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Abstract

Water-soluble organic aerosol (WSOA\) in fine particles (PM2s) collected during wintertime in a
polluted city (Handan) in Northern China was characterized using a High-Resolution Time-of-
Flight Aerosol Mass Spectrometer (AMS). Through comparing with real-time measurements from
a collocated Aerosol Chemical Speciation Monitor (ACSM), we determined that WSOA on
average accounts for 29% of total organic aerosol (OA) mass and correlates tightly with secondary
organic aerosol (SOA; Pearson’s r = 0.95). The mass spectra of WSOA closely resemble those of
ambient SOA, but also show obvious influences from coal combustion and biomass burning.
Positive matrix factorization (PMF) analysis of the WSOA mass spectra resolved a water-soluble
coal combustion OA (WS-CCOA; O/C=0.17), a water-soluble biomass burning OA (WS-BBOA;
0/C=0.32), and a water-soluble oxygenated OA (WS-OO0A,; O/C=0.89), which account for 10.3%,
29.3% and 60.4% of the total WSOA mass, respectively. The water-solubility of the OA factors
was estimated by comparing the offline AMS analysis results with the ambient ACSM
measurements. OOA has the highest water-solubility of 49%, consistent with increased
hygroscopicity of oxidized organics induced by atmospheric aging processes. In contrast, CCOA
is the least water soluble, containing 17% WS-CCOA. The distinct characteristics of WSOA from
different sources extend our knowledge of the complex aerosol chemistry in the polluted
atmosphere of Northern China and the water-solubility analysis may help us to understand better

aerosol hygroscopicity and its effects on radiative forcing in this region.

Keywords: WSOA,; polluted environment; source apportionment; aerosol mass spectrometry

(AMS); Aerosol Chemical Speciation Monitor (ACSM)
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1. Introduction

Water-soluble organic aerosol (WSOA) constitutes 20-80% of organic aerosol (OA) in the
atmosphere, depending on the location and season (e.g. Zappoli et al., 1999; Decesari et al., 2000;
Decesari et al., 2001; Sullivan et al., 2004; Mader et al., 2004; Huang et al., 2006; Kondo et al.,
2007; Sun et al., 2011; Zhang et al., 2012; Du et al., 2014). WSOA can significantly alter the
hygroscopicity of atmospheric particles and their ability to act as cloud condensation nuclei (CCN;
Saxena et al., 1995; Chan et al., 2008). Therefore, WSOA plays an important role in both direct
and indirect effects on radiative forcing. In addition, WSOA can act as surface active reagents,
which increase the solubility of hydrophobic organic compounds, such as n-alkanes and polycyclic
aromatic hydrocarbons (PAHS), in aqueous phase, and thus increase their toxicity to human health
(Wang et al., 2003). The sources of WSOA can be both primary emissions and secondary
formation processes. In the absence of biomass burning, WSOA is usually considered a proxy for
secondary organic aerosol (SOA) because oxidation reactions tend to impart polar functional
groups (e.g. hydroxyl, carbonyl, and carboxyl) to the SOA compounds (Huang et al., 2006; Kondo

et al., 2007).

Since WSOA may be composed of numerous polar compounds with a wide range of physical
chemical properties (Saxena and Hildemann, 1996), it is challenging to characterize the
composition and sources of WSOA. Typically, the individually identified compounds explain less
than 20% of total WSOA mass (Graham et al., 2002; Zhang et al., 2002). However, by combining
a Particle-Into-Liquid-Sampler (PILS) with a total carbon (TOC) analyzer, Sullivan et al. (2004)
was able to quantify the water-soluble organic carbon content in ambient particles. In recent years,
the Aerodyne Aerosol Mass Spectrometer (AMS) has been widely used for characterizing bulk

