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ABSTRACT: Partitioning gaseous water-soluble organic compounds
(WSOC) to the aerosol phase is a major formation pathway of atmospheric
secondary organic aerosols (SOA). However, the fundamental mechanism
of the WSOC-partitioning process remains elusive. By simultaneous
measurements of both gas-phase WSOC (WSOCg) and aerosol-phase
WSOC (WSOCp) and formic and acetic acids at a rural site in the Yangtze
River Delta (YRD) region of China during winter 2019, we showed that
WSOCg during the campaign dominantly partitioned to the organic phase
in the dry period (relative humidity (RH) < 80%) but to aerosol liquid
water (ALW) in the humid period (RH > 80%), suggesting two distinct
SOA formation processes in the region. In the dry period, temperature was
the driving factor for the uptake of WSOCg. In contrast, in the humid
period, the factors controlling WSOCg absorption were ALW content and
pH, both of which were significantly elevated by NH3 through the formation of NH4NO3 and neutralization with organic acids.
Additionally, we found that the relative abundances of WSOCp and NH4NO3 showed a strong linear correlation throughout China
with a spatial distribution consistent with that of NH3, further indicating a key role of NH3 in WSOCp formation at a national scale.
Since WSOCp constitutes the major part of SOA, such a promoting effect of NH3 on SOA production by elevating ALW formation
and WSOCg partitioning suggests that emission control of NH3 is necessary for mitigating haze pollution, especially SOA, in China.

KEYWORDS: ammonia uptake, aerosol liquid water (ALW), WSOC partitioning, brown carbon, aqueous-phase reaction

1. INTRODUCTION

Water-soluble organic compounds (WSOC) abundantly exist
in the atmosphere as gases and particulate matter and play an
important role in atmospheric aqueous reactions and cloud
condensation nuclei (CCN) formation due to their affinity
with water, imposing significant impacts on global and regional
climate change.1,2 In addition, WSOC can affect human health
because some of them are toxic.3 WSOC can be directly
emitted from sources or secondarily produced from the
photooxidation of both gaseous and particulate organic matter
(OM).4−7 The gas-phase photooxidation of volatile organic
compounds (VOCs) followed by partitioning to the condensed
phase is the major formation pathway of atmospheric
secondary organic aerosols (SOA).8,9 Such a gas-to-condensed
phase conversion process is complex, and the relevant
mechanisms remain elusive due to the complexity of their
chemical compositions and the subsequent aqueous reactions;
the latter can significantly change the Henry’s law constant of
WSOC, leading to large model underestimations on SOA
loadings.9−11

To date, only a limited number of field measurements have
been conducted to understand the WSOC-partitioning
mechanisms. Results have shown that the gas-to-particle
phase partitioning of WSOC is dependent on many factors,
such as meteorological parameters, gaseous species composi-
tions, and condensed phase properties. For instance, Hennigan
et al. investigated the gas- and aerosol-phase WSOC
distribution in Atlanta, and found that the production of
SOA in the city during summer was dominated by the
partitioning of semivolatile gases to atmospheric water, which
was affected by relative humidity (RH) and NOx but had no
visible relation to temperature and O3 levels.

12 Recently, results
based on observations in the United States suggested that high
NH3 concentrations could promote oxalic acid partitioning by
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enhancing the particle pH but were not significant for other
small organic acids.13 In recent years, a shift from sulfate-
dominated to nitrate-dominated atmospheric PM2.5 has been
reported in China due to the strict control on SO2 emissions.14

