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ABSTRACT: Nitrate is one of the most abundant inorganic water-soluble ions in fine particulate matter (PM2.5). However, the
formation mechanism of nitrate in the ambient atmosphere, especially the impacts of its semivolatility and the various existing
forms of nitrogen, remain under-investigated. In this study, hourly ambient observations of speciated PM2.5 components (NO3

−,
SO4

2−, etc.) were collected in Tianjin, China. Source contributions were analyzed by PMF/ME2 (Positive Matrix Factorization
using the Multilinear Engine 2) program, and pH were estimated by ISORROPIA-II, to investigate the relationship between pH
and nitrate. Five sources (factors) were resolved: secondary sulfate (SS), secondary nitrate (SN), dust, vehicle and coal
combustion. SN and pH showed a triangle-shaped relationship. When SS was high, the fraction of nitrate partitioning into the
aerosol phase exhibits a characteristic “S-curve” relationship with pH for different seasons. An index (ITL) is developed and
combined with pH to explore the sensitive regions of “S-curve”. Controlling the emissions of anions (SO4

2−, Cl−), cations
(Ca2+, Mg2+, etc.) and gases (NOx, NH3, SO2, etc.) will change pH, potentially reducing or increasing SN. The findings of this
work provide an effective approach for exploring the formation mechanisms of nitrate under different influencing factors
(sources, pH, and IRL).

■ INTRODUCTION
Nitrate is a dominant inorganic component of PM2.5 during
intense haze periods in China,1−4 and arises from secondary
formation.5,6 Nitrate is known to form through different
chemical pathways during daytime and nighttime:7−9 NO2
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homogeneously reacting with OH radical is the most
important HNO3 formation pathway during daytime; hetero-
geneous hydrolysis of NO3 and N2O5 is the most significant
pathway of particulate nitrate during nighttime (eqs S1−S6 of
the Supporting Information (SI)). Owing to its extremely low
volatility, acidic H2SO4 resides in aerosol and tends to
associate with NH3/NH4

+ from gas-phase to form secondary
ammonium sulfate/bisulfate. When sufficient amounts of
ammonia are present, HNO3 can react with NH3 to form
ammonium nitrate.10,11

Nitrate concentrations in particulate matter (PM) are
influenced by meteorological conditions (temperature (T),
relative humidity (RH)), precursor source emissions (i.e.,
NOx), the presence of other ionic species and complex gas and
condensed phase chemical reactions. When relative humidity is
very low, aerosol nitrate tends to be in the form of solid
NH4NO3 according to the reaction NH4NO3(s)↔HNO3(g) +
NH3(g). Increases in temperature shifts the equilibrium to the
right-hand side, meaning that nitrate remains in the gas-phase
and particulate nitrate concentration is low.12 When an
aqueous phase exists in the aerosol (promoted by higher RH
and lower T), it tends to completely dissolve inorganic nitrate;
the volatility of nitrate then becomes strongly influenced by the
acidity, or pH, of the aerosol aqueous phase.12−17 Aerosol
acidity is not only important for aerosol nitrate, but also drives
the gas-particle partitioning of other acidic/basic semivolatile
species.15−17 Acidity can also play an important role in the
formation of secondary organic aerosols,13,14 and the solubility
of trace nutrients that drives the toxicity and nutrient
availability in atmospheric aerosol.18−21 Thermodynamics
and analysis of ambient data show that, under conditions of
constant temperature and aerosol liquid water, the fraction of
n i t ra te in de l iquesced aeroso l , ε(NO3

−) (NO3
−

/(NO3
−+HNO3(g))) exhibits an “S-curve” response to aerosol

pH (SI Figure S1).10,22,23 Sufficiently high pH values, usually
above 2.5−3,10,24 ensures that most of the inorganic nitrate
condenses onto the aerosol phase,17,23,25 but a pH below 1
drives all nitrate back into the gas phase. pH in turn is
determined by the relative amounts of aerosol water, NH4

+,
SO4

2−, NO3
− and nonvolatile cations (NVC) from numerous

sources,26 and to a secondary degree organic species and
mixing state.10,27 Source emission patterns, RH, and T are
known to vary considerably over space and time, which makes
it challenging to unravel the drivers for ambient nitrate,
ε(NO3