composition of OA in both ambient and laboratory studies. The quantitative and highly time-
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resolved AMS measurement data facilitate source apportionment of ambient OA via factor
analysis (Zhang et al., 2011). Oxygenated OA (OOA) was a commonly identified OA factor and
it was found to be primarily composed of water-soluble species (Kondo et al., 2007). In addition,
AMS has been applied successfully to characterize WSOA in aqueous samples. For example,
recent studies have demonstrated the utility of AMS for elucidating the chemical composition and
formation mechanisms of WSOA formed from aqueous-phase reactions of phenolic volatile
organic compounds (VOCs) (Sun et al., 2010; Yu et al., 2014; Yu et al., 2016). Sun et al. (2011)
performed the first AMS analysis of water extracts of atmospheric fine particles (PM2s) and
investigated the sources of WSOA in southeastern U.S. via PMF analysis of the WSOA AMS mass
spectra. The source apportionment results of WSOA can be combined with collocated AMS
measurements of ambient OA to estimate the water-solubility of different OA factors. For instance,
Xu et al. (2017) investigated the water-solubility of hydrocarbon-like OA (HOA), cooking OA
(COA), and three types of SOA factors through online collection and quantification of both WSOA
and total ambient OA by coupling a PILS with a High-Resolution Time-of-Flight AMS. Qiu et al.
(2019) explored the vertical differences in the chemical characteristics and water-solubility of
different OA factors in Beijing, China, by performing offline AMS analysis of the water extracts
of PM filters collected simultaneously during online AMS measurements. Since the water-
solubility of OA affects the chemical and microphysical properties of aerosols, such as their acidity,
optical properties, and CCN activities (Jacobson et al., 2000), it is important to improve our
understanding of the water-solubility of OA factors representing different emission sources and

atmospheric chemical processes.

With rapid industrialization and urbanization, air pollution in Northern China has become a

severe problem and has raised global concerns in recent years. Along with the water-soluble
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characteristics, WSOA at high particulate matter (PM) loadings seriously threatens air quality,
regional and global climates, and human health. However, limited information is available on the
chemical properties and sources of WSOA in Northern China, despite the fact that WSOA was
found to account for approximately 50% of total OA in this region (Pathak et al., 2011; Du et al.,
2014). Zong et al. (2016) investigated the diurnal characteristics of WSOA in the Yellow River
Delta and found that biomass burning and fossil fuel combustion may largely contribute to WSOA
based on the correlation analysis with tracer species. Luo et al. (2020) showed that high aerosol
liquid water and particle acidity enhanced the formation of WSOA at a background site of Northern
China. Here, we utilized a High-Resolution Time-of-Flight AMS (AMS hereafter) to analyze
WSOA in PMz;s collected in wintertime in Handan, China. According to the 2018 World Air
Quality Report, Handan is one of the top 10 polluted cities in China, where air pollution arises
from contributions from various types of emission sources and thus highly complex atmospheric
chemistry. We performed PMF analysis to the high-resolution mass spectra (HRMS) of WSOA to
resolve various sources that exhibit distinguishing chemical characteristics. In addition, an ACSM
was deployed to provide real-time measurements of ambient OA composition during the same
sampling period. The water-solubility of different OA factors was subsequently determined by

comparing their water-soluble portions to ambient concentrations.

2. Experimental methods

2.1 Aerosol sampling

Both filter sampling and real-time measurements were conducted at Hebei University of
Engineering (36.57°N, 114.50°E) in Handan, China. Handan is located in the crossing area of four
provinces, bordering Xingtai of Hebei province to the north, Shanxi province to the west, Henan

province to the south and Shandong province to the east, all of which are heavily populated,

5
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industrialized and urbanized. Handan itself is well known for heavy industrial outputs of steel, iron
and cement, which result in high local emissions of air pollutants. Our sampling site is situated on
the southeast edge of urban Handan, on the roof of a four-story building (~12 m above the ground)
inside the university campus, The site is surrounded by residential areas and is located ~300 m
north of the South Ring Road and ~400 m northeast of Handan Highway (S313). In this work, a
total of 44 PM2 s samples (12-h integrated) were collected on pre-baked (500°C) quartz filters using
a high-volume sampler (Thermo Scientific, MA, USA) from December 10, 2015 to December 31,
2015. The daytime samples were collected from 08:00 to 19:30 (local time = UTC+8), and the
nighttime samples were collected from 20:00 to 07:30 of the next day. Field blanks were collected
using the same method as for the exposed filters. An ACSM was deployed at the same site from
December 3, 2015 to February 5, 2016 to measure the mass concentrations of non-refractory
submicron aerosol (NR-PM:) species, including organics, sulfate, nitrate, ammonium and chloride,
in real-time. Details on the ambient ACSM measurements and data analysis can be found in Li et

al. (2017).
2.2 Offline AMS analysis and determination of water-soluble components

For each filter sample, one square piece (6.45 cm?) was collected and sonicated in 15 mL
Milli-Q water at ~ 0°C for 45 min. The solution was then filtered with 0.45 pm PTFE syringe
filters. The aerosol extractions were aerosolized by pure nitrogen using a constant output atomizer
and dehumidified via a diffusion dryer. The resulting particles were subsequently sampled into the
AMS and analyzed under both the high sensitive V-mode and the high mass resolution W-mode
(mass resolution m/Am ~6000). Between every two samples, a Milli-Q water sample was

nebulized and analyzed in the same way to reduce carry-over effects and serve as an analytical
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blank. The field blank samples were analyzed using the same procedures as the filter samples.