Since NH4NO3 has a lower deliquescent point than
(NH4)2SO4, the increasing relative abundance of NH4NO3 in
the current atmosphere over China makes the airborne
particles more hygroscopic than before and thus facilitates
the formation of aerosol liquid water (ALW), especially in
winter haze periods.15,16 ALW is the major fraction of airborne
aerosols, which can serve as a medium for aqueous reactions
and promote the formation of secondary aerosols.17 Recently, a
model study pointed out that the inorganic/water-rich phase
plays a critical role in the formation of organic aerosols, as the
availability of an absorptive medium is a key factor for the
partitioning of WSOC.18 A few studies on aerosol acidity
indicated that the pH of PM2.5 in China is approximately 2
units higher than that in the United States due to the much
stronger emissions of NH3 from both agricultural and
nonagricultural sources.14,19,20 Such increases in ALW content
(ALWC) and differences in aerosol acidity between China and
other countries may cause the gas-to-particle partitioning
behavior of atmospheric WSOC in China to be different from
that in other countries.
Several field studies have characterized the partitioning of

individual water-soluble organic compounds in China.10,21,22

For example, six carbonyls in the gas and particle phases were
simultaneously measured in Beijing,10 and the results showed
that the particle-phase carbonyl concentrations were under-
estimated by a factor of >103 compared with the predictions
from Henry’s law. A study of gaseous and particulate formic
acid in Shanghai showed that the partitioning of formic acid
correlated well with ALWC in summer but not in winter.21

Since the above compounds only account for a very minor
fraction of the total WSOC mass in the atmosphere, the
partitioning behavior of the six carbonyls and formic acid is not
sufficiently representative for elucidating WSOC conversion.
Therefore, bulk analysis of WSOC is necessary to improve our
understanding of organic aerosol behavior in the Chinese
atmosphere, especially in severe winter haze periods. In the
current work, intensive field measurements of both gaseous
and particulate species, including NH3, organic acids, and
WSOC, were performed at a rural site near Shanghai, China,
during winter 2019, and the factors affecting the gas-to-particle
phase-partitioning process were investigated. Our work
revealed a crucial role of NH3 in the gas-to-particle partitioning
of WSOC and SOA formation in the country.

2. EXPERIMENTS
2.1. Observation Site Description. The observation site

was located on the campus of the Yangtze River Delta (YRD)
Estuary Wetland Station (31°44′N, 121°13′E) of East China
Normal University (Figure S1), which is situated on western
Chongming Island, a downwind region of the YRD urban
agglomeration. Chongming Island is a rural area near Shanghai
with no significant pollution sources around the observation
site. The sampling inlet was located on a roof with a height of 6
m above the ground.
2.2. Measurements of the Gas- and Aerosol-Phase

Species. Continuous measurements of inorganic ions, NH3,
WSOC, formic acid, acetic acid, and oxalic acid in the gas and
aerosol phases and meteorological parameters were simulta-
neously conducted on Chongming Island from the 2nd of

December 2019 to the 15th of January 2020. The above
compounds were measured by an online system named IGAC
(in situ gas and aerosol composition monitor; model 63GA,
Fortelice International Co., Ltd., Taiwan, China), which was
coupled with ICS-5000+ ion chromatography (Thermo) and a
TOC/TON analyzer (model TOC/TON-L CPH, Shimadzu,
Inc., Japan). Due to the difference in the online instrument
detection limits, gas-phase WSOC (WSOCg) and particle-
phase WSOC (WSOCp) and particle-phase water-soluble
organic nitrogen (WSON) were measured with a time
resolution of 3 h, while other species were measured hourly.
In this study, the concentrations of WSON were calculated as
the difference between total nitrogen (TN), which was
determined by the online TOC/TON analyzer, and total
inorganic nitrogen (IN = NH4

+ + NO2
− + NO3

−), which was
determined by the IGAC-IC, namely, [WSON] = [TN] −
[IN].23

To fully understand the WSOCp formation mechanism, the
optical absorption of WSOCp at wavelengths of 300−550 nm
was also measured using a UV−visible spectrophotometer
(AOE Instrument, China). The detailed method for the optical
measurement was reported by Wu et al.24 PM2.5 aerosols were
also collected onto a precombusted (450 °C for 6 h) quartz
fiber filter on a day/night basis using a high-volume air sampler
(1.13 m3 min−1, TISCH) to analyze the filter-based WSOCp.
To eliminate possible background interference, a HEPA filter
was installed before and after the observation. The background
level of the IGAC system accounted for less than 5.2% of the
WSOC in the samples and was corrected for the reported data
here. As shown in Figure S2, gaseous acetic acid and WSOCp
determined by the IGAC system accounted for 73 and 89% of
those measured in parallel by the PTR-MS and PM2.5 filter-
based analysis, respectively, demonstrating a good collection
efficiency of the IGAC system. Details of the instrument
application and method accuracy tests are documented in the
Supporting Information (SI).
Three anions (SO4

