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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The driving factors of fine particle pH at 
Mt. Tai were analyzed for the first time. 

• The relative increment [H+] method 
was firstly adopted to explore pH-WSIs 
sensitivity. 

• Fine particle pH in summer of the NCP 
was sensitive to RH, Temp, TNH3 and 
SO4

2-. 
• The pH sensitive factor in the future is 

expected to shift from SO4
2- to TNH3. 

• Synergistic control of SO2 and NH3 
should be considered to balance fine 
particle pH.  
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A B S T R A C T   

Fine particle pH plays an important role in aerosol chemistry. Understanding of influencing factors and evolution 
process of fine particle pH is helpful to facilitate the improvement of air quality management strategies. Here, we 
performed simultaneously field measurement at Mt. Tai and the surrounding urban site during the summer of 2018, 
and analyzed comprehensively fine particle pH and its driving factors based on the sensitivity tests. The results 
indicated that ambient temperature (Temp), atmospheric relative humidity (RH), TNH3 (= NH4

+ + NH3) and SO4
2−

were the dominant factors for fine particle pH. The switch between RH-sensitive and Temp-sensitive regimes with 
variation of RH at the mountain site implied that fine particle pH was more sensitive to RH at Mt. Tai. Elevated 
TNH3 could not sufficiently raise fine particle pH to neutral at relatively high SO4

2− levels, whereas had a significant 
effect on fine particle pH when SO4

2− concentration was relatively low. Considering the current levels of TNH3 in 
summer of the North China Plain (NCP), fine particle pH was more sensitive to SO4

2− at present. However, the 
sensitive factor of fine particle pH in the future is expected to shift from SO4

2− to TNH3 with declining SO2 emissions 
and increasing NH3 emissions, leading in turn to the evident increase of fine particle pH. Elevated fine particle pH 
and abundant TNH3 may enhance secondary inorganic aerosol production, and thus effectively synergetic control 
of SO2 and NH3 is urgently needed to be considered in the NCP and even in other regions of China.  
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1. Introduction 

Fine particle pH is of great concern as it plays a crucial role in many 
physicochemical processes related to secondary aerosol formation (Jang 
et al., 2002; Gao et al., 2004; Cheng et al., 2016; Liu et al., 2017a, 2020), 
gas-particle partitioning (Van Oss et al., 1998; Nemitz et al., 2004), acid 
deposition (Ramanathan et al., 2001; Pye et al., 2020) and aerosol 
toxicity (Fang et al., 2017). For example, the production rate of sec-
ondary organic aerosol (SOA) from isoprene or alpha-pinene can be 
enhanced by acidic particle seeds through heterogeneous acid-catalyzed 
reactions (Gao et al., 2004; Iinuma et al., 2004; Edney et al., 2005; 
Surratt et al., 2010). The major aqueous-phase formation pathways of 
sulfate are considered to change from the oxidations of NO2 and O3 
under almost neutral aerosol acidity to the oxidations of trace metal ions 
(TMIs) and H2O2 at low fine particle pH level (Cheng et al., 2016; Liu 
et al., 2020; Tao et al., 2020). Acidic aerosol can also drive TMIs (such as 
ferric ion) and nutrient element cycles and hence affect nutrient distri-
butions, carbon sequestration and oxygen levels in the ocean (Nenes 
et al., 2011; Myriokefalitakis et al., 2015; Ito et al., 2016). Additionally, 
the strong acidity of aerosol has an adverse impact on human respiratory 
system (Thurston et al., 1994; Raizenne et al., 1996). 

