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 i g  h  l  i  g  h  t  s

24-h  PM2.5 samples  were  collected  in  fall-winter  of 2007–2012.
The  annual  reduction  trends  of [H+]total and  [H+]in-situ of PM2.5 was  −32  ±  1.5 and  −9  ±  1.7  nmol  m−3, respectively.
On  hazy  days,  the concentration  of OM  showed  significant  enhancement  when  [H+]in-situ ranged  from  85  to 240 nmol  m−3.
[H+]in-situ presented  a close  relationship  with  NO3

− formation  mechanisms  in  low  and  high  acidity  of  PM2.5.
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a  b  s  t  r  a  c  t

Based  on  field  observations  and  thermodynamic  model  simulation,  the  annual  trend  of  PM2.5 acid-
ity  and  its  characteristics  on  non-hazy  and  hazy  days  in  fall-winter  of  2007–2012  in the Pearl  River
Delta  region  were  investigated.  Total  acidity  ([H+]total) and  in-situ  acidity  ([H+]in-situ)  of  PM2.5 signifi-
cantly  decreased  (F-test,  p  < 0.05)  at a  rate  of  −32  ±  1.5 nmol  m−3 year−1 and  −9  ±  1.7  nmol  m−3 year−1,
respectively.  The  variation  of  acidity  was  mainly  caused  by the  change  of  the PM2.5 component,  i.e.,  the
decreasing  rates  of  [H+]total and  [H+]in-situ due  to the  decrease  of sulfate  (SO4

2−)  exceeded  the increas-
ing rate  caused  by  the  growth  of nitrate  (NO3

−). [H+]total, [H+]in-situ and  liquid  water  content  on hazy
days  were  0.9–2.2, 1.2–3.5  and  2.0–3.0  times  those  on  non-hazy  days,  respectively.  On  hazy  days,  the

+

itrate
econdary organic carbon

concentration  of organic  matter  (OM)  showed  significant  enhancement  when  [H ]in-situ increased  (t-
test,  p <  0.05),  while  this  was  not  observed  on non-hazy  days.  Moreover,  when  the  acidity  was  low  (i.e.,
R =  [NH4

+]/(2  ×  [SO4
2−] +  [NO3

−])  >  0.6),  NH4NO3 was  most  likely  formed  via  homogenous  reaction.  When
the acidity  was  high  (R  ≤ 0.6),  the  gas-phase  formation  of  NH4NO3 was  inhibited,  and  the  proportion  of
NO3

− produced  via  heterogeneous  reaction  of  N2O5 became  significant.
©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Water soluble ions, organic matter (OM), and elemental carbon (EC) are main
onstituents of fine particle (PM2.5) in the atmosphere [1–3]. The acidity of PM2.5
s jointly determined by the amount of acidic components, i.e., sulfate (SO4
2−) and

itrate (NO3
−), and alkaline component, i.e., ammonium (NH4

+) [4]. As an impor-
ant indicator of particle properties, acidity is closely associated with human health,
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ecosystem, heterogeneous reaction of secondary aerosols, and hygroscopic property
of  aerosols [5–8].

Acidity influences the hygroscopic property of particles and subsequently
changes the particle size distribution by affecting the liquid water content (LWC)
[9–11], whereas the hygroscopicity and size distribution of particles greatly affect
the optical property of aerosols [12–14]. Hence, visibility degradation such as haze
closely links to aerosol acidity. Haze is defined as a weather phenomenon in which
the daily mean visibility is less than 10 km, and the daily relative humidity (RH)
is  less than 90% [15]. Haze episode is usually characterized by the surge of sec-
ondary aerosols [16,17]. Although many laboratory studies show that acid-catalyzed
heterogeneous reactions enhance the formation of secondary inorganic/organic
aerosols [18–21], the relationship between aerosol acidity and secondary organic

aerosols (SOA) in field measurements varies from site to site [22–26]. In particular,
it is unclear how the aerosol acidity affects the SOA formation in highly polluted
atmosphere such as the fast developing Pearl River Delta (PRD) region. Moreover,
the correlations between aerosol acidity and SOA formation under different weather
conditions such as hazy and non-hazy days remain unknown.
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Fig. 1. The sampling site – Wanqingsha (WQS) and the surrounding environment.