2−, NO3
−, and Cl−), five cations (Na+,

NH4
+, K+, Ca2+, and Mg2+) and three organic acids (formic,

acetic, and oxalic acids) were measured in this study.14,25

Simultaneous online monitoring of NH3 and PM2.5 was carried
out during the study period. NH3 was measured by a standard
commercial CRDS spectrometer (model Picarro G2103,
Picarro, Inc.) with a time resolution of 1 s. The detailed
instrumentation was provided by He et al.26 PM2.5 was
measured by an E-BAM continuous ambient PM2.5 monitor.
The organic carbon (OC) and elemental carbon (EC) of the
PM2.5 filter samples were analyzed by a DRI model 2001
thermal-optical carbon analyzer.27 Meteorological parameters,
including temperature and RH, were monitored by an
automatic weather station (MILOS520, Vaisala, Inc., Finland),
which was fixed on the roof of the observation station.

2.3. Calculations on ALWC and Acidity of PM2.5. The
thermodynamic model ISORROPIA-II was used to estimate
the ALWC and acidity (pH) of PM2.5 based on the hourly data
of aerosol compositions (Na+, NH4

+, K+, Ca2+, Mg2+, SO4
2−,

NO3
−, and Cl−), NH3, and meteorological parameters

(temperature and RH).28 The forward metastable mode was
chosen for the estimation since it is less sensitive to
measurement errors than the reverse mode.29 The data
corresponding to an RH above 95% were excluded in this
study because high RH could lead to large ALWC and pH
estimation uncertainties.30 The contributions of organic
compounds to ALWC (ALWCorg) were calculated by

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

https://doi.org/10.1021/acs.est.1c06855
Environ. Sci. Technol. 2022, 56, 3915−3924

3916

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c06855/suppl_file/es1c06855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c06855/suppl_file/es1c06855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c06855/suppl_file/es1c06855_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c06855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


accounting for the mass concentration of OM. The calculation
details are given in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Chemical Characteristics of PM2.5 Pollution
during the Campaign. Temporal variations in meteoro-
logical parameters, major gaseous pollutants, and PM2.5
compositions during the whole campaign and their statistical
summary are shown in Figure 1 and Table 1, respectively.
PM2.5 on Chongming Island during the campaign was 55 ± 40
μg m−3, with a daily concentration frequently exceeding the
National Air Quality I Grade Standard of 35 μg m−3,
suggesting that fine particle pollution is still severe in China,
especially in winter. As seen from Figure 1b, PM2.5 showed a
temporal variation similar to that of NH3, indicating a possible
linkage between NH3 and PM2.5 formation. NH3 during the

campaign was 9.3 ± 4.0 μg m−3 with a maximum larger than 20
μg m−3 (Table 1 and Figure 1b), which was approximately 10
times higher than that in a rural area in the southeastern
United States,31,32 suggesting severe NH3 pollution in the YRD
region. During the campaign, sulfate, nitrate, and ammonium
(SNA) accounted for, on average, 10.9 ± 6.4, 25.7 ± 10.2, and
13.1 ± 4.4% of the PM2.5 mass, respectively (Figure 1c). The
carbonaceous species on Chongming Island during the
campaign contributed to 30.7 ± 11.7% of the PM2.5 and
were dominated by OC (11.0 ± 7.1 μgC m−3, Table 1). These
results clearly demonstrated that nitrate and OC are the most
abundant components of PM2.5 in the YRD region. As shown
in Table 1, WSOCg (7.4 ± 4.6 μgC m−3) was approximately
50% higher than WSOCp (4.6 ± 2.9 μgC m−3) on Chongming
Island, indicating that WSOC in the YRD region mostly
remains in the gas phase. Figure 1d shows that the temporal

