between O/C ratios and all other
parameters (Figure 4B—E) except the counter map between
O/C ratios and MW (Figure 4A). The rectangular box in
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300 5 . 1 ,
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& | ® 3[ _ 08
200 ‘ 8 2
= |
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Figure 4. Counter mapping for the sensitivity of the predicted SRH to various model parameters: (a) O/C ratios vs MW (100—300, g mol™"), (b)
O/C ratios vs hydrogen-bonding (Hy,q) parameter (0—5), (c) O/C ratios vs f,0n (0.5—1), (d) O/C ratios vs f,ae (0—1), and (e) O/C ratios vs
inorganic to organic dry mass ratio (IOR = 0.1—10). The rectangular box indicates the upper and lower boundary of the ambient SOA mixed with
an aqueous salted solution. For the reference values, MW was set to 200 g mol™, fiion t0 0.75, fuiaee to 0, IOR to 1, and Hyong to 1.
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Figure 4 illustrates the predicted SRH within the upper and the
lower boundaries of two model parameters relevant to the
ambient aerosols containing SOA and aqueous inorganic salts.
In the ambient SOA region, SRH is relatively high except for
high O/C ratios and large f .- The high SRH suggests that
the organic and inorganic mix prefers LLPS for the low to mid-
RH conditions (<0.7) in ambient air. The variation of IOR is
large in ambient aerosol ranging from 0.1 to 10°°7>* and its
corresponding SRH change is also large ranging from 0.4 to
0.8. The predicted SRH decreases by 10% with decreasing IOR
from 0.5 to 2. The predictions within this range are well in
accord with the observations reported previously.**

5. ATMOSPHERIC IMPLICATIONS AND
UNCERTAINTIES

The polynomial equation derived in this study using organic
physicochemical parameters (i.e., O/C ratios, MW, and Hy,q)
and the parameters related to inorganic salt compositions (i.e.,
funion fuitrate and IOR) was able to reasonably predict SRH of
the organics internally mixed with aqueous inorganic salts (R?
= 0.73, Figure 2). The resulting model was also suitable to
predict the SRH of the three different SOA/inorganic salt
mixes (i.e, SOA from f-pinene, toluene, and 1,3,5-
trimethylbenzene in Figure 3). For the aerosol that undergoes
the crystallization of salts (ammonium, nitrate, and sulfate),
the ERH was predicted using a neural network model (Figure
SS). The sensitivity test shows that the predicted SRH is
strongly correlated with O/C ratio, MW, and Hy,,,4 parameters
but relatively weakly correlated with f, o0 fritratw @and IOR
(Figure 4).

The ambient aerosol consists of complex oxygenated organic
products, which originate from the atmospheric oxidation of
both biogenic and anthropogenic hydrocarbons. In general,
isoprene SOA is very hydrophilic with a higher O/C ratio
(0.75—0.9).>" The predicted SRH using eq 2 suggested that
the isoprene SOA internally mixed with inorganic salts will
likely form a homogeneous aerosol phase. This simulation also
accords with previously reported studies.”***~>" Both terpene
SOA and aromatic SOA products, however, are less hydro-
philic than isoprene SOA, leading LLPS in the presence of
inorganic aqueous salts (Figure 3). On the other hand, the O/
C ratio of SOA can be increased as it undergoes photochemical
aging process.”’ Thus, the aerosol could also transformed from
LLPS to be in a homogeneous phase under the relevant
environmental conditions. For the urban environments, SOA is
primarily produced from the oxidation of aromatic and alkane
hydrocarbons, which originate from anthropogenic emissions.
Thus, this SOA will likely form LLPS in the presence of an
aqueous salted solution.

In addition to aerosol compositions, the phase state of an
ambient aerosol can be significantly impacted by relative
humidity. For instance, under dry regions (i.e.,, western USA),
where RH is generally lower than ERH at daytime and it is also
lower than deliquescence RH at nighttime, the aerosol mixture
may undergo solid—liquid phase separation. For humid
regions, such as the southeastern US in summer and coastal
regions, inorganic salts are deliquesced and form the
homogeneous phase at nighttime and LLPS at daytime.

The prediction of ERH can significantly improve the
accuracy of the SOA model due to the pathway of SOA
formation via the aqueous reactions of organic species. For
example, chamber studies showed that SOA formation
considerably decreases at ERH when RH decreases during
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daytime.***®*” Owing to the mitigation of SO, emissions in
recent years (reduced more than 74% from 2010 to 2020;
https://www.epa.gov/air-emissions-inventories/air-pollutant-
emissions-trends-data), sulfate in ambient aerosols has been
gradually reduced. However, a high fraction of ammonium
nitrate can appear in an ambient aerosol under the low
sulfate.”” The increased nitrate may lower the SRH owing to
its large hygroscopicity when it is mixed with organics and
increase the frequency of the homogeneous phase. Up to date,
there is a lack of SRH data in nitrate blended with sulfate and
need to be included in the future for better predicting SRH.

The uncertainties in the SRH prediction are associated with
the experimental techniques, the database, and the goodness-
of-fit of parameterizations. To observe aerosol phase transition,
the microscope mounted with the flow cell has also been
frequently used in previous studies due to its simplic-
ity."~'%'>'* This microscopy observation of the aerosols is
limited to a large particle diameter greater than 1 ym due to
the limitation in the optical lens. However, an ambient aerosol
is frequently found in submicron particles (<1 ym), which
phase state can be different from that in lar§e particles. For
example, the previous study by Altaf et al.”’ suggested that
small particles (<0.2 pm) cannot overcome the activation
energy to form a new phase and thus tend to be homogeneous.
A Dbetter observation technique is essential to provide the
database relevant to ambient aerosol and improve the
predictability of SRH. Hundreds of SRH data were included
in the model derivation of this study, but the resulted model is
still limited to predicting SRH within the ranges of the
database. The ambient aerosol, however, can include the
higher IOR or the higher Hy,4 regions than those in this study
(Figure 1). Most SRH observations that are available from the
literature are organic acid and ester, which may not represent
the actually ambient organic aerosol. The derived prediction
model from a limited database could be biased when applying
it to the ambient aerosol. For the case where SRH is a
nonlinear function of the physicochemical parameters (i.e., O/
C ratio >0.8), the multiregression model may not be the best
fitting model for the SRH. Therefore, the prediction model
could be improved in the future by considering the
nonlinearity correlation between SRH and other physicochem-
ical parameters.
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