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ABSTRACT: Ammonium is one of the dominant inorganic water-
soluble ions in fine particulate matter (PM2.5). In this study, source
apportionment and thermodynamic equilibrium models were used
to analyze the relationship between pH and the partitioning of
ammonium (ε(NH4

+)) using hourly ambient samples collected
from Tianjin, China. We found a “Reversed-S curve” between pH
and ε(NH4

+) from the ambient hourly aerosol dataset when the
theoretical ε(NO3

−)* (an index identified in this work) was within
specific ranges. A Boltzmann function was then used to fit the
Reversed-S curve. For the summer data set, when ε(NO3

−)* was
between 0.7 and 0.8, the fitted R2 was 0.88. Through
thermodynamic analysis, we found that the values of k[H+]2 (k =
3.08 × 104 L2 mol−2) and ε(NO3

−)* can influence the pH-
ε(NH4

+) curve. Under certain situations, the values of k[H+]2 and ε(NO3
−)* are similar to each other, and ε(NH4

+) is sensitive to
pH, suggesting that ε(NO3

−)* plays an important role in affecting the ε(NH4
+). During summer, winter, and spring seasons, when

the relative humidity was greater than 0.36 and ε(NO3
−)* was between 0.8 and 0.95, there was an obvious Reversed-S curve, with R2

= 0.60. The theoretical k[H+]2 and ε(NO3
−)* developed in this work can be used to analyze the gas-particle partitioning of

ammonia−ammonium and nitrate−nitric acid in the ambient atmosphere. Also, it is the first time that we created the joint source-
NH3/HNO3 maps to integrate sources, aerosol pH and liquid water content, and ions (altogether in one map), which can provide
useful information for designing effective strategies to control particulate matter pollution.

■ INTRODUCTION

Ammonium, nitrate, and sulfate are commonly found to be the
dominant inorganic components of PM2.5 in China.1−4 The
results from previous studies have shown that these water-
soluble ions (WSI) are generated from secondary formation.5,6

Ammonium and nitrate are semivolatile species7−9 subject to
gas-particle partitioning processes, and research has shown that
acidity and meteorological conditions play important roles in
such processes.8,10,11,44

The past literature suggests a “Reversed-S curve” (Figure
S1a) relationship between the partitioning of ammonium
(expressed as ε(NH4

+): [NH4
+]/([NH3(g)] + [NH4

+])) and
pH in aerosols and cloud droplets and an “S curve”
relationship between the partitioning of nitrate (expressed as
ε(NO3

−): [NO3
−]/([HNO3(g)] + [NO3

−])) and pH.12

However, these results were mostly obtained within laboratory
environments and were designed to simulate the conditions in
clouds. Studies on the relationship between ε(NO3

−) and pH
in ambient aerosol are limited. In ambient aerosol, the
relationship between gas-particle partitioning of semivolatile
WSI and pH may be influenced by many factors, such as the

fluctuation of temperature (T), relative humidity (RH), water
content in aerosol, and source emissions.12

In our previous study, by using an hourly ambient aerosol
data set, we found an S curve relationship between ε(NO3

−)
and pH under actual atmospheric conditions. The partitioning
of nitrate in ambient aerosols is found to be influenced by
meteorological conditions (T, RH) and the strength of source
emissions.9 The S curve and Reversed-S curve can be applied
to divide the entire range of pH into sensitive band, upper
band, and lower band (Figure S1). For the sensitive band,
ε(NH4

+) and ε(NO3
−) vary markedly with an increase in pH;

for the upper band, ε(NH4
+) and ε(NO3

−) approach 1; while
for the lower band, ε(NH4

+) and ε(NO3
−) approach 0. Nenes

et al. created sensitivity maps according to the theoretical S
curve to divide the regions into a nitrate-sensitive region,
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ammonium-sensitive region, both nitrate- and ammonium-
sensitive regions, and nonsensitive region.12,13 Also, in our
study of aerosol pH, the sensitivities of HNO3 and NH3
partitioning are different in different zones.13 However, the
synergistic influence of HNO3 and NH3 is still not clear. In this
work, we further investigate the relationship between ε(NH4

+),
ε(NO3

−), and pH in ambient aerosol and explore the factors
that affect such relationships.
Compared with ε(NO3

−), the response of ε(NH4
+) to

various meteorological and compositional factors may be more
complex. In the ambient atmosphere, ammonium can react
with both nitrate and sulfate.14−16 Owing to its extremely low
volatility, the acidic H2SO4 resides in the aerosol phase and
reacts with NH3(g) from the gas phase to form secondary
ammonium sulfate/bisulfate.17 If sufficient amounts of
ammonia are present, HNO3(g) can react with NH3 to form
ammonium nitrate (NH4NO3),

9 with the equilibrium between
NH4NO3, NH3, and HNO3 being very temperature and
humidity sensitive.17−19 Thus, to investigate the relationship
between ε(NH4

+) and pH in the ambient atmosphere, the
presence of ε(NO3

−), SO4
2−, and the influence of varying

environmental conditions such as T and RH should be
analyzed. Additionally, sources such as coal, dust, and vehicle
can attribute cations and anions to aerosol and emit precursor
gases such as NH3, SO2, NOx, etc. Therefore, source impacts
should also be considered as potential influencing factors to
the ε(NH4