Details on AMS analysis of liquid samples are given in Sun et al (2010) and Sun et al. (2011).

The AMS data were processed using standard AMS data analysis software SQUIRREL v1.56
and PIKA v1.15 written in Igor Pro (Wavemetrics, Lake Oswego, OR). Default relative ionization
efficiency (RIE) values were assumed for organics (1.4), nitrate (1.1), and chloride (1.3), while an
RIE value of 4.54 was determined for ammonium and 1.05 for sulfate following the analysis of
pure NH4NOz and (NH4)2SO4, respectively. Previous study found that ammonium nitrate can cause
interference on CO," signal in the AMS mass spectra (Pieber et al., 2016). The magnitude of this
artifact was found to be highly dependent on instruments and aerosol chemical composition (Pieber
et al., 2016; Freney et al., 2019). According to analysis of pure ammonium nitrate and ammonium
sulfate particles, their impacts on organic CO." signal was found to be negligible with our
instrument, ~0.9% from ammonium nitrate and ~0.4% from ammonium sulfate. Therefore, a
correction was not applied for the quantification of CO2" signal. With nitrogen as the carrier gas,
it is challenging to accurately determine the CO* signal produced from oxygenated species due to
the interference of the very large N2* signal at m/z 28. Thus, the CO™ signal was scaled to the
measured CO;" signal using the CO*/CO-" ratio determined for the WSOA when argon was used
as the carrier gas. Elemental analysis was performed on the ion-speciated high-resolution mass
spectra (HRMS) up to m/z 120 to determine the atomic oxygen-to-carbon (O/C), hydrogen-to-
carbon (H/C), nitrogen-to-carbon (N/C), and organic mass-to-carbon (OM/OC) ratios following
the Improved-Ambient (IA) method (Canagaratna et al., 2015). The elemental ratios were also
calculated using the previously published Aiken-Ambient (AA) method (Aiken et al., 2008) to

compare with literature results.
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In order to relate the species concentration in the nebulized aerosol to that in ambient air, the
sulfate signal was used as an internal standard. Basically, since sulfate is nonvolatile and water-
soluble, we assume it was extracted at 100% efficiency by water. Thus, the concentration of
organic matter measured by the AMS in the nebulized aerosol ([Org]awms) can be converted to
ambient concentration (WSOA) by applying the ratio between the sulfate concentration measured
in filter extract by the AMS ([SO4*]awms) and the average ambient sulfate concentration measured

by ACSM over the corresponding time period ([SO42]acswm):

WSO0A = [0 504" lacsm Eq.1
= [07g] ams X (Eq.1)

[S04*"]ams

In this way, the scaled WSOA concentration corresponds to the size range of PM1. The assumption
is that ambient sulfate is quantitatively extracted and measured by the AMS. We also assume that
the fractional composition in the size range sampled by ACSM and filter samples is the same. The
water-soluble fraction of different species is calculated as the ratio of their water-soluble

concentration over the average species concentration measured by ACSM.

As shown in Figure S1, the water-soluble fraction of each species is well correlated with
their concentration in ambient air. Based on the regression slope, water-soluble matter (WSM)
accounts for an average fraction of 54% of total ambient submicron aerosol. It should be noted
that ammonium nitrate, ammonium chloride, and a significant fraction of the less oxidized organics
are semivolatile species (Karydis et al., 2011). Therefore, their water-solubility can be
underestimated due to evaporation during filter sampling (Romakkaniemi et al., 2014). The
application of two different instruments in this study, AMS and ACSM, may cause uncertainties
as well. While the high-resolution capabilities of AMS allow the direct separation of most ions

from inorganic and organic species at the same nominal m/z, the quadrupole detector of ACSM
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limits the mass resolving power to unity and provides reduced sensitivity, especially for organics
(DeCarlo et al., 2006; Timonen et al., 2016). Moreover, the water-solubility of each species
calculated in this study may be affected by the fractional composition in different size ranges

sampled by the ACSM and the filter sampler.