Despite its importance and broad effects, fine particle pH is hard to 
measure directly due to technique limitation (Fountoukis and Nenes, 
2007; Song et al., 2018). On the basis of the thermodynamic modeling 
approaches such as ISPRROPIA-II and E-AIM, the variation character-
istics of fine particle pH have been frequently evaluated around the 
world (Guo et al., 2015, 2016, 2017, 2018a, 2018b; Weber et al., 2016; 
Battaglia et al., 2017; Nah et al., 2018; Chen et al., 2019; Jia et al., 2020; 
Nenes et al., 2020; Kakavas et al., 2021). Unexpectedly, fine particle pH 
found in China (Cheng et al., 2016; Liu et al., 2017a), especially in the 
North China Plain (NCP) where severe haze pollution has currently 
occurred (Huang et al., 2014; Zhang et al., 2015), was obviously higher 
than those reported in North America (Weber et al., 2016; Chen et al., 
2019; Tao and Murphy, 2019; Zheng et al., 2020), Europe (Bougiatioti 
et al., 2016; Kakavas et al., 2021) and Southeast Asia (Behera et al., 
2013). The differences in fine particle pH are likely to arise from 
different driving factors in the NCP. For this reason, the recent studies 
have performed the comprehensive investigations on the driving factors 
of fine particle pH at the urban (such as Beijing, Tianjin, Zhengzhou) and 
rural (such as Anyang, Xinxiang and Puyang) sites of the NCP (Shi et al., 
2017; Ding et al., 2019; Wang et al., 2020). However, the driving factors 
of fine particle pH were varied in different studies. For instance, Ding 
et al. (2019) revealed that abundant NH3 did not increase fine particle 
pH significantly due to the thermodynamic equilibrium between NH4

+

and NH3, whereas Wang et al. (2020) showed that excess total ammo-
nium emissions at the rural sites might drive the higher fine particle pH 
than those at the urban sites. In addition, most studies about fine particle 
pH mainly focused on the areas which were close to strong local 
anthropogenic source emissions, while characteristics of fine particle pH 
and its driving factors at regional background site (such as mountain 
site) are still poorly understood. 

Mt. Tai is the highest mountain in the center of the NCP, which is less 
affected by the surrounding surface anthropogenic sources (Jiang et al., 
2020; Zhao et al., 2020; Zhu et al., 2020). The special altitude and 
geographical location of Mt. Tai make it representative of the regional 
background atmospheric aerosol levels (Wang et al., 2019a; Zhao et al., 
2020). By studying the fine particle pH at the summit of Mt. Tai, we can 
not only reveal regional background aerosol acidity but also predict its 
long-term evolution process in the NCP. To our knowledge, there was 
only one study that reported the aerosol acidity at the summit of Mt. Tai 
in spring and summer of 2007 (Zhou et al., 2012). However, the con-
centration and composition of atmospheric PM2.5 in the NCP have 
experienced a dramatic change with the comprehensive implementation 
of the Action Plan for Prevention and Control of Air Pollution (APPC-AP) 
since 2013 (Ma et al., 2019; Wang et al., 2019b), which probably led to 
the obvious difference between fine particle pH evaluated in the past 

and at present. Consequently, further investigations of fine particle pH 
at the summit of Mt. Tai are very important to achieve a better under-
standing of regional aerosol acidity evolution. 

In this study, measurements of water-soluble ions (WSIs) in PM2.5 as 
well as relevant gaseous pollutants were simultaneously performed at 
the mountain site (the summit of Mt. Tai) and the urban site (Tai’an 
City) during the summer of 2018, and the characteristics of fine particle 
pH and its influencing factors at the two sites were contrastively 
investigated for the first time based on the sensitivity tests. 

2. Materials and methods 

2.1. Sampling and analysis 

The mountain sampling site was set at the Mount Tai National Base 
Climate Station (about 1534 m above sea level) on Riguan Peak (36.26◦

N, 117.11◦ E) at the summit of Mt. Tai, which is situated in the central 
NCP and has been widely employed as the observation platform to 
investigate regional air and aerosol pollution (Jiang et al., 2020; Li et al., 
2020; Zhu et al., 2020). The urban sampling site (about 153 m above sea 
level) was selected on a rooftop (around 30 m above ground) in Shan-
dong Electric Power College (36.18◦ N, 117.11◦ E) of Tai’an, Shandong 
Province of China, which is located in the center of the city and sur-
rounded by some educational, commercial and residential areas. The 
locations of the two sampling sites are presented in Fig. S1. 

PM2.5 samples at the two sampling sites were both collected every 2 h 
from 16 June to 11 July 2018 on prebaked quartz fiber filters (90 mm, 
Munktell, Finland) by a set of programmed multipath PM2.5 sampler 
(2201A, Jectec Science and Technology (Beijing) Co., Ltd., China) with a 
flow rate of 100 L min− 1. The WSIs including NO3

− , SO4
2− , NH4

+, Na+, K+, 
Ca2+, Mg2+ and Cl− in the filter samples were analyzed by an ion 
chromatograph (Wayeal IC6200, China) and more details about quality 
assurance & quality control (QA/QC) have been described in our pre-
vious studies (Liu et al., 2016, 2017b). 