+)−pH relationship.
In this study, the relationship between ε(NH4

+) and pH in
ambient atmosphere is investigated. The research presented
here is based on our previous work,9 in which we explored the
impact factors on ε(NO3

−) and pH in the ambient
atmosphere. In this work, an hourly data set was collected
during summer, winter, and spring from a northern city in
China. The positive matrix factorization (PMF)/multilinear
engine program (ME2) source apportionment model was used
to explore source emission patterns. The thermodynamic
model (ISORROPIA-II) was applied to estimate the hourly
aerosol pH to analyze the relationship between pH and
ε(NH4

+) partitioning. Then, the impacts of meteorological
parameters, inorganic ion concentration, source emissions, and
ε(NO3

−) on aerosol pH and ε(NH4
+) were explored. The

relationships between pH and ε(NH4
+) were described by a

sigmoid function, and the impacts of different factors were
discussed based on the results of thermodynamics analysis.
What’s more, to explore the relationship between ambient
NH4

+/NH3 and NO3
−/HNO3, the ε(NH4

+) and ε(NO3
−)

were discussed together. Finally, the joint source-NH3/HNO3
sensitivity regime maps were created, to better understand the
formation of secondary nitrate. These maps are powerful
because they integrate sources, pH and liquid water content
(LWC), and PM sensitivity to NH3/HNO3 emissions in one
map. The findings of this work contribute to a better
understanding of inorganic secondary aerosol formation.
Additionally, the sensitivity regime maps help establish the
relationships between primary sources (coal, dust, and vehicle)
and secondary sources (secondary nitrate (SN) and secondary
sulfate (SS)), which can provide useful information for
designing effective strategies to control particulate matter
pollution.

■ METHODS
Sampling and Chemical Analysis. Online aerosol and

gas measurements with 1 h temporal resolutions were

conducted in the megacity of Tianjin, China, in summer,
spring, and winter. The sample collection location is in a
community located about 200 meters away from a major road
with heavy traffic congestion. The URG9000B Ambient Ion
Monitor (AIM, URG Corporation, Chapel Hill, NC.) with two
ICs was used to measure water-soluble ions, including NH4

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

2−, NO3
−, Cl−, F−, NO2

−, and
semivolatile species in the gas phase, including HCl, HNO3,
and NH3. Details of the sampling method and time period are
described in our prior work.9

pH Prediction. pH is a basic property of the aqueous
fraction of an aerosol. It is determined by H+, liquid water
content, and ion activity of H+.8,14 Because there is no method
to directly measure the acidity of aerosols, scholars generally
use thermodynamic analysis of the components in aerosols to
estimate the acidity.21−29 In this study, the samples were
introduced into ISORROPIA-II (http://nenes.eas.gatech.edu/
ISORROPIA/index_old.html or https://isorropia.epfl.ch) to
estimate the aerosol pH (eq 1) as well as gas-particle
partitioning of water-soluble ions, semivolatile substances,
and water content.29−32 In total, 387 hourly samples were
introduced. The input data included meteorological parame-
ters (temperature and relative humidity), concentrations of
water-soluble ions, and concentrations of semivolatile
components. In the samples, RH ranged from 47.2 to 79.4%,
with average values of 60.1%. In ISORROPIA-II, forward
mode and metastable mode were selected. In the forward
mode, known quantities include temperature, relative humid-
ity, and total concentrations of NH4

+/NH3(g), SO4
2−, Cl−,

NO3
−/HNO3(g), Na

+, K+, Ca2+, and Mg2+. In the metastable
mode, there is no precipitation under supersaturated
conditions.9,33,34

Aerosol pH as calculated in ISORROPIA-II is

m
pH log

1000
water content10

Hi
k
jjj

y
{
zzz= −

×+

(1)

where mH
+ is the concentration (μg m−3) of H+.8,20,34 The unit

of water content is μg m−3. The molarity-based activity
coefficient of hydrogen ions is assumed to be unity in
ISORROPIA-II.22

Extended AIM Aerosol Thermodynamic Model (E-
AIM). In this work, E-AIM was used to estimate the activity
coefficients of different ions in aerosol (http://www.aim.env.
uea.ac.uk/aim/aim.php). There are four models in E-AIM:
model I (H+−SO4

2−−NO3
−−Cl−−Br−−H2O, <200 to 330 K),

model II (H+−NH4
+−SO4

2−−NO3
−−H2O, <200 to 330 K),

model III (H+−NH4
+−SO4

2−−NO3
−−Cl−−H2O, at 298.15 K

only), and model IV (H+−NH4
+−SO4

2−−NO3
−−Cl−−H2O,

≤263 to 330 K). In this study, the data sets of aerosols we
collected included ammonium, sulfate, nitrate, and chloride.
Thus, the activity coefficients of ions in the aerosols were
obtained by E-AIM model IV. Because E-AIM model IV
requires RH > 60%,34 only samples with an RH larger than
60% were introduced to E-AIM.

Source Apportionment: Positive Matrix Factorization
(PMF)/Multilinear Engine 2 (ME2). Multivariate receptor
modeling of time-series data sets is often used to perform
source apportionment of the airborne particulate matter.35,36

The PMF model is one of the two independent and
complementary source apportionment models that were
developed by the U.S. EPA (Environmental Protection
Agency) (the other being Unmix). We choose the PMF
model, using the ME2 solver,36,37 to estimate source
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contributions in this study because based on our experience,
the results obtained from the Unmix model can sometimes be
problematic.38 Details on PMF/ME2 model are shown in the
Supporting Text I.

