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ABSTRACT: The understanding at a molecular level of ambient
secondary organic aerosol (SOA) formation is hampered by poorly
constrained formation mechanisms and insufficient analytical methods.
Especially in developing countries, SOA related haze is a great concern
due to its significant effects on climate and human health. We present
simultaneous measurements of gas-phase volatile organic compounds
(VOCs), oxygenated organic molecules (OOMs), and particle-phase
SOA in Beijing. We show that condensation of the measured OOMs
explains 26−39% of the organic aerosol mass growth, with the
contribution of OOMs to SOA enhanced during severe haze episodes.
Our novel results provide a quantitative molecular connection from
anthropogenic emissions to condensable organic oxidation product
vapors, their concentration in particle-phase SOA, and ultimately to haze
formation.
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■ INTRODUCTION

Air pollution in China has caused great concern due to its
effect on human health and climate,1−4 although recent studies
have revealed a remarkable reduction of particulate matter
(PM) over eastern China since 2013.5,6 Secondary organic
aerosol (SOA) is an important component of fine particulate
matter and thus haze.7 On a global scale, gas-to-particle
partitioning of low volatility organic compounds (LVOCs) is
considered to be the main formation pathway of SOA, while
aqueous-phase formation of LVOCs is a significant supplement
to the global SOA burden.8−12 Especially in megacities of
China, intense production of SOA is considered to be
responsible for severe haze formation.13−15 Abundant organic
vapors from anthropogenic emissions are oxidized by hydroxyl
radicals (OH), nitrate radicals (NO3), ozone (O3), and
chlorine atoms (Cl) and subsequently influenced by nitrogen
oxides (NOx), sulfur dioxide (SO2), and ammonia (NH3). The
chemical system is extremely complicated, especially because
of cross reactions between different peroxy radicals. It is
difficult to elucidate urban organic aerosol formation at a
molecular level, even in a well-controlled smog chamber.16−18

Volatility of atmospheric organic vapors determines the
preference of vapors for the gas or particle phase.19,20 Organic
volatility is closely related to functional groups and oxidation
state. Recently, formation of highly oxygenated organic
molecules via autoxidation has been proposed as an important
route for condensable vapor formation.21 The process is
characterized by multiple intramolecular H atom shifts in
peroxy radicals, each followed by rapid oxygen addition to
form multifunctional peroxy radicals with a high oxidation
extent.21−24 However, autoxidation may be limited in urban
areas due to the high concentration of nitric oxide (NO).25

Although the majority of peroxy radicals reacts with NO by
forming alkoxy radicals and NO2, the rapid reaction of NO
with peroxy radicals will terminate the autoxidation process by
forming closed-shell products. These products are less
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oxygenated and therefore semivolatile organic compounds
(SVOCs), though LVOCs and also extremely low volatile
organic compounds (ELVOCs) are still formed; consequently,
this lowers the yield of LVOCs, which play a vital role in the
growth of newly formed particles.17,21 However, multiple
generations of oxidation may also be important under highly
oxidizing conditions.26,27

Online detection of highly oxygenated organic molecules at
the subppt level only recently became possible with the
development of the NO3-CI-APi-ToF, which is a novel
instrument for measurement of gas-phase sulfuric acid and
highly oxygenated organic molecules based on the selective
and sensitive clustering of nitrate anions with hydroxyl and
hydroperoxyl groups.21,28 However, as yet there have been few
deployments of the NO3-CI-APi-ToF in the urban atmosphere
to measure oxygenated organic compounds and their role in
aerosol formation and growth.29−31 Organic aerosol associated
with haze formation in Chinese megacities has been studied
extensively with advanced online mass-spectrometer technol-
ogy utilizing electron ionization.32 However, this approach
only provides aerosol fragments and elementary information
on bulk organic aerosol composition; knowledge about organic
aerosol composition at the molecular level is still limited.