Figure 1. Temporal variations in major pollutants at the YRD background site on Chongming Island, China, during winter 2019. (a) RH and
temperature, (b) PM2.5 and NH3, (c) total concentration of SNA (sulfate, nitrate, and ammonium), (d) the sum of gas- and aerosol-phase WSOC
(WSOC = WSOCg + WSOCp), and (e) OC and the mass ratio of WSOCp to OC in PM2.5 (the gray shadows indicate haze episodes with a daily
PM2.5 larger than 75 μg m−3).
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variation in WSOCp was similar to that of PM2.5, with a strong
correlation (R = 0.88) between WSOCp and PM2.5, implying
an important role of WSOCp in the haze formation process in
the region.
As shown in Figure 1e, OC concentrations from 2nd to 14th

December (17.8 ± 7.4 μgC m−3) were much higher than those
of the later periods, i.e., from 15th December 2019 to 15th
January 2020 (8.1 ± 4.4 μgC m−3). We also noticed a
significant difference in relative humidity (RH) between these
two periods (Figure 1a). Hence, the campaign was classified
into a low-RH period (average RH <80%) from 2nd to 14th
December and a high-RH period (average RH >80%) from
15th December 2019 to 15th January 2020. Such an 80% RH
threshold is equal to the maximal deliquescence point of SNA
and consistent with the findings by Renbaum-Wolff et al.,33

who reported that ambient organic aerosols are liquid when
RH is higher than 80%. Several haze episodes (with a daily
PM2.5 >75 μg m−3) also occurred in both periods (gray
shadows in Figure 1). Concentrations of NH3 during the haze
episodes in both periods were very close (Table 1), but the

concentrations of SNA in the haze events were higher during
the high-RH period than during the low-RH period (51.3 ±
25.1 versus 39.0 ± 17.0 μg m−3, respectively, Table 1).
Moreover, the haze level of WSOCg was 12.1 ± 5.3 μgC m−3

during the low-RH period, which was approximately 60%
higher than that (7.7 ± 3.2 μgC m−3) in the high-RH period.
However, the haze levels of WSOCp were almost equal
between the relatively dry and humid periods (6.1 ± 2.6 versus
7.0 ± 3.1 μgC m−3, respectively, Table 1), possibly due to a
stronger gas-to-particle partitioning in the humid period. Since
most WSOC in the atmosphere is secondarily produced, these
results suggest that the gas-to-particle conversion of WSOCg
has a great impact on SOA formation in the YRD region and
probably evolves with different dynamic processes under dry
and humid conditions.

3.2. Partitioning of WSOC into the Organic Phase in
the Low-RH Period. To investigate the partitioning behavior
of the WSOC, we calculated its partitioning coefficient (Fp =
WSOCp/(WSOCp + WSOCg)) under different RH con-
ditions, which was defined as the fraction of total WSOC in the

Table 1. Concentrations (μg m−3) of Major Pollutants and Meteorological Parameters in Chongming Island, China during
Winter 2019

low-RH (<80%) high-RH (>80%)