■ RESULTS AND DISCUSSION
Concentrations and Sources for Ions. pH is one of the

critically important properties of aerosols. Processes related to
gas-aerosol partitioning and chemical composition are driven
by the pH of aerosol.30,39−44 The pH of aerosol also impacts
gas-particle partitioning of the nitrogen cycle, including
HNO3−NO3

− and NH3−NH4
+.24 To better investigate the

relationship between NH4
+/NH3 and pH, we first study the

summer dataset and then compare the results with those of
spring and winter. The NH3(g) concentration in summer
ranged from 13.8 to 37.5 μg m−3, with an average of 25.6 μg
m−3. The concentrations of NH4

+ ranged from 3.2 to 27.5 μg
m−3, with an average of 14.0 μg m−3. The mean ambient
temperature was 301.4 K (298.2−303.8 K), and mean RH was
60.1% (47.2−79.4%). By applying the ISORROPIA-II model,
values of aerosol pH in summer were obtained. Aerosol pH
ranged from 2.6 to 4.6 (average value is 3.4). The diurnal
variations of ion concentrations, pH, and meteorological
conditions can be found in our previous work.9

Seasonal and emission-driven variations play an important
role in affecting air pollutants’ concentrations in the ambient
dataset.45 PMF/ME2 was used to identify the potential source
categories and to estimate their contributions in the summer
samples. In this study, a sample matrix (387 × 12) was
introduced to PMF/ME2. Source profiles and source
contributions are provided in Figure S2. Five sources were
identified.
Factor 1 has a high SO4

2−, a known marker for secondary
sulfate (SS). In summer, factor 2 was characterized by NO3

−,
which is the marker for secondary nitrate (SN). Factor 3 can
be identified as dust, as characterized by the high Ca2+.46

Factor 4 was characterized by the high OC and EC fractions,
which are associated with vehicle exhaust.47 Factor 5 was
relevant to coal combustion, as identified by the high OC, EC,
Cl−, and secondary sources (SO4

2−, NO3
−, NH4

+).5 The
detailed source profiles are shown in Figure S2. In this work,
contributions from different sources to PM2.5 were also
calculated, and the average contributions were SS (25%), SN
(23%), dust (22%), vehicle (13%), and coal (17%). Further
information on the source apportionment method was
provided in our previous work.9

Variations of NH4
+ and NH3(g). Ammonia, the most

abundant basic gas in the atmosphere, can react with H2SO4
and HNO3 to form ammonium salts.48 Here, we first
investigated the relationship between NH4 and NH3. Figure
1 shows the correlations between NH4

+, NH3(g), and pH in
summer. No clear linear relationship between NH4

+ and
NH3(g) can be observed, which is expected. Generally, the
relationship between ammonia and ammonium should be
nonlinear, because the relationship is influenced by many
factors such as pH, effective Henry’s constant, liquid water
content, etc.12

Sources such as fossil fuel combustion and vehicle have a
significant impact on ammonia.49,50 Some sources directly emit
ammonia and ammonium into the air, while some sources
indirectly influence the partitioning of ammonium by emitting
cations and anions that influence the pH. To explore the
impacts of sources on NH4

+/NH3(g), the calculated source

contributions were set as the third dimension in NH4
+ vs

NH3(g) plots, as shown in Figure S3a−e. In the results
obtained from the summer dataset, coal contributions were
generally higher when NH4

+ was at higher levels, indicating
that coal (residential and industrial coal combustion) is likely
related to NH4

+ formation (Figure S3c). In northern China,
coal combustion plays an important role in industries. Coal
combustion and industrial activities contribute to the emission
of NH3(g),

6 which may explain the relation between coal
contributions and NH4

+. Dust and vehicle showed no obvious
impact patterns on NH4

+/NH3(g) plots (Figure S3d,e).
Interestingly, SS became higher when NH4

+ was at a moderate
level, and SN showed a high level when NH4

+ was also at a
high level (Figure S3a,b). This finding suggests that when
sufficient NH4

+ was available, NH4
+ would preferably react

with sulfate and then with nitrate.12,51

In addition to source contributions, meteorological con-
ditions, ion concentrations, aerosol pH, and partitioning of
nitrate were also set as the third dimension of the NH4

+−
NH3(g) plots in summer, and the results are shown in Figure
S4a−e. In Figure S4a,e, temperature and gas-particle
partitioning of nitrate shows nonlinear impacts on either
NH4

+ or NH3(g). When the RH was high, as shown in Figure
S4b, both concentrations of NH4

+ or NH3(g) were high. The
concentrations of SO4

2− and NO3
− were high when NH4

+ was
high. However, none of the variables in the figure show any
apparent linear relationships between NH4

+ and NH3(g).
Impact of pH on ε(NH4

+). The results from our previous
work show that the gas-particle partitioning of ammonium salts
in the aerosol is mainly driven by its precursors’ thermody-
namic states and meteorological conditions.48 The interactions
between pH and gas-particle partitioning of ammonia were
studied here. The values of ε(NH4

+) (calculated as [NH4
+]/

([NH3(g)] + [NH4
+])) in summer ranged from 0.06 to 0.64,

with an average of 0.34. Under atmospheric conditions,
practically all dissolved ammonia in the liquid phase is in the
form of ammonium ion. The gas-particle partitioning of
ammonia has a functional relationship dictated by Henry’s law
constant.12 Henry’s law constant is impacted by [H+], which
also determines the pH.12 Thus, the NH4

+/NH3(g) is expected
to have the following relationship with pH and Henry’s law
constant as follows12

Figure 1. Comparison of mass concentrations of NH3(g) and NH4
+

(μg/m3) and their relationships with pH in summer.
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3

3
[ ] =

[ ]+
+

(2)

In eq 2, HNH3
is Henry’s law constant for ammonia, M atm−1.