■ MATERIALS AND METHODS
Sampling Site. The measurements were conducted

between March 3 and 30, 2018 on the rooftop of a university
building on the west campus of the Beijing University of
Chemical Technology (39.95° N, 116.31° E). This station is
located about 150 m away from the nearest road (Zizhuyuan
Road) and 500 m away from the West Third Ring Road. The
station is surrounded by commercial properties and residential
dwellings and is thus representative of a typical urban
environment.
Measurement of OOMs and Calibration. Oxidized

organic molecules are measured by a chemical ionization
long time-of-flight mass spectrometer (LToF-CIMS, Aerodyne
Research, Inc.) equipped with a nitrate chemical ionization
source.28 Ambient air is drawn into the ionization source
through a stainless-steel tube with a length of 1.6 m and a
diameter of 3/4 in. A mixture of a 3 mL min−1 ultrahigh purity
nitrogen flow containing nitric acid and a 20 L min−1 pure air
flow supplied by a zero-air generator (Aadco 737, USA),
together as a sheath flow, is guided through a PhotoIonizer
(Model L9491, Hamamatsu, Japan) to produce nitrate reagent
ions. This sheath flow is then introduced into a coaxial laminar
flow reactor concentric to the sample flow. Nitrate ions are
pushed to the sample flow layer by an electric field and
subsequently charge analyte molecules. Throughout the
campaign, the sample flow rate is kept at 8.8 L min−1, out of
which about 0.8 L min−1 is drawn through the pinhole into the
TOF module, and the rest is extracted by vacuum. We use 1.1
× 1010 molecules cm−3 as the calibration coefficient after taking
into account the diffusion loss of OOMs in the 1.6 m sampling
line.
Estimation of organic vapor concentration includes two

steps. First, a mass-dependent transmission correction is
performed. Such mass-dependency is instrument-specific and
is influenced by many instrumental parameters. This trans-
mission bias is determined by depleting the primary ion with a
series of perfluorinated acids and comparing the primary ion
signal depletion with the product signal increase (which would
match for equivalent transmission efficiency). The detailed

method was described in a previous study.33 Second, we apply
the calibration coefficient determined for sulfuric acid to
estimate the organic vapor concentration.
For the OOMs measured here, we assume that NO3

−

clustering has the same rate coefficient as the sulfuric acid
ion transfer reaction (i.e., both are collision limited), which is
supported for ELVOC and ULVOC multifunctional organics
in the literature.21 Because the OOMs form clusters with
NO3

−, we have removed the NO3
− from all of the reported ion

masses and chemical formulas reported here.
Measurement of Organic Aerosol, Calibration, and

Sources Apportionment with PMF. Online Time-of-Flight
Aerosol Chemical Speciation Monitor (ToF-ACSM, equipped
with a standard vaporizer) observations were conducted at the
BUCT station from February 21 to April 7, 2018, equipped
with a PM2.5 lens.

34 The nonrefractory fraction of fine-particle
mass concentrations (NR-PM2.5, including organics, sulfate,
nitrate, ammonium, and chloride) was obtained by the ToF-
ACSM standard data analysis software (Tofware) within Igor
Pro (Wavemetrics). The ToF-ACSM was regularly calibrated
(ionization efficiency), and relative ionization efficiency (RIE)
of NH4 (3.76) and SO4 (0.88) was experimentally determined
by using nebulizing aqueous solutions of pure NH4NO3 and
pure (NH4)2SO4 into the ToF-ACSM. Default relative
ionization efficiency (RIE) values were used for organics
(1.4), nitrate (1.1), and chloride (1.3). The organic mass
spectra from the ToF-ACSM were analyzed by positive matrix
factorization (PMF) to identify and quantify the potential
sources of organic aerosol (OA). We solved the PMF by the
multilinear engine (ME-2) algorithm implemented within the
toolkit SoFi, Source Finder.35 Exploratory unconstrained PMF
runs separated primary OA (POA) from traffic (HOA),
cooking (COA), a component representing residential heating
(mixture of biomass burning, BBOA, and coal combustion,
CCOA), and a component representing secondary OA (SOA).