−), and aerosol pH.
Here, we study the impact of source emissions and

meteorological parameters (RH, T) on aerosol pH, aerosol
nitrate concentrations and ε(NO3

−). We first collected data
sets of hourly ambient observations of speciated PM2.5 during
summer in Tianjin, a megacity in northern China, and
employed PMF/ME2 (Positive Matrix Factorization using
the Multilinear Engine 2, program) source apportionment
tools to explore source emission patterns; the ISORROPIA-II
thermodynamic model28 was applied to estimate hourly
aerosol pH, and to understand its role on nitrate partitioning
and source. We chose summertime because of the more
prominent sensitivity of aerosol nitrate to pH than in other
seasons due to the favorable conditions of high temperature
and RH for semivolatile species in the gas phase. Additionally,
summertime meteorological conditions also favor the presence
of a metastable aqueous phase, which greatly facilitates the
interpretation of data and thus further enhance the robustness
of pH estimates. Furthermore, the number of pollutant source

categories are fewer in summer than other seasons, which
simplifies the attributions of nitrate to its formation pathways.
Few field-based studies exist that explore how aerosol pH, RH,
T, and source contributions affect nitrate concentrations and
ε(NO3

−),10 particularly in China.

■ MATERIALS AND METHODS
Sampling. Online aerosol and gaseous measurements with

1 h time resolution were conducted in Tianjin, a megacity in
northern China, from August 12, 2015 to August 23, 2015.
The sampling site was located in a residential area, about 200
m away from a major roadway with dense automobile traffic.
Mass concentrations of major water-soluble ions (NH4

+, Na+,
K+, Ca2+, Mg2+, SO4

2−, NO3
−, Cl−, F−, NO2

−) and semivolatile
species in the gas phase (HCl, HNO3, NH3) were measured by
URG9000B samplers (AIM, URG Corporation) with two ICs.
Methanesulfonic acid (20 mM) was used for cation analysis
and 0.08 mM Na2CO3/0.01 mM NaHCO3 was used for anion
detection. Both ICs were operated in isocratic elution at a flow
rate of 0.5 mL min−1. Concentrations of trace gases (NO2,
SO2, CO, O3, NH3) were measured in hourly temporal
resolution by Thermo Fisher Instruments model 42i, model
43i, model 48i, model 49i, model 17i instrument, respectively.

pH Estimation. Aerosol pH is a fundamental property
determined by the amount of hydronium ion, H+, and aerosol
water content (eq 1).17,29 Owing to the lack of an established
direct measurement of aerosol pH, thermodynamic analysis of
ambient composition data is used to constrain acidity, a
method which has been widely used recently.24,28,30−36 In this
study, the ISORROPIA-II inorganic model was employed to
estimate gas-particle partitioning, liquid water content and pH
for the Na+-K+-Ca2+-Mg2+-NH4

+-SO4
2−-NO3

−-Cl−-H2O aero-
sol system.20,36−39 In total, 387 hourly samples were
introduced into ISORROPIA-II to obtain aerosol pH and
model concentrations of chemical species (NH3, NO3

−, SO4
2−,

Cl−, etc.) in the gas and aerosol phase at thermodynamic
equilibrium. Input concentration data included water-soluble
ions in PM2.5 and semivolatile components in the gas phase
(HCl, HNO3, NH3) along with RH and T. In this sampling
campaign, RH ranged from 47.2% to 79.4% with an average
value of 60.1%. The forward (in which known quantities are
temperature, relative humidity and the total concentrations of
NH3, H2SO4, Na, HCl, HNO3, and nonvolatile cations Na, K,
Ca, Mg) and metastable modes of ISORROPIA-II were
selected for the simulations (CaSO4 do precipitate here).39,40

The detailed information was presented in SI. Aerosol pH was
calculated as follows:

mpH log ( )10 H Hγ= − + + (1)

where mH
+ and γH+ are the molality (mol·kg−1 water) and the

molality-based activity coefficient of hydrogen ions, respec-
tively.17,29 γH+ is assumed to be unity in ISORROPIA-II when
single-ion activities for H+ are required,28 which introduces
only minor uncertainties in pH calculations.40

Source Apportionment. Source contribution was calcu-
lated with a 1 h time solution by PMF/ME2, a widely used
receptor model developed by Paatero.41,42 Prior information
was incorporated into the model in the forms of auxiliary
equations, which were included as additional terms Q∂ux in an
enhanced object function Qenh.