2.3 Factor analysis of WSOA using ME-2

To investigate the sources of WSOA, PMF was performed on the HRMS of WSOA using
the multilinear engine algorithm (ME-2) (Paatero, 1999) implemented with the toolkit SoFi
(Source Finder) developed by Canonaco et al. (2013). The so-called a value approach allows the
user to add a priori information into the model (e.g., known source profiles or time series) to reduce
the rotational ambiguity and to separate the mixed or weak solution. The mass spectra and error
matrices of organics were prepared according to the protocol summarized by Ulbrich et al. (2009)
and Zhang et al. (2011). In this study, because the HRMS of WSOA display obvious characteristics
of coal combustion and biomass burning, we constrained coal combustion OA (CCOA) and
biomass burning OA (BBOA) (ambient profiles adapted from Sun et al., 2015) and optimized the
solution by investigating different combinations of a values varying from 0 to 1 (step = 0.1). A
thorough evaluation of the solutions was conducted, including comparing the mass spectra of
different factors with previously reported reference profiles, comparing the time series of the
factors with those of ambient OA factors resolved from PMF analysis of the real-time ACSM data,
and investigating residual variations of specific tracer ions and their distribution behaviors among
different OA factors. After these procedures, a three-factor solution with the fixed a value of 0.6
for CCOA and 0.5 for BBOA was chosen as the optimal solution. Given that the mass spectra of
water-soluble OA factors may vary significantly from those of ambient OA factors, the a values

of 0.6 and 0.5 in this work give the ME-2 model relatively large freedom to vary from the initial
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constraints. Note that we also performed ME-2 analysis by constraining hydrocarbon-like OA
(HOA), in addition to CCOA and BBOA, as an HOA factor associated with vehicle emissions was
resolved in the ambient observations in Handan during the sampling period (Li et al., 2017).
However, WS-HOA appears to be a negligible fraction of WSOA in this study. For instance, when
the a value was increased for HOA, the resulting “HOA” mass spectra tended to show strong
characteristics of BBOA and their concentrations were low. This result is consistent with the low
water-solubility of HOA (Daellenbach et al., 2016; Xu et al., 2017) and its small fraction in
ambient PM in Handan (Li et al., 2017). Thus no constraint was applied to HOA in the ME-2

analysis. Similarly, HOA was not identified in WSOA in Beijing (Qiu et al., 2019).

3 Results and discussion

3.1 Characteristics of water-soluble components

An overview of the chemical composition of the water-soluble components and ambient
particles is illustrated in Figure 1. While the ambient NR-PM1 is dominated by organics (47%),
the water extract is mainly composed of sulfate and WSOA, with the average contributions of 32%
and 27%, respectively. This large difference in the fractional composition indicates the significant
contribution of water-insoluble OA in Handan. Therefore, it should be cautious for studies to
explore the chemistry of organic aerosol solely based on the water extracts of atmosphere particles,

especially in the heavily polluted atmosphere.

On average, the water-soluble fraction of OA is around 29% in Handan during wintertime
(Figure 2a), much lower than that (~50%) observed in other areas of Northern China (Pathak et al.,
2011; Du et al., 2014; Qiu et al., 2019). The low water-solubility of OA in Handan is probably

caused by more primary emissions of OA in this region (Li et al. 2017), which are mainly water-
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insoluble and will be discussed in Section 3.4. Figure 2b shows that WSOA s tightly correlated
with ambient SOA measured by ACSM (r? = 0.9), which is consistent with previous findings that
SOA is mainly water-soluble (Kondo et al., 2007). However, the fact that the regression slope of
WSOA vs. SOA is smaller than unity indicates that not all the SOA compounds are water-soluble,
for example, SOA compounds with large carbon-hydrogen functional groups tend to have low

water-solubility (Saxena and Hildemann, 1996; Robinson et al., 2007).

Both the water-soluble aerosol and ambient aerosol are not bulk neutralized, as shown in Fig.
3 the scatter plot of the observed NH4* concentration vs. the predicted NH4* required to fully
neutralize the measured SO4%, NOs", and CI- (Zhang et al., 2007). It has been found that the fraction
of nonvolatile cations (i.e., Na*, K*, Ca?*, and Mg?*) in PM1 in Beijing is generally negligible
compared to other species (Sun et al., 2014). The measured/predicted NH4" ratios are ~ 0.75 for
both water-soluble and ambient aerosol, indicating that on average ~ 50% of the sulfate molecules
in fine particles in Handan are present in the form of NH4sHSO.. The measured/predicted NH4*
ratio in this study can be underestimated due to the presence of organonitrates, organosulfates or
organic acids in aerosols. These species would increase the concentrations of the nominally
identified inorganic nitrate and sulfate by AMS and ACSM, and thus affect the observed

ammonium balance (Farmer et al., 2010).
3.2 Mass spectral features of WSOA

Figure 4 compares the average HRMS of WSOA characterized by the contribution of
different ion categories to the average UMR mass spectrum of ambient OA measured by ACSM.
While ambient OA shows a much higher relative abundance of MS peaks at larger m/z’s, the
HRMS of WSOA presents more oxidized characteristics corresponding to SOA. Similarly, the