Meteorological parameters including ambient temperature (Temp), 
atmospheric relative humidity (RH), wind speed and wind direction 
were recorded online by an automatic weather station (Model WXT530, 
Vaisala, Finland). The photolysis rate of NO2 (J(NO2)) was measured by 
a 4-pi-J(NO2)-Filter Radiometer (MetCon, Germany). NO2, SO2, CO and 
O3 were also detected by a chemiluminescence analyzer (Thermo, Model 
42i, USA), a pulsed UV fluorescence analyzer (Thermo, Model 43i, USA), 
an infrared absorption analyzer (Thermo Model 48i, USA) and an UV 
photometric analyzer (Thermo, Model 49i, USA), respectively. 

2.2. Fine particle pH calculation 

Fine particle pH calculation was performed by ISORROPIA-II model 
where both forward mode and metastable state were adopted due to 
their excellent performance in previous studies (Guo et al., 2015; Hen-
nigan et al., 2015; Liu et al., 2017a). Details on the model run have been 
presented elsewhere (Fountoukis and Nenes, 2007; Guo et al., 2015). In 
brief, TNH3 (NH4

++NH3), TNO3 (NO3
− + HNO3), TSO4

2− (SO4
2-+ H2SO4), 

TCl (Cl-+ HCl), Na+, K+, Mg2+, Ca2+, RH and Temp are used as input, 
and the concentrations of aerosol water content (C(AWC), μg m− 3) and 
hydrogen ion (C(H+), μg m− 3) are obtained as output in the model. Then, 
the fine particle pH can be calculated by Eq. (1) below. 

pH = − log10[H+] = − log10
C(H+) × 103

C(AWC)
(1) 

In order to meet the hypothesis of metastable state for aerosols, we 
only determined the fine particle pH for data with RH greater than 40% 
(Guo et al., 2016). Besides, the gaseous H2SO4 and HCl were not 
considered in this study due to their lower concentrations as compared 
with gaseous NH3 and HNO3 in summer (Guo et al., 2017; Ding et al., 
2019). The concentrations of gaseous NH3 and HNO3 were obtained 
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from a Gas and Aerosol Collector (GAC) system at a neighboring urban 
site (36.14◦ N, 117.08◦ E) in Tai’an City (Fig. S1) during the same 
sampling period (from 16 June to 11 July 2018). The very similar var-
iations of NO3

− , SO4
2− and NH4

+ as well as their significant correlations 
(R2 > 0.9) at the two urban sites (Fig. S2) indicated that it was accept-
able to employ gaseous NH3 and HNO3 at the neighboring urban site to 
calculate urban fine particle pH in this study. Furthermore, because the 
mountain site is far away from anthropogenic emissions and influenced 
greatly by regional air masses (Jiang et al., 2020; Yi et al., 2020), the 
CO-tracer method (DeCarlo et al., 2010), that is, [X]ground/[CO]ground ≈

[X]summit/[CO]summit, was employed to estimate the concentrations of 
gaseous NH3 and HNO3 at the mountain site in this study. 

To validate the ISORROPIA-II calculations for pH, the measure and 
predicted NH3, NH4

+ and ε(NH4
+) (= NH4

+/(NH4
++NH3), mol/mol) at 

urban and mountain sites were compared in Fig. S3. It is obvious that the 
predicted NH3, NH4

+ and ε(NH4
+) at the two sampling sites were in good 

agreements with observations with R2 > 0.9 and slopes close to 1 
(0.8–1.1), implying a great performance of ISORROPIA-II (Ding et al., 
2019; Guo et al., 2017, 2018a; Liu et al., 2017a). However, some discrete 
values for particle NH4

+ and ε(NH4
+) also occurred at the two sampling 

sites during the sampling period, which may be attributed to potential 
measurement bias from filter sampling such as the volatilization loss. 
Further evidence is that the concentrations of NO3

− and NH4
+ obtained 

from filter sampling were found to be about 15% and 28% lower than 
those from the GAC system (Fig. S4a, S4b and S4c), respectively, 
resulting in minor underestimation (about 0.07 units) in fine particle pH 
(Fig. S4d). 