43,44 The equation can be
written as follows:

Q Q Qenh main ux= + ∂ (2)
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One of the common auxiliary equations is a “pulling equation”
that “pulls” f pk (for instance) toward the specific target value
∂pk:

Q
f( )

ux
pk pk

2

pk
ux 2

σ
=

‐∂
∂ ∂

(3)

where σpk
∂ux2 is the uncertainty associated with the pulling

equation; fpk is the element of factor loading. More description
of ME2 was presented in SI. In this study, a data set with 387
rows (number of samples, with 1 h temporal resolution) by 12
columns (number of species) was introduced into PMF/ME2
to apportion pollutant source contributions. The species
included NO3

−, SO4
2−, NH4

+, Cl−, F−, Ca2+, Mg2+, K+, Na+,
OC, and EC. Source profiles from previous studies26,45 were
used for factor pulling. Ca2+ is the marker for dust;46 EC and
OC are the markers of vehicle (exhaust);47 OC, EC, and Cl−

are the source markers of coal combustion;48 the markers of
secondary sulfate (SS) and secondary nitrate (SN) are
ammonium, sulfate, and nitrate.49

■ RESULTS AND DISCUSSION
Water-Soluble Ions, pH, and Sources. Time series of the

major water-soluble ions (SNA: SO4
2−, NO3

−, NH4
+), and

meteorological conditions are presented in Figure 1. The mean

ambient temperature was 301.4K (298.2−303.8 K), and mean
RH was 60.1% (47.2−79.4%). The highest concentrations of
NO3

−, SO4
2−, and NH4

+ were 49.9, 40.9, 27.5 μg m−3, while
the lowest were 3.8, 4.0, 3.2 μg m−3, respectively.
Concentrations of semivolatile species including NO3

− and
NH4

+ were negatively correlated with temperature and
positively correlated with RH. SO4

2− was positively correlated
with T and RH (SI Table S1). Total ammonia (molar
concentration of gas-phase ammonia and aerosol ammonium,
[TA]) largely exceeded the 2:1 stoichiometric ratio for
(NH4)2SO4, [TS] (i.e., [TA]-2[TS] > 0).
The calculated aerosol pH ranged from 2.6 to 4.6, with an

average of 3.4 ± 0.5 (mean ± standard deviation) (Figure 1);
the correlations (r) between measured and modeled
concentrations were 0.98 for NO3

−, 0.98 for NH4
+ and 0.97

for NH3 (g); and the regression slopes were 1.02, 1.08, 1.00 for

NO3
−, NH4

+, and NH3 (g) (see SI Figure S2, black point)
which has been used in the past to support that the pH values
are representative.11,50 Additionally, the root mean squared
error (RMSE) and normalized mean bias (NMB) between
measured and modeled concentrations were 2.62, 3.63, 4.03
and −0.09, −0.27, 0.16 for NO3

−, NH4
+ and NH3 (g) (see SI

Table S2). More detailed information is presented in the SI. In
our data, the agreement between estimated and observed gas-
phase NH3 values does not in itself ensure that the pH values
are well-constrained−because most of the total ammonia
resides in the gas phase, and hence its vapor pressure is
insensitive to pH errors.25 Concentrations of inorganic species
in the aerosol and gas-phase are reproduced well by the
thermodynamic calculations, including NH4

+, suggesting that
the partitioning fractions of the semivolatile inorganics NH3/
NH4

+ and HNO3/NO3
− are well captured (SI Figure S2).