specie average clean haze clean haze

PM2.5 54.8 ± 40.5 19.5 ± 7.4 82.0 ± 32.2 24.1 ± 13.1 86.8 ± 39.1
OC 11.0 ± 7.1 8.3 ± 1.5 19.8 ± 6.6 5.1 ± 1.7 11.3 ± 3.5
WSOCg 7.4 ± 4.6 5.5 ± 1.6 12.1 ± 5.3 4.7 ± 2.2 7.7 ± 3.2
WSOCp 4.6 ± 2.9 2.4 ± 0.8 6.1 ± 2.6 2.6 ± 1.1 7.0 ± 3.1
WSON 1.9 ± 1.8 0.61 ± 0.56 2.3 ± 1.6 1.0 ± 1.3 3.7 ± 1.9
HCOOH(g) 1.5 ± 1.3 1.2 ± 0.61 2.7 ± 1.7 0.77 ± 0.06 1.3 ± 0.73
CH3COOH(g) 3.0 ± 3.2 2.5 ± 1.2 6.1 ± 4.0 1.2 ± 0.41 2.8 ± 1.8
HCOOH(p) 0.13 ± 0.11 0.05 ± 0.03 0.22 ± 0.12 0.04 ± 0.02 0.22 ± 0.08
CH3COOH(p) 0.13 ± 0.09 0.06 ± 0.03 0.19 ± 0.10 0.08 ± 0.02 0.20 ± 0.09
HOOCCOOH(p) 0.16 ± 0.08 0.09 ± 0.03 0.20 ± 0.08 0.10 ± 0.03 0.22 ± 0.07
Fp 0.38 ± 0.11 0.30 ± 0.07 0.34 ± 0.06 0.37 ± 0.10 0.47 ± 0.08
NO3

− 16.1 ± 14.5 2.7 ± 2.1 23.6 ± 11.0 5.3 ± 4.2 29.1 ± 14.5
SO4

2− 6.0 ± 4.1 2.4 ± 0.8 6.6 ± 2.8 3.6 ± 1.8 10.0 ± 5.0
NH4

+ 7.0 ± 5.5 1.6 ± 0.9 8.7 ± 3.7 3.3 ± 1.8 12.3 ± 6.2
NH3 9.3 ± 4.0 6.9 ± 1.5 12.7 ± 3.0 6.3 ± 2.3 11.2 ± 3.3
O3 45.7 ± 25.7 51.4 ± 15.5 36.9 ± 28.8 48.4 ± 20.8 51.4 ± 26.9
NO2 22.6 ± 20.2 15.5 ± 13.9 40.1 ± 27.5 13.0 ± 10.4 22.2 ± 12.7
RH (%) 83.5 ± 13.6 77.0 ± 11.7 74.1 ± 15.4 89.0 ± 10.3 84.8 ± 11.4
T (°C) 7.8 ± 3.9 7.5 ± 4.6 8.1 ± 3.9 8.1 ± 3.8 6.3 ± 3.3

Figure 2. Linear regression analysis for Fp with (a) OC and (b) ALWC during the sampling periods under the low-RH (<80%) and high-RH
(>80%) conditions. (Data in (a) are the values averaged on a day/night basis corresponding to the 12-h PM2.5 filter samples.).
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particle phase. As shown in Table 1, there was a significant
difference in Fp between the high- and low-RH periods,
especially during the haze episodes (0.47 versus 0.34,
respectively, p < 0.01), suggesting different partitioning
processes under the two RH regimes. The OC concentration
in the low-RH period was 60−80% higher than that in the
high-RH period and robustly correlated with Fp (R = 0.70) in
the dry period but not in the humid period (Figure 2a),
indicating that the absorbing medium for WSOCg was OM in
the relatively dry period. In contrast, a clear increasing trend of
Fp along with an increasing ALWC (R = 0.69, Figure 2b) was
observed during the high-RH phase, indicating that WSOCg in
the humid period partitioned into the aerosol aqueous phase,
similar to results observed in Atlanta, Los Angeles, and
Baltimore in the United States.34,35