3. Results and discussion 

3.1. Fine particle pH at the mountain and urban sites 

Fig. 1 and Fig. S5 present the time series of WSIs concentrations, fine 
particle pH, meteorological parameters (Temp, RH, J(NO2), wind speed 
and wind direction) and gaseous species (NO2, SO2, CO and O3) con-
centrations at the mountain and urban sites in summer of 2018. During 

the sampling period, the concentrations of the WSIs in PM2.5 at the 
urban site were obviously higher than those at the mountain site, which 
were mainly attributed to strong anthropogenic emissions and relatively 
stagnant meteorological conditions at the urban site. For example, the 
severe pollution events (WSIs > 75 μg m− 3) at the urban site (e.g. 19th- 
22nd June and 3rd-6th July, Fig. 1) usually occurred under the relatively 
high concentrations of gaseous precursors (NO2 and SO2) with the weak 
south winds (<3 m s− 1, Fig. S5) which favored the formation and 
accumulation of pollutants, whereas the very low concentrations of 
gaseous precursors (<6 ppb) and the exceedingly strong north winds 
(>10 m s− 1, Fig. S5) during the sampling period at the mountain site 
accounted for the relatively low levels of the WSIs in PM2.5 at Mt. Tai 
(Fig. 1). 

Identical to the WSIs in PM2.5, there were also obvious distinctions in 
fine particle pH at the mountain and urban sites (Fig. 1). Generally, fine 
particle pH has been considered to be a key factor that influences the 
aqueous oxidation pathways for secondary inorganic aerosol formation 
(Cheng et al., 2016; Liu et al., 2020; Tao et al., 2020) and its variability is 
mainly governed by meteorological parameters (including Temp and 
RH) and chemical composition (SO4

2− , TNO3, TNH3, Na+, K+, Mg2+, 
Ca2+ and Cl− ) (Tao and Murphy, 2019; Jia et al., 2020). As shown in 
Table 1, the fine particle pH during the sampling period was found to be 
more acidic at the urban site (2.9 ± 0.5) than at the mountain site (3.6 ±
0.7), however, the very similar average concentrations of Na+, K+, Mg2+

and Ca2+ at the two sites indicated that additional factors rather than 
non-volatile cations dominated the fine particle pH. The noticeable gaps 
in Temp, RH and the concentrations of SO4

2− , TNO3 and TNH3 between 
the two sites were suspected to be responsible for the differences in the 
fine particle pH, which will be further discussed in the following section. 
Additionally, the average mass concentration of AWC at the mountain 
site was approximately a factor of 8.3 greater than that at the urban site. 
The evident increase in the AWC could dilute hydrogen ion concentra-
tions in aerosols, probably resulting in the more neutralized fine particle 
pH at the mountain site. 

Fig. 1. Time series of the WSIs in PM2.5 and fine particle pH at the urban and mountain sites during the sampling period.  
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3.2. The influencing factors of fine particle pH 

3.2.1. Temp and RH 
To explore the potential influences of Temp and RH on the fine 

particle pH at the mountain and urban sites, the diurnal variations and 
the correlations of Temp, RH and fine particle pH during the sampling 
period at the two sites are compared in Fig. 2. Despite the similar diurnal 
fluctuations of Temp or RH at the two sites, the much lower Temp and 
the quite higher RH were observed at the mountain site in comparison 
with the urban site (Fig. 2a and b) due to the high altitude (ca. 1534 m) 
at Mt. Tai. Nevertheless, the diurnal variations of fine particle pH at the 
two sites both varied greatly on a timescale of hours with a semblable 
trend for RH but a reverse trend for Temp (Fig. 2c), suggesting that both 
Temp and RH played central roles in the variations of particle acidity. 
The significant negative correlation between the fine particle pH and the 
Temp as well as the strong positive correlation between the fine particle 

pH and the RH at the two sites (Fig. 2d and e) demonstrated that par-
ticles tended to become more neutralized at lower Temp and higher RH 
whereas become more acidic when the Temp is higher or the RH is 
lower. However, the correlations between fine particle pH and Temp as 
well as RH were significantly weaker at the mountain site (r2 =

0.75–0.81) than at the urban site (r2 = 0.95–0.97), which might be 
mainly ascribed to the shift of the dominant factors (Temp or RH) 
influencing fine particle pH in some cases at the mountain site. 