Additionally, sensitivity tests were also performed. One set of
tests involved excluding NVCs (all NVC concentrations were
set to 0, and using the observed NH4

+) for calculating pH
(identified as “pH*”), to show the importance of using NVCs
in ISORROPIA-II for the observed conditions. In SI Figure S2,
regression slopes of measured vs predicted values of NH4

+,
NO3

−, and NH3 (g) were from 1.00 to 1.13 and R2s were from
0.97 to 0.99, suggesting that ISORROPIA II captured the
partitioning of nitrate and ammonium and that, in this case, the
presence of NVCs had a limited impact on the modeled
partitioning. Besides, fitted regression equations between pH
estimated by E-AIM and by ISORROPIA were shown in SI
Figure S2(b). The estimated pH were 3.59 (ISORROPIA) and
3.03 (E-AIM), and the correlation (r) of these two models’
results was 0.74, indicated that the pH from two models were
similar. Given above information, and that for the RH, T values
here a single (metastable) aqueous phase is present suggest the
summertime pH values calculated are well constrained by the
data.
A matrix of 387 rows (number of samples, with 1 h temporal

resolution) by 12 columns (number of chemical species) was
introduced into ME2. Five factors were resolved by the model
and identified by the source markers. Qmain was about 2750
(theoretical Q = 387 × 12−5 × (387 + 12) = 2649). The
secondary source factors including secondary sulfate (SS) and
secondary nitrate (SN) are formed through complex chemical
reactions involving gas precursors. SS and SN were
characterized by the presence of ammonium, sulfate, and
nitrate.49 In this work, SN extracted by PMF/ME2 include
only condensed phase nitrate, but not nitric acid vapor. The
dust factor was determined by relatively high Ca2+

abundance;46 the vehicle factor was distinguished by the
high weights of carbonaceous species (EC and OC);47 and the
coal factor was characterized by large proportions of OC, EC,
and Cl−.48 Detailed source profiles were provided in SI Figure
S3. In addition, the hourly time series of contributions from
different sources/factor were also calculated by ME2 (SI
Figure S3), with average contributions ranked as SS
(contributed 25.2% to PM2.5), SN (contributed 23.0%), dust
(contributed 22.7%), coal (contributed 16.5%), and vehicle
(contributed 12.6%). The fitted regression of modeled against
measured hourly concentrations of PM2.5 are shown in SI
Figure S3(d). The regression slope (0.89) and R2 (0.89)
indicate that the performance of source apportionment is
satisfactory.

Diurnal Variations of NO3
−, Sources, and pH. The

observed diurnal variations of NO3
− and pH are presented in

Figure 1. Time series (daily average) of (a) mass concentrations of
the major PM2.5 species (NO3

−, SO4
2−, NH4

+) (μg/m3) and aerosol
water pH; (b) temperature and RH.
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Figure 2. To better explore the underlying causes of such
variation, we compared the diurnal variations of NO3

− with
those for pH, sources, and other ions (Figure 2). The temporal
patterns of NO3

− exhibited more similarities with pH
compared to SO4

2− and NH4
+. It was partially because low

pH can lead to the loss of semivolatile NO3
−, while high pH

can enhance nitrate partitioning into particle phase.17 Higher
SO4

2− fraction in the aerosol, which is also associated with
[TS] in the region, tends to decrease pH.26

Figure. 2b shows that aerosol pH, NO3
−, HNO3 (g)

concentrations and ε(NO3
−) (calculated as [NO3

−]/
([HNO3]+[NO3

−]), with [HNO3] and [NO3
−] being the

mole concentration of gas-phase HNO3 and aerosol NO3,
respectively (in mole m−3) all have distinct diurnal variations.
Aerosol pH was relatively lower during daytime, and higher
during nighttime (Figure 2a). HNO3 (g) concentration (μg
m−3) was higher in daytime than nighttime, while NO3

−

concentration (μg m−3) and ε(NO3
−) were higher during

nighttime than daytime. Such diurnal patterns of HNO3 (g)
can be explained as follows. O3 concentration and atmospheric
temperature were higher during daytime (SI Figure S4) and
the diurnal patterns of HNO3 (g) concentration was opposite
to that of NOx (NO+NO2, reactive precursors of nitrate, SI
Figure S5), suggesting that high gaseous HNO3 during daytime
was photochemically driven.51,52 The high nighttime RH and
lower T caused nocturnal NO3