To further identify the key factors affecting the WSOCg-
partitioning process, the correlations of Fp with meteorological
conditions (i.e., RH and temperature), aerosol acidity (pH),
and NH3 concentration were analyzed. As shown in Figure
S3a, there was no well-defined relationship between Fp and
RH in either period (R ≤ 0.3, p > 0.05). In contrast, Fp
showed negative correlations with temperature (R = 0.45, p <
0.01) during the low-RH period (Figure S3b) because WSOCg
at high temperature is difficult to convert into the particle
phase due to its high volatility, leading to a low partitioning
coefficient Fp. The ozone level in the low-RH period (40.0 ±
7.5 μg m−3) was approximately 20% lower than that (49.9 ±
8.4 μg m−3) in the high-RH period, indicating a less active
photochemistry in the dry period. Interestingly, we found that
the influence of ALWC on WSOCg partitioning during the dry
period was insignificant (R = 0.45, p > 0.01), even at night,

when RH was also higher than 80% (Figure S4). As seen in
Figure S5a, the condensed phase in the nighttime during the
low-RH period was dominated by OM, of which the relative
abundance was comparable to that in the daytime but much
higher than that in the high-RH period. The abundant OM
caused the relative abundance of SNA to OM in the low-RH
period to be approximately 3 times lower than that in the high-
RH period (Figure S5b). A few studies have found that
atmospheric aerosols can exist in a phase-separated format with
an organic shell and an inorganic core even at an RH higher
than 80%.36−38 Due to their much weaker water vapor uptake
ability compared with SNA, the organic coating can
significantly reduce aerosol hygroscopicity, especially when
the organic layer is thick. For example, Li et al.37 investigated
the morphology of atmospheric aerosols in the Lesser Khingan
Mountains and found that over 59% of the forest particles had
an organic shell and did not completely deliquesce until 90%
RH. We speculate that the Chongming Island aerosols in the
low-RH period were probably phase-separated with an organic
shell due to the dominant OM, which significantly reduced the
aerosol hygroscopicity and thus resulted in the lower fraction
of ALWC when the RH was higher than 80%. Therefore,
WSOCg partitioning in the nighttime during the low-RH
periods was more significantly affected by the organic phase
than by ALW. As seen in Figure S3e−l, compared with ALWC,
the pH and NH3 Fp of both formic and acetic acids in the low-
RH period presented a stronger correlation with temperature,
further indicating that the partitioning of WSOCg to OM in
the low-RH period was a physical condensation process, which
dominated the formation pathway of WSOCp.

Figure 3. Impacts of ALWC and pH on WSOCg partitioning in the YRD region. (a) Scatter plot of ALWC versus SNA during the whole campaign,
(b) average contributions of NH4NO3, (NH4)2SO4, and OM to ALWC during the whole campaign (calculation details are given in the Supporting
Information), (c) relative abundance of ALWC to PM2.5 as a function of RH with increasing NH4NO3 fractions during the whole campaign, (d) pH
dependence of Fp on NH3 levels under different temperature regimes during the whole campaign, and (e, f) dependence of mass concentrations of
WSOCp on ALWC and pH in the high-RH period, respectively.
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3.3. Partitioning of WSOC into the Aerosol Aqueous
Phase in the High-RH Period. In this section, we further
investigate the effects of ALW, pH, and NH3 on SOA
formation via WSOC aqueous partitioning in the high-RH
period since heavy haze events in China mostly occur under
humid conditions.14,17,39 As shown in Figure 3a, ALWC during
the campaign increased along with an increase in SNA
concentrations, especially under higher-RH conditions. The
ISORROPIA-II thermodynamic model calculation results
showed that the contribution of NH4NO3 to ALWC during
the whole campaign period was, on average, 60%, followed by
(NH4)2SO4 (19%) and OM (6.8%) (Figure 3b). Figure 3c
shows that ALWC increased along with an increase in the
relative abundance of NH4NO3 to PM2.5 at a given RH,
revealing that ALWC in the YRD region during winter was
mainly driven by NH4NO3. Furthermore, it can be seen from
Figure 3d that pH significantly and positively correlated with
NH3 at a given temperature, suggesting that the ammonia-rich
atmosphere in the YRD region is favorable not only for
increasing ALWC but also for reducing aerosol acidity, both of
which are in turn favorable for WSOCg partitioning, resulting
in a clear increasing trend of WSOCp with the enhancements
of ALWC and pH (Figure 3e,f).
One explanation for this is that the potential for WSOCg to