MALTE-Box Model. Measured particle size distributions
from the SMPS were used in the zero-dimensional model
MALTE-box, which simulates atmospheric chemistry and
aerosol dynamics.36 Since the chemical structure and therefore
the reaction rates of the measured OOM compounds were not
known, the chemistry module in MALTE-box was bypassed,
and the aerosol dynamics was applied using measured
oxygenated organic molecules. To calculate the condensation
and evaporation of the vapors to and from the particle phase,
the model uses their molecular mass and saturation vapor
pressure, calculated using a parametrization by Donahue et al.
(2012) and experimentally confirmed by Wang et al. (2020).
The evaporation and condensation are explicitly calculated for
each gas compound and particle diameter using the Fuchs-
Sutugin corrected collision rate and the Kelvin and Raoult’s
effect. Particle size evolution is then due to particle growth and
coagulation.
To focus the simulations on the effect of the measured

OOMs to the mass increase in the particle phase, the model
was run in a constricted mode so that every 10 min the
measured particle size distribution was used to initialize the
model distribution. The measured OOMs were then allowed
to condense to (or evaporate from) the particles, according to
their saturation vapor pressures and concentrations. From the
modeled output, the flux of the vapors to particle phase was
calculated using the time in between the consecutive model
initializations. In this way, we were able to use the measured
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conditions as closely as possible and assess the mass flux at any
particular moment.

■ RESULTS AND DISCUSSION

Molecular Characterization of OOMs. In Figure 1(a,b),
we present molecular characteristics of oxygenated organic
molecules (OOMs) measured in Beijing by an NO3-CI-APi-
ToF; however, we cannot classify all of these OOMs as highly
oxygenated organic molecules (HOMs).17 Most of these
OOMs have molecular masses between 200 and 450 amu, with
carbon numbers between 5 and 18. Molecules with one or two
nitrogen atoms predominate, and the highest signals are from
nitrophenol related compounds, e.g., C6H5NO3 and C7H7NO3.
The measured total OOM concentration on average is around
1−2 × 109 molecules cm−3, which is 10 times higher than the
values measured in a boreal forest region dominated by
monoterpene emissions.37 The OOM concentrations are
highest during haze periods (with PM2.5 > 75 μg m−3),
which may be explained by high concentrations of total
aromatic volatile organic compounds (the summed concen-
trations of benzene, toluene, trimethylbenzene, ethyl toluene,
propyl benzene, and diethylbenzene) as shown in Figure
S1(b). To elucidate the evolution of OOMs and aromatic
precursors, as well as nitrous acid (HONO), we show the
diurnal variation of these parameters along with boundary layer
height (see Figure S1). These compounds are largely mediated
by boundary layer processes; high concentrations of OOMs,
aromatic vapors, and organic aerosol usually occurred during
nighttime with a shallow boundary layer.
In the urban atmosphere, OH and NO3 are the dominant

oxidants for most aromatic compounds; once the oxidants
attack the aromatic ring, autoxidation can be triggered.16,24

However, high concentrations of NO in ambient Beijing can
terminate autoxidation and lead to the formation of
compounds containing multiple nitrogen atoms.26,27,38 Noting
that these closed-shell products still are reactive with OH and
NO3, multiple generations of oxidation may occur in the
atmosphere as well as in chamber studies.27 We observed
compounds containing several nitrogen atoms in ambient
Beijing, as depicted in Figure 1(a), consistent with both
autoxidation and multigeneration chemistry.
Overall, the oxidation chemistry can be represented by the

oxidation state of carbon.39 As shown in Figure 1(b), the
average oxidation state of carbon in the ambient vapors

measured with the NO3-CI-APi-ToF tends to decrease with an
increasing carbon number. The highest carbon oxidation state
occurs in molecules with 5 carbons, with formulas C5H9NO6
and C5H10N2O8, which are related to multigeneration
oxidation products from isoprene terminated by NO (see
data in Figure S3). Note that the source of isoprene and
monoterpenes is not only biogenic emission but also emission
of anthropogenic volatile chemical products.40,41 The carbon
oxidation state presented here is higher than that in the boreal
forest region, which is dominated by monoterpenes with lower
NOx concentrations.42 The conditions with high NO
concentration and strong atmospheric oxidation capacity
favoring multigeneration reactions lead to a high carbon
oxidation state in Beijing, while first-generation products are
the dominant products in the boreal forest region.21 This may
be the main reason for the large discrepancy in the carbon
oxidation state between the two environments.
The oxidized vapors we measure with the NO3-CI-APi-ToF