Ka1 is the equilibrium constant of the reaction NH3·H2O ↔
NH4

+ + OH−. [H+] is the concentration of H+. Kw is the
equilibrium constant of the reaction H2O↔ H+ + OH−. pNH3
is the partial pressure of NH3(g).
For an NH4

+−NH3(g) system inside cloud, under constant
T and RH, a Reversed-S curve relationship between particle-
gas partitioning of semivolatile species (ε(NH4

+)) and aerosol
pH (see Figure S1a) is expected. If the Reversed-S curve is
found, the curve can be applied to estimate the aerosol pH
given available measurements of ε(NH4

+). The Reversed-S
curve was derived using a sigmoid function, which is a
bounded differentiable real function.52 The Reversed-S curve
characterizes a process that starts at a large value, then shows
an accelerated decreasing trend, and finally approaches zero:
the acceleration portion of the Reversed-S curve is usually in
the middle; the other two regions are defined as insensitive
regions. In our study, the Reversed-S curve is not only used to
estimate the aerosol pH but also provides a method to divide
the sensitivity regions of pH. There are three regions in Figure
S1a. Region (1) and (3) are pH-insensitive bands (upper and
lower bands), where ε(NH4

+) changes only slightly with
respect to pH change. Region (2) is a pH-sensitive band,
where ε(NH4

+) drops drastically with pH increase. It should
be noted that under ambient conditions, the Reversed-S curve
might be less obvious because of two reasons: first, other
cation/anions (SO4

−, NO3
−, Ca2+, etc.) might influence the

NH4
+/NH3(g) system; second, T, RH, and ionic activity

coefficients do not remain constant in real environmental
samples. We plotted ε(NH4

+) (calculated from the measured
mole concentration of NH4

+ and NH3(g)) against aerosol pH.
At first glance, no obvious Reversed-S curve between ε(NH4

+)
and pH can be observed. In our previous research, an S curve
relationship was found between ε(NO3

−) (gas-particle
partitioning of NO3

−) and pH for ambient samples under
certain conditions. We also found that the relationship
between pH and ε(NO3

−) is influenced by ITL
HNO3 (an index

related to T and RH. ITL
HNO3 is defined as 3.2RTL, where R is the

ideal-gas constant, T is the temperature in K, and L is the
cloud/fog liquid water content in g m−3), [H+], and pollution
sources.9 Here, we applied a similar approach to analyze the
influences of pollution sources and meteorological conditions
on the relationship of pH−ε(NH4

+).
Impact of Sources, Meteorological Conditions, and

Ion Activity on pH-ε(NH4
+). Five three-dimensional scatter

plots on the impacts of SN, SS, coal, vehicle, and dust source
on the pH−ε(NH4

+) relationship are provided in Figure S5a−
e. In summer, SS increases significantly when ε(NH4

+) is above
0.1 and between a pH of 2 and 3.5 (Figure S5b). This is
because the relative abundances of (NH4)2SO4 and NH4HSO4
are related to the amount of NH4

+, particularly under high SS
conditions. SN begins to increase when ε(NH4

+) is above 0.3
and in the region where the pH is between 3 and 4 (Figure
S5a). Such a result suggests that ammonia reacts with sulfate
ions first (at a relative low pH level) and then with nitrate (at a
moderate pH level).12,51 In Figure S5c−e, dust and vehicle
show no clear relationships with pH−ε(NH4

+), and the coal
source is generally dominant at higher ε(NH4

+) (>0.4) and
moderate pH (4−5) levels. The results from our previous

study also showed that coal was the main source of ammonium
ions and at moderate pH levels.12,51 Based on the analysis
above, it can be seen that secondary aerosol (SS and SN) can
influence the pH−ε(NH4

+) relationship significantly, while the
influence of other primary sources (coal dust and vehicle) is
less clear. However, though SS and SN have a great impact on
pH and ε(NH4

+), their influence is nonlinear because of
chemical behaviors.51 Other sources influence ε(NH4

+) and
pH indirectly by emitting ions into the atmosphere, which is
also nonlinear. Overall, the impact of source contributions on
the ε(NH4

+)−pH relationship was nonlinear.53

Aerosol is able to absorb a large amount of water, which has
a significant impact on its chemical and physical properties.54

The effects of temperature and RH on the pH−ε(NH4
+)

relationship were also explored here (Figures S6 and S7). In
summer, a higher temperature is associated with lower pH
(<3). The reason is that when the temperature increases, the
equilibrium of the reaction NH3(g) + H2O ⇌ NH4

+ + OH−

shifts to the left, thus increasing the gaseous NH3. The impact
of RH on the pH−ε(NH4