− to be much higher than

daytime (SI Figure S4), because of the nitrate equilibrium
constant and aerosol liquid water increases so that equilibrium
is shifted to particle phase. Compared with the aerosol pH led
by (NH4)2SO4, the formation of deliquesced NH4NO3 in the
aerosol phase tends to increase pH, which in turn favors even
more condensation of nitrate and associated ammonium from
the gas phase.10,11 Higher RH in the nighttime than in daytime
also promotes higher water content in the aerosol, which drives
much of the diurnal variability in aerosol pH.24,53 Additionally,
ε(NO3

−) reflects the particle-gas partitioning of nitrate, and it
was higher during nighttime and lower during daytime (Figure
2b). The diurnal variation of ε(NO3

−) suggested that most of
the nitrate was in particle phase, especially during morning and
nighttime. Most of the nitrate volatilizes during the day, closely
following the trends of T, RH and aerosol pH. In this study,
the mean ε(NO3

−) was 76.7%, which is lower than that of
Song et al. (99.6%, Beijing, China)40 and higher than that of
Guo et al. (45.67%, Pasadena, CA).25 This result was likely
because the sampling campaign of this study was conducted in
August (versus winter for Song et al.), and the mean estimated
pH in this study was 3.4 vs 4.2 in Song et al.40 Higher
temperature and more acidic environment are expected to
enhance nitrate volatilization and its partitioning to gas phase,
leading to lower ε(NO3

−) in this study.10,11,17,20

Emissions from different factors can directly influence
aerosol pH.26 SI Figure S6 shows diurnal variations of factor

Figure 2. Diurnal patterns of pH, SNA (sulfate, nitrate, ammonium) and HNO3 concentrations, ε(NO3
−) (NO3

−/(HNO3+ NO3
−)), water content

and RH. ε(NO3
−) was calculated using measured HNO3 (μg/m

3) and NO3
− concentrations (μg/m3). (a) pH, SO4

2− and NH4
+ concentrations

(μg/m3); (b) HNO3 and NO3
− concentrations (μg/m3), ε(NO3

−). Note that SO4
2−, NO3

−, NH4
+, NO3

−, and HNO3 were all measured
concentrations. (c) RH (%) and water content (μg/m3, estimated by ISORROPIA II).
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contributions and pH. SS is negatively correlated with pH
(especially during daytime) (SI Figure S6c), as sulfuric acid is a
strong acid with a very low vapor pressure, thus increased
temperatures and lowered RH are expected to lead to reduced
aerosol water, consequently concentrating acid. This in turn
leads to a persistently acidic aerosol11,15 which becomes
increasingly acidic when concentrations of other aerosol
components decrease while the relative proportion of sulfate
increases.15,26 Unlike SS, the correlations between SN
contributions and pH were found to be positive (SI Figure
S6c) because the pH of pure deliquesced ammonium nitrate
(and other nitrate salts with NVCs) is much higher than the
pH associated with an aerosol dominated by SS.25

SI Figure S6 also presented diurnal variations of
contributions from other sources/factors, and pH. Aerosol
pH starts decreasing at 7:00 am, and reaches a minimum at
about 2:00 pm, a pattern similar to those for dust and coal
contributions, but different from vehicle contribution. The
heating and expansion of the boundary layer generally leads to
the diurnal cycle of RH, that generates a corresponding diurnal
cycle in aerosol liquid water. These temporal changes induce a
pH diurnal cycle,17,24,53 which together with the diurnal
temperature cycle, generates the diurnal cycle of nitrate
partitioning as seen in the data seen here (Figure 2b).
However, cations that originate from dust and coal combustion
(NH3/NH4

+, Ca2+, etc.)54 can readily increase aerosol pH,26 so
a part of the diurnal pH cycle may be driven by emissions−
especially from NVCs (SI Figure S6e). Coal combustion and
vehicular traffic also contribute acidic precursors (SO2, NOx)
which modulate acidity as described above in terms of
contributing SS and SN.
Impacts of Aerosol pH on Secondary Nitrate

Formation under Different Sources Contributions.
When SN contribution (calculated from ME2) is plotted
against pH, an interesting “triangle” relationship can be
observed (Figure 3); four subregions (identified as A to D)
are identified, based on time period, meteorological regime,
and source/factor contributions (Figures 3 and 4, and SI
Figure S7).
Region A contains relatively few points, mostly observed at

night, and is characterized by high PM2.5, SNA concentrations
and moderate aerosol pH (∼ 3.2). Samples in Region B were
mostly collected between 0:00−8:00, and were characterized
by moderate RH, NO3