To further investigate the dependences of fine particle pH on Temp 
and RH at the two sites, the sensitivity tests of pH-Temp-RH under 
different combinations of RH (from 40% to 100%) and Temp (from 283 
K to 313 K) with the average concentration input of chemical compo-
sitions at the two sites are displayed in Fig. 3. It is clear that two dashed 
lines splits the diagram into three regimes for fine particle pH, i.e., “RH- 
sensitive” under high RH condition (left), “Temp-sensitive” under low 
Temp and RH condition (lower right) and RH&Temp-sensitive under 
high Temp and low RH condition (upper right). The values of Temp and 
RH at the urban site were almost located in RH&Temp-sensitive regime, 
suggesting that both Temp and RH were the dominant factors for fine 
particle pH in the urban city. However, the values of Temp and RH at the 
mountain site were nearly located in Temp-sensitive regime under the 
relatively low RH conditions whereas in RH-sensitive regime when the 
RH was extremely high, which is consistent with the correlation analysis 
that the dominant factor (either Temp or RH) for fine particle pH altered 
with RH at Mt. Tai. 

3.2.2. SO4
2− , TNO3 and TNH3 

To access the impacts of SO4
2− , TNO3 and TNH3 on fine particle pH at 

the two sites, the relative increment [H+] (RIH) response to the changes 
of the parameters was analyzed using Eq. (2) below. 

RIH =
Δ[H+](X)/[H+]

ΔC(X)/C(X)
(2)  

where X represents a set of parameters, [H+] is the concentration of 
hydrogen ion (mol L− 1) and ΔC(X)/C(X) gives the relative change in the 

Table 1 
The mean values (±SD, μg m− 3) of the WSIs (SO4

2− , Ca2+, Mg2+, K+, Na+ and 
Cl− ), TNH3 (the sum of NH4

+ and NH3), TNO3 (the sum of NO3
− and HNO3), RH 

(%), T (oC), AWC (μg m− 3) and fine particle pH at the urban and mountain sites 
during the sampling period.   

Urban Mountain 

SO4
2- 13.7 ± 5.6 10.1 ± 5.8 

NO3
− 8.9 ± 6.9 6.9 ± 5.2 

NH4
+ 5.7 ± 4.5 2.7 ± 3.1 

Ca2+ 0.7 ± 0.4 0.8 ± 0.5 
Mg2+ 0.2 ± 0.1 0.3 ± 0.1 
K+ 0.4 ± 0.2 0.2 ± 0.2 
Na+ 2.2 ± 1.0 2.5 ± 1.4 
Cl− 0.6 ± 0.4 0.5 ± 0.3 
TNH3 18.1 ± 11.0 13.0 ± 11.3 
TNO3 10.9 ± 7.3 8.6 ± 6.2 
RH (%) 52.7 ± 16.4 76.0 ± 20.0 
T (K) 301.0 ± 3.1 291.3 ± 2.3 
AWC 20.9 ± 15.6 173.8 ± 366.8 
pH 2.9 ± 0.5 3.6 ± 0.7  

Fig. 2. The diurnal variations of Temp (a), RH (b) and fine particle pH (c), and the correlations between fine particle pH and Temp as well as RH (d, e) during the 
sampling period at the urban and mountain sites. 

P. Liu et al.                                                                                                                                                                                                                                       



Atmospheric Environment 261 (2021) 118607

5

parameters in one of the sensitivity tests. As a result, the relative change 
in fine particle pH is given by Δ[H+](X)/[H+]. Owing to the logarithmic 
nature of fine particle pH, it is likely to be more appropriate to adopt 
[H+] instead of the fine particle pH in the Eq. (2). This approach is 
widely used to explore O3-VOC-NOx sensitivity (Cardelino and Cha-
meides, 1995; Wang et al., 2017; Tan et al., 2018), but it is the first time 
for investigating the influencing factors of fine particle pH. In this study, 
the average concentration of each parameter input in ISORROPIA-II 
model was tested to reduce by 20%, 50%, 70% and 90%, respectively, 

and the corresponding [H+] change (Fig. 4) was summarized to reveal 
the pH-X sensitivity. For comparison, the parameters (X) included not 
only SO4

2− , TNO3 and TNH3, but also Cl− , Na+, K+, Mg2+ and Ca2+. 
The average RIH values in the sensitivity tests for each parameter at 

the two sites were shown in Fig. 4a and b. Unexpectedly, the absolute 
RIH values of TNO3 were significantly lower than those of TNH3 and 
SO4