are a key bridge connecting aromatic precursors emitted in the
urban atmosphere to oxygenated organic aerosol and thus haze
formation. As shown in Figure 2(a), the variation of OOMs
shows a good correlation with aromatic VOCs during both
haze and clean periods (defined by a high or low condensation
sink). Aromatic VOC emissions are predominately on-road

Figure 1. (a) Campaign averaged OOM mass defect versus m/z in Beijing. Mass defect is the difference between the exact mass and the nominal
mass (the exact mass of 1H is 1.007276 Da, giving a positive mass defect of 0.007276). Symbol size is proportional to the logarithm of the counting
rate. Most species contain at least one N atom. (b) Campaign averaged carbon oxidation state as a function of carbon numbers. Black circles show
mean values, with error bars showing the standard deviation. Symbol color corresponds to concentration.

Figure 2. (a) Scatter plot of total OOM concentration vs total
aromatic VOCs (TAVOCs) in Beijing during the measurement
period. The symbol color indicates the aerosol condensation sink,
which correlates with the aerosol pollution level and directly controls
the sink of condensable organic vapors (OOMs). (b) Scatter plot of
total OOM concentration vs oxygenated organic aerosol (OOA).
OOA is a factor resolved by positive matrix factorization (PMF) of
ambient organic aerosol measured by a ToF-ACSM. These
associations are likely causal, with aromatic VOC oxidation driving
OOM production and OOM condensation driving OOA formation.
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vehicle exhaust.40 The formation of secondary organic aerosol
from anthropogenic VOCs has been the subject of numerous
chamber studies. In general, long-chain alkanes and aromatic
compounds (benzene, toluene, etc.) are considered to be the
main precursors of anthropogenic SOA.43 Given the large
emission sources of anthropogenic VOCs and their fate in
ambient Beijing, these aromatic VOCs should be a large source
of the OOMs observed here.44 OOM condensation may in
turn be the main source of SOA. Figure 2(b) shows that there
is a strong correlation between OOMs and the oxidized
organic aerosol (OOA) factor measured by a time-of-flight
aerosol chemical speciation monitor (ToF-ACSM), suggesting
that condensation of these OOMs contributes to the mass of
OOA. The OOA in turn constitutes the majority of the OA,
especially during haze events.
Contributions of OOMs to PM and Haze. The relative

contribution of different OOMs to SOA formation depends on
their driving forces for net condensation, largely constrained by
vapor concentration and volatility.10,45,46 We estimate the
volatility of observed OOMs using a combination of two
quantitatively confirmed VBS parametrizations to reflect the
contribution of aging (multigeneration OH oxidation)45,46 and
autoxidation17 to the OOM formation, respectively (see Figure
S4).26 Because the volatility of OOMs varies by more than 10
decades, we group them together within a volatility basis set
(VBS) (Figure 3).
In general, OOMs during haze periods have a similar