−, NO2, as well as low SO4
2−, O3, and

temperature. Hence, SN in this region were associated with
liquid-phase reactions. It should be noted that aerosol pH in
Region B was higher than in other regions (Figure 3) because
of its higher liquid water content (SI Figure S8 and S9).
Samples in regions B have considerable dust contributions and
low contributions from SS (Figure 4), which further increases
pH. Also, from Figure 4, as aerosol pH increases, the
contributions of SN decreases in Region B (Figure 3), owing
to the reductions in total nitrate−which in turn is linked to
reductions in NOx emissions. SS concentrations were relatively
lower in region B (Figure 4), which could help promoting
aerosol pH increase, as the importance of NVC tends to
promote pH to higher values. The large amounts of NH3
present, which tends to maintain pH high enough to readily
promote NO3 condensation, implies that reductions in SS also
decreases SN, because reductions in aerosol liquid water
associated with SS loss promotes volatilization of nitrate back
to the gas-phase.

Samples in Region C were collected between 13:00−00:00,
and mostly between 19:00−00:00. Temperature, O3, and RH
were all at moderate levels in this region (SI Figure S7),
suggesting that secondary nitrate in Region C was likely
formed through both liquid- and gas-phase and photochemical
reactions. Samples in Region D were mostly collected between
9:00−17:00, and were characterized by high O3, temperature
(306.0 K), and SO4

2− concentrations, in conjunction with low
aerosol pH, NO3

− concentration, ε(NO3
−), and RH (42.1%)

(SI Figure S7). The secondary nitrate in this region was likely
formed through photochemical reactions. In Region D, T was
relatively higher and RH was relatively lower, which would
drive nitrate into its gas phase and decrease the nitrate
concentrations in particle phase. The aerosols in this region
were very acidic (pH from 2 to 2.5) as a result of high liquid
H+ concentration and low water content in the same time
period (SI Figures S8 and S9). Also, dust contributed poorly in
this region, and thus had little influence on elevating aerosol
pH.

Nitrate Partitioning “S-Curve” In Actual Atmospheric
Environment. For a NO3

−- HNO3 (g) system, under a given
constant T and RH, an ideal S-curve relationship between
particle-gas partitioning of semivolatile species and aerosol pH
(see SI Figure S1) would be found,12 which can be applied to
estimate aerosol pH and aqueous fractions of semivolatile
species.11,15 There are three regions in SI Figure S1. Region
(1) and (3) are pH-insensitive bands, where the ε(NO3

−)
changes slightly with respect to pH change. Region (2) is a
pH-sensitive band, where the ε(NO3

−) changes drastically with
pH. For the ambient data set, the pH-ε(NO3

−) curve might be
less obvious because T, liquid water content, and ionic strength
(activity coefficients) do not remain constant. Here, we plotted
ε(NO3

−) (calculated from the measured mole concentration of
NO3

− and HNO3 (g)) ratio against aerosol pH (SI Figure
S10). At first glance, no obvious S-curve between ε(NO3

−) and
pH can be observed. However, after conditional sampling of
the data (i.e., when SS contributions are relatively higher, i.e.,
greater than 25 ug m−3; SI Figure S10(b)), the ambient

Figure 3. Relationships between aerosol pH and secondary nitrate
(SN) contribution. Samples in A−D were collected from different
time periods, and were characterized with different meteorological
conditions. Detailed information related to meteorological conditions
are provided in sI Figure S7.
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samples do captured the pH-ε(NO3
−) sensitive band of the S-

curve (SI Figure S1).
To empirically describe the relationships between ε(NO3

−)
ratio and pH, a Boltzmann equation was applied to fit the
curve of pH-ε(NO3

−). The Boltzmann equation can be used to
fit a sigmoid shaped curve and has performed well in the
previous works.55,56

e
(NO ) 1

1
1

3 (pH 1.99)/0.65
ε = −

+
−

− (4)