AMS mass spectra of WSOA showed highly oxidized features in southeastern US (Sun et al., 2011)
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and eastern China (Ye et al., 2017). In addition, in Zurich, where OA composition was dominated
by secondary species, Daellenbach et al. (2016) reported that the mass spectra of WSOA measured
by offline AMS are similar to those of ambient OA from online ACSM. In this study the substantial
difference between the mass spectra of WSOA and ambient OA is attributed to the large
contribution of primary OA in Handan (Li et al., 2017), which is usually much less soluble

compared to SOA (Saxena and Hildemann, 1996).

The HRMS of WSOA displays elevated peaks at m/z 60 (C2H402"), m/z 73 (C3HsO2")—the
AMS spectral markers for BBOA (Cubison et al., 2011), and m/z 115 (CoH7")—the AMS spectral

marker for CCOA (Lietal., 2017; Xu et al., 2020), demonstrating the influence of biomass burning
and coal combustion. This is in line with the fact that ambient OA in Handan during wintertime
has significant contributions from biomass and coal combustions (Li et al., 2017). Indeed, the
UMR spectrum of WSOA shows high peaks at m/z > 150 and indicate the abundance of high-
molecular-weight species (Fig. S2). We further estimate the concentration of water-soluble PAHs
based on the method by Dzepina et al. (2007). The average PAHSs concentration in water extracts
is 46.3 ng/m? in this study, much lower than that observed in the ambient in Northern China due
to the low water-solubility of PAHs (Okuda et al., 2006; Liu et al., 2007), but much higher than

that measured in U.S. and Europe (Primbs et al., 2008; Ravindra et al., 2008).

As shown in Figure 5, WSOA has an average OM/OC ratio of 1.96 (OM/OCaa, the OM/OC
calculated with Aiken-Ambient method, is 1.80), agreeing well with the previously reported values
(1.7-2.0) (Sun et al., 2011; Ye et al., 2017; Xu et al., 2017). The average O/C ratio of the WSOA
is 0.61 (O/Caa = 0.46), falling in the range of the O/C ratios of SV-OOA (0.35+0.14) and LV-
OOA (0.73+0.14) from multiple field studies in the Northern Hemisphere (Ng et al., 2010). The
N/C ratios of WSOA vary between 0.04 and 0.08, generally higher than the values of ambient OA

12
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observed in winter in Northern China (Zhang et al., 2014; Hu et al., 2016; Sun et al., 2016; Xu et
al., 2016), which could be explained by the hydrophilic properties of nitrogen-containing
functional groups (Saxena and Hildemann et al., 1996; Zhang et al., 2002). Accordingly, the
HRMS of WSOA have a high fraction of nitrogen-containing ions (13%), e.g. CxHyN™ and
CxHyNO" (Figure 4c), suggesting the dominance of reduced nitrogen functional groups including
amines, amino acids, and amides (Sun et al., 2011). Organonitrate (ON) could also probably exist
especially considering the high emissions of both VOCs and NOy in Northern China. However,
ON is fairly water-insoluble according to previous observations (Sullivan et al., 2006; Miyazaki
et al., 2009). In addition, due to the extensive fragmentation of ON molecules by electron
ionization in the AMS, Farmer et al. (2010) showed that ON standards mostly appear as NOx" ions
with minor contribution of nitrogen functional groups. The NO*/NO>" ratio in the aerosol mass
spectrum is substantially higher for ON than ammonium nitrate (Fry et al., 2009, 2013; Bruns et
al., 2010). The NO*/NO_" ratio in this study shows an average value of 2.39, similar to that of pure
ammonium nitrate (2.47). Therefore, the contribution of ON to WSOA is negligible in this work.
Given that amines and amides can be emitted from biomass burning and various industrial
processes (Ge et al., 2011; Yao et al., 2016), the high intensity of combustion and industrial

activities in Handan may be important sources of the nitrogen-containing species.