volatility distribution to that during nonhaze periods but with
notably higher concentrations in all volatility bins (Figure 3A).
The ultralow, extremely low, and low-volatility organic
compounds (ULVOCs, ELVOCs, and LVOCs) have suffi-
ciently low saturation vapor pressures to be efficient
condensable material; the semivolatile organic compounds
(SVOCs) contribute to particle mass via equilibrium gas-
particle partitioning. Intermediate volatile organic compounds
(IVOCs), however, have a minor direct contribution to SOA
formation in this study, although the most abundant OOMs
were phenolic compounds such as nitrophenol. We integrate
OOMs from the lowest volatility bin to C* ≤ 100.5 μg m−3, to
show the tentative abundance of condensable vapors (shaded
area in Figure 3B). OOMs potentially formed from the aging
pathway and the autoxidation pathway are separated by a
dashed dividing line (Figure 3B and Figure S4). Interestingly,
during both the haze and nonhaze periods, the aging products
dominate in the ULVOC range, while the autoxidation
products become more abundant in the ELVOC range and
take over in the LVOC range. The overall increase in the
tentative condensable vapors from nonhaze to haze periods is
approximately 40% in mass (Figure 3C). Moreover, the OOMs
in the ULVOC and ELVOC ranges rise more than those in the
LVOC range, with species potentially formed from aging
pathways being the major contributor. This suggests that
photochemical aging might be a major process that drives the
SOA formation we observe in Beijing during the observation
periods.
To quantify the contribution of the measured OOMs to the

mass concentration of organic aerosol in PM2.5, we estimated
the contribution of OOMs to the total PM2.5 mass flux using
MALTE-box (Model to predict Aerosol formation in Lower
Troposphere, see Materials and Methods), which treats both
gas-to-particle condensation and evaporation of OOMs from
particles. We restricted our analysis to periods of PM2.5 growth
so that we could constrain the mass flux via the measured

growth rate. As shown in Figure 4(a), LVOCs and ELVOCs
dominated aerosol mass growth, consistent with being
saturated as observed. Overall, 26% and 39% of the organic
aerosol mass increase are explained by condensation of OOMs
during nonhaze and haze conditions, respectively (see Figure
4c). This corresponds to 9% and 23% of the total PM2.5 mass
increase. The uncertainties of these values due to uncertain
volatility are limited, as shown in Table S1. The additional
organic growth implied by the difference between the
measured (ToF-ACSM) organic mass growth and the
calculated OOM condensation rate is likely due to some
combination of aqueous condensed-phase chemistry and

Figure 3. (a) The summed OOM concentrations in each bin of the
volatility basis set during haze (red) and nonhaze (blue) periods. The
ULVOCs, ELVOCs, and LVOCs have sufficiently low volatilities and
are efficient condensable material; the SVOCs contribute to particle
mass via gas-particle partitioning. (b) The cumulative OOM
concentrations. The OOMs are integrated from the lowest volatility
bin to C* ≤ 100.5 μg m−3 (shaded area), indicating the tentative
abundance of condensable vapors. The dashed dividing lines show
volatilities estimated using two distinct VBS parametrizations to
reflect the contribution of aging (multigeneration OH oxidation) and
autoxidation to the OOM formation, respectively (see Materials and
Methods and Figure S5). (c) The ratio of cumulative OOM
concentrations during haze periods to those during nonhaze periods.
The solid black line, yellow squares, and green circles represent the
ratio of total OOMs, OOMs in the aging regime, and OOMs in the
autoxidation regime, respectively. OOMs during haze periods have a
similar volatility distribution to that during nonhaze periods but with
notably higher concentrations in all volatility bins. The overall
increase in the tentative condensable vapors from nonhaze to haze
periods is approximately 40% in mass. Further, these OOMs in the
ULVOC and ELVOC ranges rise more than those in the LVOC
range, with species potentially formed from aging pathways being the
major contributor.
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equilibrium partitioning of unmeasured SVOCs, where the
nitrate CI-API-ToF is less sensitive.47 As listed in Table S2, the
compounds with the largest contributions to the flux were

C10H14O9N, C10H15O8N, and C10H16O9N2, which may arise
from monoterpene oxidation, and C14H15O8N, C12H20O8N2,
and C8H13O11, which may arise from aromatic oxidation. Most
of the mass flux is driven by numerous products likely
associated with a variety of aromatic precursors.
The higher contribution of OOMs to PM2.5 and organic

aerosol mass during the haze periods is associated with a
higher condensation sink and higher OOM concentrations,
which may enhance the gas-to-particle conversion. As we show
in Figure 4(b), the empirical relationship between mass fluxes
and condensation sink is nonlinear, indicating enhanced vapor
condensation to pre-existing aerosol as haze grows more
severe.
Although our study provides a quantified relationship