be partitioned into the aerosol liquid phase is stronger than
that into particulate organic matter due to their hydrophilic
nature.40 The pH increased by ammonia actually results in a
loss of H+ from the particle phase and thus further facilitates
the ionization equilibrium of acidic organic species to shift into
the condensed phase. In contrast to those in the low-RH
period, the partitioning coefficients (Fp) of formic and acetic
acids during the high-RH period showed a good correlation
with ALWC, pH, and NH3 (Figure S3f−h,j−l). However, the
correlations between acetic acid and the three factors were
weaker than those for formic acid because formic acid has a
higher Henry’s law constant.41 Overall, our results provided
strong evidence that during the high-RH period, the enhanced
ALWC, pH, and ammonia in the YRD region provided
favorable conditions for the partitioning of WSOCg to the
aerosol aqueous phase.
In addition to aerosol hygroscopicity and acidity, ammonia

also alters WSOCg partitioning through chemical reactions. As
shown in Figure 4a, a positively linear correlation between Fp
and the NH3-partitioning coefficient (ε(NH4

+)), which was
defined as the molar ratio between particle ammonia and total
ammonia, was found during the high-RH period and was more

significant in the nighttime (R = 0.70) than in the daytime (R
= 0.57). The results from smog chamber studies by Na et al.42

and Liu et al.43 implied that NH3 could induce a rapid increase
in the yields of SOAs from α-pinene ozonolysis and toluene
OH radical oxidation, which are attributed to the ammonium
salts formed from the neutralization between NH3 and organic
acids. On Chongming Island, exponential growth in particulate
carboxylates with an increase in the NH3-partitioning
coefficient (ε(NH4

+)) was observed during the high-RH
period (Figure 4b). The robust correlation between carbox-
ylates and ε(NH4

+) observed at both nighttime (R = 0.75) and
daytime (R = 0.68) indicated that the neutralization of organic
acids with NH3 to form carboxylates was important under
higher-RH conditions. To further elucidate this point, we
conducted a thermodynamic calculation on the partitioning
behavior of formic and acetic acids (see the details in the SI).
As shown in Figure S6, the strong dependences of ε(HCOO−)
and ε(CH3COO

−) on the ambient aerosol acidity in a pH
range of 3−5, which were observed at the site and can be well
predicted by the S curves with the effective Henry’s law
constants, clearly demonstrate that the NH3 neutralization
effect was important for the partitioning of WSOCg into the
aerosol phase in the high-RH period.
Another reaction between ammonia and WSOC in the

particle phase is the aqueous-phase reaction of ammonia with
carbonyl species. Laboratory studies have shown that the
uptake of ammonia by carbonyl groups in the aqueous phase
can form nitrogen-containing organic compounds via the
Maillard reaction.44,45 As shown in Figure 4c, there was a
positive correlation between WSON and ε(NH4

+) on
Chongming Island during the high-RH period. Previous
studies have shown that most of the WSON produced from
the Maillard reaction is light-absorbing brown carbon (BrC).46

Indeed, in this study, the light absorption of WSOCp in a
wavelength range of 300−550 nm during the high-RH period
significantly increased with increasing WSON and ε(NH4

+)
(Figure S7), indicating BrC formation in the humid period,
especially in the heavy haze period. Such a reaction can result
in the loss of free carbonyls in the aqueous phase, and thus
gaseous carbonyls must partition into the aqueous phase to
maintain equilibrium, leading to a higher Fp. Moreover, the
enhanced WSOCp formation can also be facilitated by a
carbenium ion-mediated mechanism related to dicarbonyls.47

Generally, such a positive correlation of WSON with ε(NH4
+)

suggested that a high concentration of ammonia under humid
conditions enhanced WSOCg partitioning not only by