The HRMS of WSOA are also characterized by several sulfur-containing organic ions,
especially a distinct peak of CH3SO2" (Figure 4d). CH3SO2" has previously been considered a
marker ion for methylsulfonic acid (MSA), which is typically associated with ocean emissions but
has been found to have terrestrial sources as well (Ge et al., 2012). Recently, laboratory studies
using organosulfate (OS) standard suggested that CH3SO>" is also indicative of OS (Farmer et al.,

2010). The existence of OS is further evidenced by the far different signal intensity ratios of
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CH2S0O;*, CH3S0.", and CH4SO3" (CH2S0O,"/CH3S0,"=0.09; CH4SO3*/CH3S0,"=0.15) in this

study from those observed in the mass spectrum of pure MSA (Ge et al., 2012).
3.3 Source Apportionment of WSOA

Three major sources of WSOA are identified in this study via ME-2 analysis of the HRMS
of WSOA, namely water-soluble CCOA (WS-CCOA), water-soluble BBOA (WS-BBOA), and
water-soluble OOA (WS-OOA). Figure 6 provides a summary of the mass spectral profiles, time

series, and the mass fractional contributions of these factors.

As shown in Figure 6a, the mass spectrum of WS-CCOA is dominated by alkyl fragments
(CpH3,+1 and C,Hj,,_;), typical of POA ions from fossil fuel combustion. Consistent with
ambient observations (Hu et al., 2013; Hu et al., 2016; Sun et al., 2016), WS-CCOA presents a
unique peak of CoH7" at m/z 115, the spectral marker of coal combustion. The O/C and H/C ratios
of WS-CCOA are 0.17 and 1.80, respectively. Because the mass spectrum of WS-CCOA in this
study is to some extent constrained by the ambient reference profile introduced into ME-2, the
deviation of WS-CCOA from the constraint profile could provide some specific insights into the
distinguishing features of water-soluble OA from coal combustion. Compared with the CCOA
reference profile determined via PMF analysis of ambient AMS mass spectra in Northern China
(Sunetal., 2015; Figure S3), the mass spectrum of WS-CCOA is characterized by higher fractions
of oxygen-containing ions (CxHyO" and CxHy0-") at specific m/z’s, suggesting that WS-CCOA is
more oxidized than ambient CCOA. Correspondingly, the O/C ratio of WS-CCOA is a bit higher
than that of ambient CCOA (0.11). In addition, the mass spectrum of WS-CCOA shows
significantly lower abundance of signals at larger m/z’s compared to ambient CCOA, probably due
to the low water solubility of PAHs and long-chain alkanes, which are usually present in high

concentration in coal combustion OA (Zhang et al., 2008). The average mass concentration of WS-
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CCOA is 3.3 pg m=, accounting for 10.3% of total WSOA (Figure 6h). The time series of WS-
CCOA is poorly correlated with those of ambient CCOA (r?=0.21; Figure 7a), which could be
caused by the high variability in the water-soluble fraction of CCOA under different conditions.
Poor correlations between the water-soluble portion and ambient fraction of OA factors have also

been observed for HOA and COA in southeastern US (Xu et al., 2017).

WS-BBOA on average accounts for 29.3% of WSOA, in accordance with the significant
contribution of BBOA in ambient conditions in Handan due to domestic combustion of wood and
crop residuals for cooking and home heating (Li et al., 2017). Previous studies have indicated that
biomass burning is an important source of WSOA since primary BBOA are composed of
moderately water-soluble species such as anhydrous sugar and biomass burning emissions may
undergo substantial chemical aging directly after emitted and during atmospheric transport,
forming oxidized BBOA (Cubison et al., 2011; Zhou et al., 2017). The mass spectrum of WS-
BBOA is dominated by CxHy" (46%) and CxHyO," (41%) ions. Consistent with ambient
measurements, WS-BBOA is characterized by prominent peaks at m/z 60 and m/z 73, dominated
by C2H40O2" and C3Hs02", respectively, both of which are typical ion fragments of anhydrous
sugars (e.g., levoglucosan) (Cubison et al., 2011). Another remarkable MS feature of WS-BBOA
is the higher mass fraction of CxHyNg" ions (11%), and a moderately high average N/C ratio of
0.05. The enrichment of nitrogen-containing organic compounds in BBOA has also been observed
in previous studies (Lobert et al., 1990; Laskin et al., 2009). The temporal variations of WS-BBOA
are closely correlated with those of ambient BBOA (r?= 0.91; Figure 6e; Figure 7b), similar to the

findings from a previous study at a rural site in the southeastern US (Xu et al., 2017).

SOA has traditionally been accepted as the major contributor to WSOA in PMz5s. In this

study, the mass spectrum of WS-OOA is quite similar to that of ambient OOA, characterized by a
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prominent peak of m/z 44 (mainly CO2"). WS-OOA has a high O/C ratio of 0.89, falling in the
range of the O/C ratios of ambient LV-OOA observed across multiple sites in the Northern
Hemisphere (Ng et al., 2010). On average, WS-OOA accounts for 60.4% of total WSOA with an
average concentration of 19.1 ug m=. Consistent with the observations of Daellenbach et al. (2016)
and Xu et al. (2017), the time series of WS-OOA strongly correlates with those of ambient OOA

(r?=0.98; Figure 7c).