+) relationship in summer is
provided in Figure S7. It appears that samples taken at a
high RH (>60%) are primarily located in the regions of the
sensitive band of the Reversed-S curve (Figure S1a).
Additionally, a higher RH is related to higher ε(NH4

+). The
reason is that when the relative humidity rises, the water
content in the air increases, resulting in more ammonia gas
dissolving in water.12 RH is a key factor of aerosol water
content. We also investigated the impact of water content
(calculated by ISORROPIA-II) onto ε(NH4

+) and ε(NH4
+)*

(partitioning of ammonium calculated by ISORROPIA-II)
(Figure S8). In summer, higher water content is generally
related to high ε(NH4

+), due to the fact that when aerosol
water content increases, the dissolution of ammonium
increases. Unlike RH, no obvious sensitive band was found
at the high-water-content points in the plot. However, water
content is still an important property of aerosol, because it
serves as the reservoir for reactions to occur in aerosol.55−57

The phase equilibria and gas-particle partitioning are
influenced by the nonideality of the liquid phase. Thus,
activity coefficients should be considered.58−61 To further
study the influence of the ions, the E-AIM Model IV was used
to estimate ion activity coefficients. As shown in related
studies,34 E-Aim Model IV is more accurate when RH is above
60%. Therefore, only sample measurements with RH greater
than 60% from the summer data sets were input into E-Aim
Model IV. The results are shown in Figure S9. In summer,
log γ(SO4

2−) was higher at moderate pH levels and lower at
low and high pH levels, while log γ(NO3

−), log γ(H+), and
log γ(NH4

+) were lower at moderate pH levels and higher at
low and high pH levels. In addition, when ε(NH4

+) was at
higher levels, log γ(NH4

+) was higher and log γ(SO4
2−) was

lower. This result also suggested that the pH−NH4
+/NH3 was

driven by nonlinear chemistry.53

Relationship between pH, ε(NH4
+), and ε(NO3

−). As
previously discussed, ε(NH4

+) was significantly influenced by
SS and SN. The reasons for this are due to the affinity of NH4

+

to both SO4
2− and NO3

− in the formation of (NH4)2SO4 and
because NH4NO3 and NH4NO3 are semivolatile.9,51 In the
atmosphere, gas-phase NH3 mainly comes from emissions, but
it can also evolve from the decomposition of NH4NO3, which
is formed through the reaction NH4

+ + NO3
− ⇌ NH4NO3.

Thus, the phase distribution of nitrate is important to
understanding the value of ε(NH4

+).62 For NH4
+ and NO3

−,
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the study of ε(NH4
+) also considers the relationship between

gas-particle partitioning of NH4
+ and NO3

−. It is also necessary
to pay attention to the influence of ε(NO3

−) on the
relationship between pH and ε(NH4

+). As shown in our
previous work and previous literature,9,12 theoretical ε(NO3

−)
can be calculated from pH, temperature, and water content. In
this work, we defined the theoretical ε(NO3

−) as ε(NO3
−)*,

which can be calculated by eq 39

H RTL

H RTL
(NO )

10

1 103

6
HNO
6

HNO

3

3

ε * =
+

−
−

−
(3)

where R is the ideal-gas constant 0.08205 (atm L mol−1 K−1),
T is the temperature in K, and L is the cloud/fog liquid water
content in g m−3.
In Figure 2, the relationship between ε(NH4

+), pH, and
ε(NO3

−)* is shown for summer. As ε(NO3
−)* was high, the

expected Reversed-S curve was observed, indicating that
ε(NH4

+) has a more prominent relationship with pH when
ε(NO3

−)* is constrained within a certain range.
To analytically describe the relationship between ε(NH4

+)
ratio and pH under certain ε(NO3

−)* ratios, a Boltzmann
equation was applied to fit a regression curve for pH−ε(NH4

+)
for summer samples. The Boltzmann equation can be used to
fit a sigmoid-shaped curve and has performed well in the
previous works.9,63,64 The Origin 8.5 software was employed to
perform the curve fitting and the result of the summer data set
is shown in Figure 3a. The fitted curves are shown in Figure 3a,
with ε(NO3

−)* constrained between 0.7 and 0.8. The R2 is
0.88, which suggested a good Reversed-S curve relationship

R(NH )
1

1 e
, 0.884 pH 2.84/0.60

2ε =
+

=+
− (4)

The expected values of ε(NH4
+) ratios as predicted by the

above regression equations (red lines in Figure 3a, simulated
by eq 4) were also calculated accordingly using Origin. The
extrapolated data are shown as the red points and the actual
ambient sample data are shown as the black points. The results
show that the collected ambient samples (black points) were in
the pH−ε(NH4

+) sensitive region, indicating that a small
change of aerosol pH would have a considerable impact on
ε(NH4

+) (Figure 3a). Nonetheless, there are still a few black
points that deviate from the fitted Reversed-S curve, possibly
due to uncertainties involved in the curve fitting and analytical

methods or materials. The above statistical analysis confirmed
that a Reversed-S curve can be found for the ambient data set
in summer. We have also tried to constrain other parameters,
but the results were not as satisfactory as constraining
ε(NO3

−)*.
Thermodynamic Analysis for pH, Meteorological

Condition, ε(NH4
+), and ε(NO3)*. We also performed a

thermodynamic analysis to analyze the Reversed-S curve of
pH−ε(NH4

+) for the ambient data set and to demonstrate
how the above-discussed factors impact ε(NH4

+).
As shown in the previous literature,12 the gas-particle

partitioning of NH4
+ and pH follows a theoretical relationship

as described in eq 5

H RTL

H RTL
(NH )

10

1 104

6
NH

6
NH

3

3

ε =
*

+ *
+

−

−
(5)

where HNH3
* is the effective Henry law constant for NH3 in M

atm−1 (HNH3
* value at 293 K is calculated by equations that can

be found in Clegg and Brimblecombe and Clegg et al.);65,66 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 (in this work, the water content was
estimated by ISORROPIA-II). It should be noted that for eq 8,
abundant water is available to dissolve NH3.