2− at the two sites, even less than those of non-volatile cations (e.g., 
Na+, Ca2+ and Mg2+) at the mountain site, demonstrating that the 
reduction of TNO3 has a minor effect on the variation of fine particle pH. 
Nevertheless, the TNO3 reduction was still found to play two opposite 
roles in fine particle pH, that is, fine particle pH slightly increased at the 
mountain site whereas decreased at the urban site with the reduction of 
TNO3. The effect of TNO3 on fine particle pH is usually a double-edged 
sword. On one hand, because the hygroscopicity of ammonium nitrate 
(NH4NO3) is evidently stronger than that of ammonium sulfate 
((NH4)2SO4) (Gysel et al., 2007; Sun et al., 2018), the reduction of TNO3 
can decrease the AWC concentration especially under extremely high 
RH condition (Fig. S6), leading to the elevation of fine particle acidity. 
On the other hand, the reduction of TNO3 will also break the initial 
gas-aerosol partitioning of TNH3 and promote the conversion of NH4

+ to 
gas-phase NH3, increasing the fine particle pH (Tao and Murphy, 2019). 
These two factors jointly dominated the influence of TNO3 on fine par-
ticle pH, and thus fine particle pH has different responses to the 
reduction of TNO3 at the two sites. 

The larger absolute RIH values of TNH3 and SO4
2− than those of other 

parameters at the two sites (Fig. 4a and b) indicated that the variation of 
fine particle pH was sensitive to the TNH3 and SO4

2− reductions. The RIH 
values of SO4

2− were positive whereas the RIH values of TNH3 were 
negative, implying that fine particle pH at the two sites could elevate 
and decrease with the reductions of SO4

2− and TNH3, respectively. In 
addition, the reductions of TNH3 and SO4

2− were both found to show 
non-linear effects on fine particle pH at the two sites, and there were 
obvious differences between the two sites when their reductions 
exceeded 70% (Fig. 4c and d). For example, with the 90% reduction of 
TNH3, the fine particle pH at the urban site was found to become more 
acidic than that at the mountain site (Fig. 4c and d). To clearly reveal the 

Fig. 3. The contour plot of model-calculated fine particle pH as a function of 
Temp (283–313 K) and RH (40–100%) with the fixed (the average concentra-
tions at the two sites) input chemical compositions. The blue and red hollow 
circles on the graph represent hourly averages of meteorological parameters at 
the urban and mountain sites, respectively. Note that the dashed lines are 
artificially drawn to separate the three regimes with a different sensitivity of 
fine particle pH to Temp and RH. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. The fine particle pH response to the chemical compositions at the mountain and urban sites. (a) and (b): the RIH analysis for each chemical composition at the 
two sites; (c) and (d): the variations of fine particle pH with reductions (20%, 50%, 70% and 90%) of each chemical composition at the two sites. 
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differences, the sensitivity tests of pH-TNH3-SO4
2- under different com-

binations of TNH3 (from 0.1 to 1000 μg m− 3) and SO4
2− (from 0.1 to 100 

μg m− 3) with the average value input of RH, Temp and other chemical 
compositions at the two sites are shown in Fig. 5. Under the relatively 
high SO4

2− concentration (>10 μg m− 3) condition, the fine particle pH at 
the two sites sharply decreased (from 3 to 0) with reduced TNH3, which 
was mainly ascribed to the fact that the formation of HSO4

− (Fig. S7) in 
the presence of excessive SO4

2− and scarce TNH3 promoted the dissoci-
ation and release of H+ (Jia et al., 2020). However, the fine particle pH 
at the two sites increased limitedly with elevated TNH3, implying that 
high levels of NH3 do not raise fine particle pH sufficiently, especially 
during the pollution period with high levels of SO4

2− . Under the rela-
tively low SO4

2− concentration (<10 μg m− 3) condition, the fine particle 
pH at the two sites was less sensitive to TNH3 for the specific SO4

2−

concentration range. For example, when the concentration of SO4
2− was 

in the range of 2–6 μg m− 3, the fine particle pH varied slightly (about 
1–1.5 units) with the variations of TNH3. However, the fine particle pH 
varied greatly (about 5–6 units) with the variations of SO4

2− at the 
relatively low TNH3 concentration levels. Considering that the current 
concentration levels of TNH3 in summer of the NCP are generally less 
than 40 μg m− 3, the effect of SO4

2− on the fine particle pH in the NCP was 
greater than that of TNH3 at present. Additionally, the fine particle pH 
was more sensitive to TNH3 at the mountain site than at the urban site 
when the concentration of SO4

2− was extremely low (<2 μg m− 3) because 
abundant TNH3 favored the conversion of gas-phase NH3 to NH4

+ under 
the relatively low Temp and high RH at Mt. Tai. 