Different from ambient measurements in Handan (Li et al., 2017), no water-soluble OA
factor associated with traffic emissions was resolved, indicating that the water-soluble fraction of
HOA is negligible in this work. Xu et al. (2017) also showed that the resolved HOA in the
southeastern US was largely water-insoluble. According to Sun et al. (2012), a large fraction of

OA is contributed by OOA at a site right next to a busy highway.

The WSOA concentration was also reconstructed by a multivariate linear regression model
with the ambient observed HOA, CCOA, BBOA, and OOA factors. As displayed in Figure S4, the
predicted WSOA correlates very well with the measured WSOA (r?=0.98; predicted
WSOA=0.51xO0A+0.35xBBOA+2.80). On average, the reconstructed WSOA is composed of

58% OOA and 29% BBOA, concurring with the results of the ME-2 source apportionment.
3.4 Water-solubility of OA factors

By comparing the water-soluble portion to ambient fraction, we calculate the water-solubility
of various OA factors. Some data points greater than 1 are observed when the concentration of
water-soluble OA factors is higher than that of ambient OA factors. This may be caused by

uncertainties associated with ME-2 analysis and inconsistency between the two instruments. As
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the mean value may be biased by outlier points in the time series of [C]water-soluble/[ Clambient ratio,

we use the median value to evaluate the water-solubility of different OA factors.

CCOA has the lowest water-solubility of 16.5% (3.5% to 36.0% for 10" and 90™" percentiles)
among all resolved OA factors in this study (Figure 8). This is consistent with the fact that PAHs
and n-alkanes are the dominant species from residential coal combustion (Zhang et al., 2008),
which are largely water-insoluble (May et al., 1978; Capel et al., 1991). The water-solubility of
CCOA in this study is much lower than that observed in Beijing during wintertime (Qiu et al.,
2019), likely due to the fact that CCOA is generally much less oxidized and is more related to the

direct local emissions in the heavily polluted atmosphere in Handan.

Regarding to BBOA, about 37.2% (24.7% to 59.8% for 10" and 90" percentiles) of its mass
is water-soluble in Handan. The water-solubility of BBOA in this study is much lower than those
observed by Daellenbach et al. (2016), Xu et al. (2017), and Qiu et al. (2019) using similar methods
(Figure 8). Indeed, a sizable range of the water-solubility of BBOA has been previously reported.
For instance, by collecting BBOA samples from burning pine needles and sticks, Bateman et al.
(2010) observed significant difference in BBOA mass spectra between water and acetonitrile
extractions, demonstrating that BBOA is dominated by a water-insoluble fraction (estimated
WSOC fraction ~40%). On the other hand, using a multilinear regression analysis, Sciare et al.
(2011) estimated that 82% of OC in wood burning is water-soluble. The large variation in BBOA
water-solubility is likely caused by differences in fuel types, burning conditions, and atmospheric
aging processes (Heringa et al., 2011). Consistently, three types of BBOA factors have been

identified in the wildfire plumes (Zhou et al., 2017).

Among all OA factors, OOA has the highest water-solubility of 48.6% (36.6% to 56.3% for

10™ and 90™ percentiles). This is in accordance with the fact that OOA represents OA that has
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undergone aging processes in the atmosphere. Previous studies have shown that OA becomes more
oxidized, more hygroscopic, and thus more water-soluble during aging (Robinson et al., 2007;
Jimenez et al., 2009). Kondo et al. (2007) first examined the relationship between OOA and WSOC
and found that they have very similar chemical characteristics. The water-solubility of OOA in
Handan is much lower than that reported in Switzerland (Daellenbach et al., 2016) but similar to
that observed in Beijing (Qiu et al., 2019), suggesting that OOA in Northern China is less aged,
and is probably the product of intermediately aged primary anthropogenic emissions. Accordingly,
the water-solubility of OOA in this work is similar to that of less-oxidized oxygenated OA (LO-

OOA) observed by Xu et al. (2017) (Figure 8).