12

The partitioning of ammonium between gaseous and
aqueous phases can be calculated using the effective Henry’s
law constant for ammonia. So, the ambient ammonia data set
can be calculated by eq 6

H
H K

K

H
NH

NH a1

w
3

3* =
[ ]+

(6)

Figure 2. ε(NH4
+) as a function of pH, filled with ε(NO3

−)* in
summer.

Figure 3. (a) Boltzmann fitting results for the summer sample:
ε(NO3

−)* constrained from 0.7 to 0.8; (b) Boltzmann fitting results
for all three season (spring, summer, and winter) samples within a
certain range of ε(NO3

−)* (0.8−0.95) and RH (>36%). Reversed-S
curve constructed by fitting ε(NH4

+) as a function of pH using the
Boltzmann equation for summer samples. The black points are actual
atmospheric samples with a certain range of ε(NO3

−)*; red points are
calculated by the Boltzmann equation. ε(NH4

+) was calculated using
measured NH4

+ concentration in the particle phase and measured
NH3(g) concentration in the gas phase.
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where HNH3
is the Henry law constant for NH3; Ka1 is the

equilibrium constant of the reaction NH3·H2O ⇌ NH4
+ +

OH−; and Kw is the dissociation constant of water.12 All of
these constants are influenced by temperature. Thus, for
different seasons, the values of these constants should be
calculated individually. The average daily summertime temper-
atures in Tianjin range from about 295 to 308.5 K, with an
average of 301 K and a standard deviation of 2.78 K. In this
study, we calculated thermodynamic constants at 301 K,
leading to HNH3

= 54.04 M atm−1, Ka1 = 1.73 × 105, and Kw = 1
× 10−13.90, recognizing they are temperature-dependent.
In our previous work,9 we established an ITL

HNO3 index to
analyze the thermodynamics for the S curve of pH−ε(NO3

−);
similarly, we also established an ITL

NH3 index here to explore the
thermodynamics for the Reversed-S curve of pH−ε(NH4

+). In
this work, we define 10−6HNH3

* RTL/[H+](HNH3
* ≈ 7.45 × 1010

× [H+] at 301 K, the average temperature in summer) as the
index ITL

NH3 and we obtain eq 7

I
I

(NH ) TL

TL
4

NH

1
H

NH

3

3
ε =

+
+

[ ]+ (7)

Equation 7 shows the relationship between 1
H[ ]+ , ITL

NH3, and

ε(NH4
+). The equation can clearly describe the Reversed-S

curve on the pH−ε(NH4
+) plot: when ITL

NH3 is close to 0, 1
H[ ]+ is

greater than 100, and ε(NH4
+) will be close to 0 (lower band);

when ITL
NH3 approaches ∞, ε(NH4

+) will be close to 1 (upper
band); when the values of ITL

NH3 and 1
H[ ]+ are similar, ε(NH4

+) is

sensitive to both of ITL
NH3 and 1

H[ ]+ (sensitive band). Therefore,

when ITL
NH3 is constrained within a certain range, an obvious

Reversed-S curve of pH-ε(NH4
+) would appear. For example,

in the summer of this work, [H+] was in the range of 0.000001
to 0.01 M (pH approximately from 2 to 6); ε(NH4

+) is
sensitive to [H+], as ITL

NH3 ranging from 0.92 × 102 to 4.19 × 105

is not significantly different from 1/[H+] (about 102−106).
When pH is greater than 6, 1/[H+] is much higher than the
maximum value of ITL

NH3 (4.19 × 105), and the effects of varying
T and L on ε(NH4

+) can be ignored; while pH is less than 2,
1/[H+] is much lower than the minimum value of ITL

NH3 (0.92 ×
102); hence the variation of ambient T and L would greatly
influence ε(NH4

+). Additionally, when pH is between 2 and 6,
both [H+] and ITL

NH3 can impact ε(NH4
+).

In this work, ITL
NH3 (calculated by eq 7, HNH3

* ≈ 7.45 × 1010 ×
[H+] at 301 K, average temperature in summer) ranged from
0.92 × 102 to 4.19 × 105, with an average of 6.12 × 104 in
summer. This range dwarfs the impact of the temperature
variation on Henry’s law constants. However, to better
understand the influence of T, we have added a sensitivity
regime map (Figure S12) showing how temperature impacts
the relationship between LWC and pH.
In our previous work,9 we applied the similar thermody-

namic analysis method to analyze the S curve of pH-ε(NO3
−),

as shown in eq 8

I
I

(NO )
H

TL

TL
3

HNO

HNO

3

3
ε * =

[ ] +
−

+
(8)

where ITL
HNO3 is equal to 10−6HHNO3

* RTL[H+].9,12 Hence, we can
obtain eqs 9 and 10

I
1 (NH )TL

NH

(NH )
H

4

3

4

ε
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−

ε
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+

+

+

(9)