between oxygenated organic vapor molecules in the gas
phase and organic aerosol in the particle phase, uncertainties
and limitations still exist. First, we quantify all OOMs based on
the sulfuric acid calibration, but the binding affinity of the
nitrate anion to organic functional groups may vary, adding
uncertainty. However, for many highly functionalized OOMs,
the same kinetic limit that applies to sulfuric acid is likely to
hold. Second, we estimate volatility based on measured
molecular composition rather than measuring the exact vapor
pressure of individual OOM species. Therefore, the para-
metrized volatility distribution will lead to uncertainty in
estimated partitioning. However, the measured volatility of
aromatic oxidation products matches this parametrization to
within a factor of 10.26 Finally, advection and external sources
and sinks are not explicitly considered in the box model, and a
fraction of organic aerosol in the urban atmosphere is from
transport of the upwind region, with aging processes occurring
within the plume, while the formation of OOM vapors is likely
to be local.
Quantification of specific chemical oxidation products from

various organic precursors and their contribution to SOA
formation during haze episodes is essential to understand haze
formation. Those molecular formation mechanisms of SOA,
and thereby haze, are far from being completely elucidated in
megacities like Beijing. Our results reveal a substantial pool of
oxygenated organic vapors that can condense to particles and
explain 26−39% of organic aerosol mass growth. We show that
most of these OOMs are nitrogen containing compounds,
suggesting that multistep oxidation processes are essential in
the urban atmosphere. In particular, these OOMs contribute
more during high PM loading conditions, due to both
increased OOM concentrations and condensation sink,
which facilitates gas-to-particle conversion processes. Noting
that the nitrate chemical ionization scheme is only sensitive to
a subset of compounds, e.g., organic molecules with −OOH
groups, −OH groups, and/or −NO2 groups, other quantitative
chemical ionization methods should be employed to develop a
comprehensive picture of oxygenated volatile organic com-
pounds. Regardless, our current results could provide a
substantial number of oxygenated VOCs for air quality models
that are currently not treated.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Details on measurement of VOCs and HONO; data
sources of NO2, O3, SO2, and PM2.5; measurement of

Figure 4. (a) The relative contributions of ELVOCs, LVOCs, and
SVOCs to modeled total mass flux for different PM2.5 levels, noting
that ULVOCs are also included in ELVOCs during the modeling.
Contributions are based on growth rates modeled during growth
periods and measured vapor concentrations. (b) The variation of total
mass fluxes of ELVOCs and LVOCs as a function of condensation
sink (CS). The black solid curve and red box and whisker ranges are
for PM2.5 > 75 μg m−3 (haze periods), while the dotted curve and
green box and whisker ranges are for PM2.5 < 75 μg m−3. The orange
points represent total flux from ELVOCs and LVOCs. The blue and
red solid curves represent modeled total mass fluxes and organic mass
fluxes during positive mass flux events. (c) The contribution of
OOMs to organic aerosol mass during nonhaze and haze periods. The
organic aerosol mass in PM2.5 mass is measured by a ToF-ACSM,
along with nitrate, sulfate, ammonium, and chloride.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c05191
Environ. Sci. Technol. 2022, 56, 770−778

774

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c05191/suppl_file/es1c05191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05191?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.est.1c05191?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05191?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05191?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05191?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c05191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mixing layer height; calculation method of condensation
sink; estimation of volatility of OOMs; Figure S1, time
series of organic aerosol factors; Figure 2, variation of
mixing layer height, PM2.5 mass concentration; Figure
S3, possible formation pathway of C5H10N2O8 and
C5H9NO6; Figure S4, Van Krevelen diagram; Figure S5,
variation of total modeled mass flux as functions of
ELVOCs, LVOCs, and SVOCs (condensation sink);
Figure S6, variation of total modeled mass flux as
functions of ELVOCs, LVOCs, and SVOCs (relative
humidity); Table S1, statistics of OOM contribution;
and Table S2, OOM with largest contributions to
aerosol mass growth (PDF)
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