3.3. Fine particle pH response to SO2 and NH3 emission changes 

Over the past decade, SO2 emission in the NCP has been reduced by 
75% while NH3 emission seems to have remained constant (Fig. 6), 
inevitably rendering the noticeable decline of SO4

2− and slight change of 
TNH3. As a result, fine particle pH in the NCP has increased by 0.5–1 
units from the past to the present (Fig. 5). Although the similar emission 
changes of SO2 and NH3 were also found in the southeastern United 
Stated (Weber et al., 2016), fine particle pH showed a very weak 
sensitivity to a wide range of SO4

2− and TNH3 because the relatively 
lower concentrations of SO4

2− in the southeastern United Stated (<10 μg 
m− 3) than in the NCP (>10 μg m− 3) caused the difference of sensitive 
regime. Besides, based on a consistent model structure in five-year steps 
from 2016 to 2030, NH3 emission in China was predicted to increase by 
16.4% in 2030 under the current development conditions (Fu et al., 
2020). Therefore, fine particle pH in the NCP will become more 
neutralized with the equally strict emission control of SO2 from the 

present to the future (Fig. 5). Instead of SO4
2− , TNH3 will have a domi-

nant influence on fine particle pH in the NCP in the future (Fig. 5), which 
was different from the result in the continental U.S. as well (Weber et al., 
2016). Considering that elevated fine particle pH can accelerate the 
aqueous-phase production of sulfate by the NO2 and O3 oxidation 
pathways (Cheng et al., 2016; Liu et al., 2020), the increase of NH3 
emission in the future might hinder the reduction of sulfate in the NCP 
despite the strict emission control of SO2. 

4. Conclusion 

Based on the comprehensive sensitivity analysis of the influencing 
factors of fine particle pH during the summer at the mountain and urban 
sites in the NCP, non-volatile cations (Na+, K+, Mg2+ and Ca2+) and 
TNO3 were found to have minor effects on fine particle pH, whereas 
Temp, RH, TNH3 and SO4

2− were confirmed to be the dominant factors 
for fine particle pH. The sensitivity tests of pH-Temp-RH indicated that 
the variation of fine particle pH was dominated by both Temp and RH at 
the urban site, while it was controlled by Temp under relatively low RH 
conditions and by RH at relatively high RH levels at the mountain site. 
The sensitivity tests of pH-TNH3-SO4

2- suggested that reduced TNH3 
could remarkably decrease fine particle pH while elevated TNH3 could 

Fig. 5. The contour plot of model-calculated fine particle pH as a function of TNH3 (0.1–1000 μg m− 3) and SO4
2− (0.1–100 μg m− 3) with the fixed (the average value) 

input RH, Temp and other chemical compositions. 

Fig. 6. The emissions of SO2 and NH3 in the NCP from 2008 to 2017. Note that 
the data was obtained from the Multi-resolution Emission Inventory for 
China (MEIC). 

P. Liu et al.                                                                                                                                                                                                                                       



Atmospheric Environment 261 (2021) 118607

7

not significantly raise fine particle pH when the concentration of SO4
2−

was relatively high (>10 μg m− 3). In contrast, the decrease of TNH3 
made less contribution to the variation of fine particle pH whereas 
excess TNH3 could promote the neutralization of fine particle pH when 
the concentration of SO4

2− was relatively low (<10 μg m− 3). Considering 
that the current concentration levels of TNH3 (<40 μg m− 3) in summer 
of Mt. Tai and the urban city, fine particle pH in the NCP was more 
sensitive to SO4

2− in comparison with TNH3 at present. However, with 
declining SO2 emissions and increasing NH3 emissions under the current 
development conditions, the sensitive factor of fine particle pH in the 
future is expected to turn from SO4

2− to TNH3 especially at Mt. Tai where 
air masses can reflect regional background pollution levels in the NCP, 
rendering the noticeable elevation of fine particle pH. Elevated fine 
particle pH and abundant TNH3 are likely to accelerate secondary 
inorganic aerosol (especially sulfate) formation. Therefore, effectively 
synergetic emission control of SO2 and NH3 should be implemented to 
improve regional air quality in the NCP and even in other regions of 
China. 
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