I
(NO ) H

1 (NO )TL
HNO 3

3

3
ε

ε
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*[ ]
− *

− +

−
(10)

Because in this study (in summer), ITL
NH3 = 7.45 × 104RTL =

3.08 × 104 ITL
HNO3,12 when we compare eqs 9 and 10, we can

obtain eq 11

(NH )(1 (NO ) )
(1 (NH )) (NO )

3.08 10 H4 3

4 3

4 2ε ε
ε ε

− *

− * = × [ ]
+ −

+ −
+

(11)

If we define k 3.08 10 L molI

I
4 2 2TL

TL

NH3

HNO3
= = × − ,12 then we

obtain the relationship between ε(NH4
+) and ε(NO3

−) as
eqs 12 and 13
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Equation 13 shows the relationship between ε(NO3
−)* and

ε(NH4
+): when ε(NO3

−)* is close to 1, 1
(NH )4ε

and ε(NH4
+)

will also be close to 1; when ε(NO3
−)* is close to 0, 1

(NH )4ε
will

be approaching ∞, while ε(NH4
+) will be 0; when the ratio of

(1 − ε(NO3
−)*) to (k[H+]2ε(NO3

−)*) is between 0 and 1,
ε(NH4

+) is on the sensitive band; and if ε(NO3
−)* is similar to

k[H+]2 (because k[H+]2 usually is a large value), ε(NO3
−)*

will play an important role in eq 13, which indicates that when
ε(NO3

−)* changes, ε(NH4
+) will change significantly. Thus,

when ε(NO3
−)* is constrained within a certain range (related

to k[H+]2), an obvious Reversed-S curve of pH−ε(NH4
+)

would appear.
Therefore, eq 13 can be used to explain the results of Figure

3a. For the samples in Figure 3a, ε(NO3
−)* was constrained

within 0.7−0.8 and the samples are clustered within the region
of pH between 2.5 and 3.5. In this situation, the values of
k[H+]2 (about 10−3−10−1) and ε(NO3

−)* (10−2) are similar
to each other, and ε(NH4

+) is on the sensitive band, suggesting
that ε(NO3

−)* plays an important role in affecting ε(NH4
+).

As expected, the fitted equation explained the Reversed-S curve
(R2 = 0.88) well.
To further validate the conclusion of the above thermody-

namic analysis, the relationships between pH and ε(NH4
+) for

three season data sets (summer, spring, and winter) were also
investigated in this work. The seasonal data set was from the
previous work.9 We combined the samples of the three seasons
(spring, summer, and winter) to investigate the pH−ε(NH4

+).
The samples with RH larger than 36% (larger than 35.0%, the
value of efflorescence relative humidity for pure (NH4)2SO4)
and ε(NO3

−)* from 0.8 to 0.95 were selected for Boltzmann
fitting. When ε(NO3

−)* values were between 0.8 and 0.95, the
pH of the selected samples was within 3−4.5. So, the k[H+]2 is
(10−5−10−2), which overlaps the range of ε(NO3

−)* (10−3−
10−2). The fitted regression equation is
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R(NH )
1

1 e
, 0.604 pH 2.94/0.85

2ε =
+

=+
− (14)

The fitting result shown in Figure 3b corresponded with our
analysis above, which indicated that we could find the
Reversed-S curve relationship between ε(NH4

+) and pH in
ambient dataset.
Additionally, we further investigated the relationship among

pH, ε(NH4
+), and ε(NO3

−) using the “Sensitivity regime map”
as developed by Nenes et al.13 The sensitivity regime map can
reflect the domains of the sensitivity of aerosol to NH3 and
HNO3 availability, in light of the aerosol pH and liquid water
content. A detailed description of the map is available
elsewhere.13 Figure S11 shows the results of the samples for
all years (Figure S11a) and three seasons (Figure S11b−d).
The region lines (red and blue lines on the plots) for all years
and different seasons were calculated individually. Compared
with the other two seasons, there were lesser points in the
HNO3-sensitive area in summer, but in winter and spring
(Figure S11c,d), more points were in the HNO3-sensitive area,
suggesting that those ε(NO3

−) were less influenced by
ε(NH4

+). As discussed above, ε(NH4
+) is related to [H+]

and ε(NO3
−) (as shown in eq 7). Therefore, the map can also

explain why the R2 for the Reversed-S curve of pH−ε(NH4
+)

for the entire samples (Figure 3b, R2 = 0.60) was lower than
that for only the summer samples (Figure 3a, R2 = 0.88), as
there are more points in the HNO3- and NH3-sensitive regions
for summer. In addition, we also tested the temperature
sensitivity of the maps (Figure S12).
Joint Source-NH3/HNO3 Sensitivity Maps. Furthermore,

to better understand the impact of sources on secondary
nitrate and to design policies for source controlling, the joint
source-NH3/HNO3 sensitivity regime map (for all samples)
was generated and is provided in Figure 4. Different patterns

were observed for diverse sources. For the HNO3-sensitive
region, the points were mainly dominated by vehicle, coal, and
dust and had a low level of SS. Most of the points were located
in the HNO3-sensitive region, especially for the vehicle source
(Figure 4). This pattern implies that these three sources are
related to high pH because of the high pH of the HNO3-
sensitive region in this work. Moreover, ammonia can be
directly associated to the emission from vehicle and coal
combustion;48,49 while HNO3 (gas) is not directly emitted
from sources, but generated from the secondary formation by
NOx.