Origin 8.5 software was employed to perform the curve fitting
(χ2 was 0.007 and R2 was 0.70) and the result was shown in
Figure 5. The fitted curve in Figure 5a is only a portion
(sensitive region) of the S-curve, as the range in ambient
aerosol pH covers only a fraction of the pH range as
encompassed by the entire S-curve (SI Figure S1). eq 4 was
extrapolated to outside of the conditions as found in this study,
specifically from 0 to 2 and 4−8. Values of the simulated

ε(NO3
−) ratios (red points in Figure 5b) were also calculated

accordingly using (eq 4). Results of the extrapolation are
provided in Figure 5b, where the extrapolated data are shown
as red points and the actual ambient sample data are shown as
black points. The results show that the collected ambient
samples (black points) were in the pH-ε(NO3

−) sensitive
region, indicating that a small change of aerosol pH can have a
considerable impact on ε(NO3

−) (Figure 5b), which reaches
maximum at ε(NO3

−) ∼ 0.5. Nonetheless, there are still a few
black points that deviate from the fitted sigmoid curve, possibly
due to uncertainties involved in curve fitting and analytical
solution. The above statistical analysis shows that an S-curve
can be found for the ambient data set in summer.
The existence of an S-curve can also be found in

thermodynamic estimations. As shown in eq 5- eq 6:12

H
H

(NO )
10 RTL

1 10 RTL3

6
A
6

A

ε =
+

−
−

−
(5)

Figure 4. Secondary nitrate contribution (SN) as a function of pH. Circles were color-coded by sources contributions: (a) Secondary sulfate
contribution (μg/m3), (b) vehicle contribution (μg/m3), (c) coal combustion (μg/m3), (d) dust contribution (μg/m3).

Figure 5. S curve constructed by fitting ε(NO3
−) as a function of pH using the Boltzmann equation for summer samples (R2 = 0.70). Black points

are actual atmospheric samples with higher SS contribution (higher than 10 μg m−3); red points are calculated by the Boltzmann equation.
ε(NO3

−) was calculated using measured NO3
− concentration in particle phase and measured HNO3 (g) concentration in gas phase.
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where HA is the Henry Law Constant for HNO3 in M atm−1; R
is the ideal-gas constant equal to 0.08205 atm L mol−1 K−1; T
is the temperature in K; and L is the aerosol liquid water
content in g m−3 (as estimated by ISORROPIA-II). Given that

H
HA

3.2 106

≈ ×
[ ]+

12, and defining 3.2RTL as the index ITL, we

obtain

I
I

(NO )
H3

TL

TL
ε ≈

[ ] +
−

+
(6)

Combining the index ITL, pH, and eq 6, we can explain the
shape of the pH-ε(NO3

−) relationship and help identifying the
sensitive band of the S-curve. If [H+] is in the range of 0.0001
to 0.01 (pH from 2 to 4), ε(NO3

−) is sensitive to [H+]. In this
work, ITL ranges from 0.0001 to 0.0175, with an average of
0.0026, predominantly in the sensitive range. When pH is less
than 2, [H+] is higher than the maximum value of ITL (0.0175),

and the effects of varying T and L on ε(NO3
−) can be ignored.

When pH is great than 3.3 (especially >4), [H+] is lower than
the minimum value of ITL (0.0001), hence the variation of
ambient T and L would greatly influence ε(NO3

−) (according
to Figure 6, the number of scattered points increased when pH
> 3.3). Additionally, when pH is between 2 and 3.3, both [H+]
and ITL can impact ε(NO3

−). As observed from Figure 6, there
are only limited amounts of scattered points between pH 2−
3.3.
Figure 6 also shows the relationships between pH and

ε(NO3
−) under different meteorological conditions, and for

different source categories (in μg m−3, as estimated by ME2).
The collected samples in the pH-ε(NO3

−) sensitive band were
characterized by high SS contribution, moderate vehicle and
dust contributions, and low coal contribution. As shown in our
previous work, SS dominates in low pH (2−3).26 Moderate
dust contribution would provide nonvolatile cations to

Figure 6. ε(NO3
−) as a function of pH under different conditions (a) RH (%); (b) temperature (T, °C); (c) Water content (μg/m3); (d) dust

contribution (μg/m3); (e) coal contribution (μg/m3); and (f) vehicle contribution (μg/m3). ε(NO3
−) was calculated using measured NO3

−

concentration in particle phase and measured HNO3 (g) concentration in gas phase.