4. Implications and conclusions

Extensive studies in China have revealed that OA is a dominant component in PM and that a
thorough understanding of ambient OA chemistry is crucial for addressing the widespread air
pollution problem in the country (Li et al., 2017; Zhou et al., 2020 and references therein). AMS
and ACSM are the most powerful instruments utilized worldwide for characterizing atmospheric
aerosol chemical composition in real-time (Parworth et al., 2015; Li et al., 2019; Heikkinen et al.,
2020). However, given the limited availability of these instruments compared to filter samplers, a
methodology of using offline AMS to characterize OA based on the water extracts of filter samples
has been developed and applied in several recent studies (Huang et al., 2014; Daellenbach et al.,
2016, 2017; Bozzetti et al., 2017a, 2017b; Ye et al., 2017). According to our results, WSOA only
accounts for approximately 29% of total OA, indicating a relatively low water-soluble fraction of
OA in the polluted Northern China region. Therefore, it is difficult to get a comprehensive view
of OA characteristics only through analyzing the water extracts of particles in Northern China,

especially during wintertime when intensive primary emissions release largely water-insoluble
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primary OA species. Moreover, the mass spectra of WSOA and total OA indicate large differences
in their chemical characteristics. These results emphasize a major limitation with offline AMS
analysis of PM filter samples in polluted environments and potential biases of extrapolating the

findings on WSOA to interpret total OA behaviors during wintertime in Northern China.

Despite the fact that CCOA is mostly composed of hydrophobic components, the water-
soluble fraction of CCOA may contain various PAHs. Psichoudaki et al. (2013) showed that some
PAHs (i.e., fluoranthene, benzoanthracene and benzoperylene) can be extracted by water to high
efficiency, even close to 100%. These water-soluble PAHSs pose a threat to human health. It is well
known that coal combustion is not an important source of air pollution in the US or Europe due to
stricter emission controls. However, combustion of coals is found to be a large emitter of organic
air pollutants in China (Cao et al., 2006; Zhang et al., 2008), especially during wintertime when
coal is primarily used for residential and commercial heating in Northern China. Therefore, the

potential health effects of the water-soluble fraction of CCOA should be seriously considered.

Overall, this study presents the characterization of WSOA in a heavily polluted city in
Northern China. Due to the high emissions of OA from primary combustion sources, WSOA
accounts for a much lower fraction of the total OA mass in Handan than in other areas. Via source
apportionment analysis of WSOA and comparison with collocated ambient OA measurements, the
water-solubility of OA from coal combustion, biomass burning, and secondary formation
processes is estimated and found to be highly variable. OA from vehicle emissions appears to be
mostly water insoluble. These results indicate that the bulk hygroscopic property of ambient OA
in Northern China likely demonstrates significant variabilities that are dependent on the location

and time.
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Figure 1. Time series of (a) the mass fractional contribution of water-soluble organic aerosol
(WSOA) and water-insoluble organic aerosol (WIOA) to total OA, (b) the mass concentrations of
water-soluble species in PM2s, (c) the mass fractional composition of water-soluble PM2 s, (d) the
average ambient mass concentrations of different species during the filter sampling periods, and

(e) the average mass fractional composition of submicron aerosol during the filter sampling periods.
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Figure 4. (a) The UMR mass spectra of ambient OA measured by ACSM; (b) the average mass
spectra of WSOA colored by the contribution of different ion categories; (c) the average spectrum
of all nitrogen-containing ions of WSOA; (d) the average spectrum of all sulfur-containing ions of

WSOA.
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Figure 5. Box and whisker plots of OM/OC, O/C, H/C, N/C, and S/C ratios for WSOA, with the
cross representing the mean value, the horizontal line representing the median, the lower and upper
of the box representing the 25 and 75" percentiles, and the lower and upper whiskers representing
10" and 90" percentiles. Colored points represent data values from related references for

comparison.
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804  Figure 6. (a-c) HRMS of individual water-soluble OA factors colored by different ion categories;
805  (d-f) time series of water-soluble OA factors and the corresponding ambient OA factors; (g) time
806  series of the mass fractional composition of WSOA with the total WSOA concentration plotted in

807  green on the right y-axis; (h) the average fractional pie chart of WSOA during the study period.
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Figure 7. Scatter plots of (a) water-soluble CCOA vs. ambient CCOA, (b) water-soluble BBOA

vs. ambient BBOA, and (c) water-soluble OOA vs. ambient OOA. The slope is obtained by

orthogonal distance regression.
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Figure 8. Box and whisker plots of the water-soluble fraction of CCOA, BBOA, and OOA, with
the cross representing the mean value, the horizontal line representing the median, the lower and
upper of the box representing the 25" and 75" percentiles, and the lower and upper whiskers
representing 10" and 90™ percentiles. Colored points represent data values from related references
for comparison. LO-OOA and MO-OOA refer to the low-oxidized OOA and more-oxidized OOA,

respectively.
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