5,6 Additionally, it is worth noting that the SS is dominant
in the HNO3- and NH3-sensitive regions. It may be explained
by the fact that high SS contributes to acidity and liquid water
content (LWC) together with the other nonvolatile species
and semivolatile species, leading to low nitrate at low pH; in
addition, high SS means NH3 were consumed by sulfate. So,
when vehicle and coal dominate, NH3 usually is rich and the
HNO3 is sensitive to NH4NO3 (when SS is low); but in the
HNO3- and NH3-sensitive region, although some points have
high coal and vehicle impacts, the NH3 is still sensitive to
NH4NO3 (lots of NH3 were consumed by high sulfate).
Additionally, seasonal (summer, spring, and winter) joint
source-NH3/HNO3 sensitivity regime maps were also
generated (Figures S13−S15). Compared to the summer, in
which season most of the points are located in the NH3- and
HNO3-sensitivity range, spring and winter have more points
located in the HNO3-sensitivity range. This reflects that NH3
levels were higher relative to other species in the spring and
winter than in summer. The HNO3-sensitive region is mostly
dominated by coal, dust, or vehicle source impacts for the
three seasons. We also highlighted the points in the Boltzmann
fitting plot that were found to have a tendency to be parallel
with the blue line (Figure S16). A detailed discussion and

Figure 4. Joint source-NH3/HNO3 sensitivity of aerosol pH to NH3 and HNO3 for samples from the entire sampling period. (a) Coal, (b) dust,
(c) vehicle, (d) SN, and (e) SS.

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

https://dx.doi.org/10.1021/acs.est.9b07302
Environ. Sci. Technol. 2020, 54, 9834−9843

9840

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07302/suppl_file/es9b07302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07302/suppl_file/es9b07302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07302/suppl_file/es9b07302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07302/suppl_file/es9b07302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07302/suppl_file/es9b07302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07302/suppl_file/es9b07302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07302/suppl_file/es9b07302_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07302?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07302?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07302?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07302?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07302?ref=pdf


explanation can be found in Supporting Text II of the
Supporting Information.

■ IMPLICATIONS

Compared with the laboratory experiments, the chemistry of
ambient aerosol is more complex, due to the presence of other
influencing factors such as the variations of meteorological
conditions (T and RH) and the behavior of source emissions.
Despite the complex processes, the Reversed-S curve between
pH and ε(NH4

+) can still be found in the hourly ambient
aerosol data set, which is similar to that in the laboratory
experiments under certain conditions. The Reversed-S curve
provides a way for us to better understand the behavior of
ammonia and ammonium, under different pH and meteoro-
logical (T and RH) levels. It also explains why pH does not
increase significantly under an ammonia-rich situation. The
results suggest that the thermodynamic model still works for
the ambient data set, and certain phenomena occurring in the
ambient atmosphere can also be described by the classical
thermodynamic theory.
This work also revealed that the partitioning of ammonium

can be influenced by the partitioning of nitrate and pH. It
shows that when the values of k[H+]2 and ε(NO3

−)* are
similar, ε(NH4

+) is dominated by both k[H+]2 and ε(NO3
−)*

(the sensitive band of the Reversed-S curve). In summer, most
ambient data are concentrated on the lower pH region, which
made the Reversed-S curve more apparent when ε(NO3

−)* is
constrained within a certain range. When ε(NO3

−)* of all
three seasons’ samples were stratified and examined individ-
ually, the Reversed-S curve was also apparent. The above
findings help us in better understanding the formation of
NH4NO3 and (NH4)2SO4 in the ambient atmosphere.
Moreover, such results can also provide important information
on controlling particulate matter air pollution. For example, an
ammonia control would be effective in the sensitive band of
the Reversed-S curve. The results of this study provide insights
on controlling ammonia and the impacts of different factors. As
revealed in this work, more attention should be focused on H+

(related to cation/anion emissions) and NO3
−/HNO3(g)

(related to NOx emissions) in summer. The theoretical
relationship (k[H+]2 and ε(NO3

−)*) (eqs 7 and 13) developed
in this work can help in analyzing the gas-particle partitioning
of ammonia−ammonium observed in other regions. Also, the
sensitivity regime map is found to be a good method to explore
the relationship between pH, ε(NH4

+), and ε(NO3
−), and the

results of the map suggested that the impact of seasons should
not be overlooked during efforts to control particulate matter
air pollution. The joint source-NH3/HNO3 sensitivity maps
provide a way to identify the dominant source in different
sensitive regions and to provide useful information for source
control. Additionally, this study is important because we
integrated sources, pH and LWC domains, and PM sensitivity
to NH3/HNO3 emissions all into one map. Through the map,
the relationships between primary sources (coal, dust, vehicle,
etc.) and secondary aerosols (SN and SS) can be better
understood. That is, the key gas species for NH4NO3 (sensitive
gas) and related sources in different seasons can be better
identified. This shows how the effectiveness of controls on
gaseous precursor emissions is influenced by pH and
meteorological (T and RH) conditions. Regulatory entities
can use the maps to help design effective policies to more
effectively control nitrate and ammonium aerosol.
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