Figure 4. Scatter plots of (a) the partitioning coefficients of WSOC (Fp), (b) carboxylic acids (sum of formic, acetic, and oxalic acids) in PM2.5 and
(c) water-soluble organic nitrogen (WSON) versus ε(NH4

+) of PM2.5 in the high-RH period.
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increasing ALWC and pH but also by promoting aerosol
aqueous reactions, which can remarkably promote SOA
formation.
3.4. Effect of NH3 on the Spatial Distribution of SOAs

in China. To further explore the impact of NH3 on WSOC
partitioning in the country, the relationship between the mass
ratio of WSOCp to PM2.5 and that of NH4NO3 to PM2.5 and
the spatial distribution of NH3 concentration in different
regions of China were statistically explored on a national scale
(Figure 5 and Tables S1 and S2). As seen in Figure 5a, a robust
linear correlation (R = 0.77) was found between the mass ratio
of WSOCp to PM2.5 and that of NH4NO3 to PM2.5. However,
such a correlation was not observed for sulfate (Figure S8)
because gas-aerosol phase partitioning is the dominant
formation pathway for both WSOCp and NH4NO3, while
sulfate is largely formed in aqueous phases such as wetted
aerosols, fog, and cloud droplets.17,19 Although the absolute
concentration varied due to the differences in emissions and
weather conditions in different regions in different years, both
NH4NO3 and WSOCp fractions in PM2.5 were found to be the
highest on the North China Plain (NCP), followed by those in
the YRD and Pearl River Delta (PRD) regions (Figure 5a).
The lowest fractions appeared in Lanzhou and Qinghai Lake,
both of which are located in Northwest (NW) China. Such a
spatial distribution is in accordance with the concentration of
NH3 (Figure 5b). As shown in Tables S1 and S2, NH3
emissions on the NCP are the highest in China due to
intensive agricultural activities48,49 and are the lowest in
Northwest (NW) China due to the sparse population and
much lower fertilizer usage.49 Such a coincident spatial pattern
suggests that the ammonia-rich conditions in China provide a
favorable environment for WSOCg partitioning at a national
scale and thus may enhance SOA production.

4. IMPLICATIONS FOR ATMOSPHERIC CHEMISTRY

The national burden of NH3 has been serious in the past
decade and even increasing as China has not promulgated
specific policies toward NH3 emission control.49 The
ammonia-rich atmosphere in China, together with the effective
sulfur emission control, has resulted in a higher mass fraction
of nitrate than sulfate due to the reduced competition for
ammonium.14,50 Such a change in atmospheric aerosol
compositions can enhance ALW formation since nitrate is
more hygroscopic than sulfate at a given RH and aerosol
loading.51 Previous studies reported that an elevation in ALW

driven by nitrate may speed up the uptake of inorganic
fractions, leading to a positive feedback loop.16,52,53 However,
our work here demonstrates for the first time that this feedback
loop also tends to promote the partitioning of WSOCg and
thus can enhance SOA formation.
As the major alkaline gas in the atmosphere, NH3 not only

regulates aerosol acidity through neutralization with acidic
compounds but also participates in the formation of SOA. Our
recent chamber simulation found that NH3 has a synergetic
effect with NOx on SOA formation from toluene photo-
oxidation and the optical adsorption of secondary products by
forming N-containing organic aerosols.43,54 Such a synergetic
process is dominated by aqueous-phase reactions and is thus
more significant under high-RH conditions. In this study, we
found that compared with that in the United States and other
countries, the larger yield of WSOCp in China can be
attributed to an enhanced uptake of WSOCg by ALWC that is
driven by NH4NO3 and aqueous-phase reactions such as acid−
base neutralization due to the abundant NH3, which can result
in less WSOCp partitioning into the gas phase and can thus
efficiently increase the SOA yield.44,45,55 Since SOA and
NH4NO3 account for a major part of PM2.5 in the country,
especially in haze periods,11,14,50 our work suggests that
emission control of NH3 is indispensable for air pollution
mitigation, especially SOAs in China.
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