Figure 7. ε(NO3
−) vs pH for spring and winter samples when SS was greater than 25 μg m−3.
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associate with sulfate and elevate pH. Additionally, moderate
vehicle contribution can provide NH3 and NOx precursors for
nitrate aerosol. The low coal contribution suggests relatively
low emissions from coal combustion, thus making the S curve
more prominent. We also performed sensitivity tests and found
that if the concentrations of sulfate decreases, the shape of
ε(NO3

−) can be “distorted” because aerosol liquid water is
appreciably changed as nitrate condenses and evaporates (SI
Figure S11), something that does not occur when SS
dominates the liquid water uptake.
Figure 12 shows the relationship between ε(NO3

−)-pH in
other seasons (spring: 2015.4.30−2015.5.30 and winter:
2015.1.4−2015.2.10). Similarly, parts of the S-curves were
observed in spring and winter data sets that have higher SS
contributions (Figure 7). For spring, the pH-sensitive band
was fit to a sigmoid curve: (NO ) 1

e3
1

1 (pH 2.8)/0.71ε = −−
+ − , (R2 =

0.67). For winter, the pH-insensitive band (right band, Figure
7) was found, likely due to the considerable variability in
aerosol liquid water, temperature, and emissions patterns over
the time period examined. ITL ranged from 0.0000 to 0.0094,
with an average of 0.00067 for spring samples. So, the range of
pH for sensitive band of the S-curve should be from 2 to 4,
which can be confirmed by Figure 7 (left side, spring).
Additionally, ITL ranged from 0.0000 to 0.012, with an average
of 0.0013 for winter samples, suggesting that the range of pH
for sensitive band should from 1 to 4. In Guo et al. (2017), the
S-curves were found in the range of pH from −1 to 3 in winter.
But in this work, pHs typically were higher than 3 in winter
(see SI Figure S12), so nitrate partitioning tends to reside in
the upper “plateau” of the S-curve, which are modulated by
variations in T and L. Similar as in the summer, TN
(NO3

−+HNO3 (g)) vs pH for winter and spring seasons
yield “triangles,” indicating that similar emissions and chemical
domains are responsible for the behavior. A detailed discussion
can be found in the SI.

■ IMPLICATIONS

The use of highly time-resolved (hourly) observations of
aerosol compositions over multiple seasons allowed more
detailed examination of the aerosol thermodynamics in
different seasons, and the relationships between aerosol
composition, sources, pH, and meteorological factors. In this
study, aerosol pH ranges from 2.6 to 4.6, with an average pH of
3.4 ± 0.5. The gas-particle partitioning of the observed
semivolatile inorganic species (ammonia-ammonium and nitric
acid-nitrate) are consistent with the thermodynamics of the
ammonia-sulfate-nitrate-NVC system. An interesting “triangle”
relationship was found between the SN contribution and pH.
This was found to primarily be linked to the emissions of
nitrate precursors (NOx and NH3) and physicochemical
processes leading to SN formation. A triangular shape
relationship between SN and pH is found. In more polluted
environments, in conditions favorable for SN formation (i.e.,
lower temperatures, higher RH) the pH is pushed toward the
value of pure ammonium nitrate’s; as SS increases, pH
decreases (left side of triangle), while a higher fraction of
NVCs raises pH because TN and SS decrease (right side of
triangle) when the air masses are cleaner.
The use of hourly samples further support that the “S-curve”

nitrate-nitric acid gas and ammonium-ammonia gas partition-
ing relationships, particularly when SS levels are higher, leading
to greater aerosol water levels. The index (ITL) developed in

this work, can help determining when nitrate partitioning is in
the pH-sensitive region. This region is also where ammonia
and NOx emissions control strategies are both efficient in
reducing the nitrate aerosol load, though sulfate reductions will
be less efficient. But at very high or low ITL’s, this substitution
is less important. Given that the ITL’s vary throughout the day,
the use of hourly observations can be important as 24 h
samples can mis-identifying times when controls are effective.
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