Generally, the aerosol acidity is represented by two  parameters, i.e., H+
total and

+
in-situ. H+

total is the absolute acidity of aerosol, determined by total acids in aqueous
xtracts of filter samples. H+

total is measured by two methods: (1) directly determin-
ng  the pH of the aerosol extracts [27], and (2) calculating the difference between the
oncentrations of anions and cations (other than H+) [28,29]. H+

in-situ is the actual
cidity in the deliquesced aerosol, which influences the complex real-time reactions
n  atmospheric chemistry. H+

total includes not only in-situ free hydrogen ion in the
erosol-phase, but also other hydrogen ions dissociated from bisulfate ions (HSO4

−)
y  the large excess of water in aerosol aqueous extracts. Please note that due to low
bundance of HCl and organic acids, their impact on [H+]total was  minor, and they
ere not included in the acidity calculation in this study [30–32]. Hence, H+

total

quals to the sum of H+
in-situ and HSO4

− [33–35]. On the other hand, a number of
hermodynamic models are developed to predict the H+

in-situ, because direct mea-
urement methods have not yet been established. The models for H+

in-situ include
ARS [36], SCAPE2 [37], ISORROPIA [38] and Aerosol Inorganic Model (AIM-II)

39]. The AIM-II with the gas-aerosol partitioning calculation disabled is consid-
red  to be more accurate than others in calculating the aerosol acidity in earlier
tudies [34,40,41]. Although a number of field studies on aerosol acidity were car-
ied  out in recent years, all of them mainly focused on a certain period in a single
ear  [33,35,40–46]. Limited field observation studies have been undertaken on the
ong-term variations of aerosol acidity in highly urbanized and polluted regions for
uccessive years.

The PRD region in South China is one of the most economically dynamic areas
n  China, which occupies only 0.5% of the national land but contributes to ∼10%
f  the national gross domestic products. High frequency of hazy days was  often
bserved in the region in the past years. For instance, 144 hazy days were found in
uangzhou, the major city in the region, in 2004 [15]. Local government has imple-
ented a series of control measures on the emission reduction from coal burning,
otor vehicle exhaust, and industrial sectors, which resulted in the decrease of

azy  days to ∼70 days in 2012 (http://www.gzepb.gov.cn/). These control measures
ltered the emissions of airborne pollutants, leading to the change of chemical com-
osition in PM2.5 in these years. For instance, in fall-winter of 2007–2011, SO4

2−

nd organic carbon (OC) in PM2.5 reduced 1.7 and 1.1 �g m−3 year−1, respectively,
hereas NO3

− increased 0.8 �g m−3 year−1 [47]. Nevertheless, it is unclear how
he acidic and alkaline components inevitably influence the aerosol acidity in these
ears. In this study, the annual trend of PM2.5 acidity in the fall-winter of 2007–2012
n  the PRD region was investigated in detail. The influence of PM2.5 acidity on SOA
n  hazy and non-hazy days was compared.

. Experimental

.1. Site description

The sampling site, i.e., Wanqingsha (WQS; 22.42◦N, 113.32◦E),
s a small town located near the center of the PRD (Fig. 1). The site
s 50 km,  40 km,  50 km,  and 25 km away from Guangzhou, Dong-
uan, Shengzhen, and Zhongshan, respectively. As a rural site, the
ocal anthropogenic emissions are not significant because the sur-

ounding area is farmland with very limited traffic and no coal-fired
ower plants and factories. The major air pollutants are mainly

rom the surrounding cities. As such, air masses arriving at this site
ere relatively aged, making it an ideal location to characterize the
aterials 286 (2015) 484–492 485

regional air pollution. The measurements were carried out on the
rooftop of a 5-storey building (∼30 m high).

2.2. Field sampling and chemical analysis

2.2.1. Field sampling
The field measurements focused on the most polluted fall-

winter seasons. In the fall-winter season, the PRD region was
generally influenced by the high-pressure ridges which made the
weather cool and dry. Meanwhile, northeasterly monsoonal winds
facilitated the accumulation of pollutants [48]. Hence, the high fre-
quency of sunny days and stable meteorological conditions often
caused severe air pollution over the PRD region [49,50]. In this
study, 32, 29, 25, 53, 28 and 41 24-h PM2.5 samples were collected
in 2007, 2008, 2009, 2010, 2011 and 2012, respectively. The PM2.5
samples were collected by drawing air through 8 × 10 in. quartz
filters (QMA, Whatman, UK) using a high-volume sampler (Tisch
Environmental Inc., Ohio, USA) at a rate of 1.1 ± 0.04 m3 min−1for
24 h on selective days. Prior to field sampling, the quartz filters
were pre-baked at 450 ◦C for 4 h, wrapped in aluminum foil, zipped
in teflon bags, and stored at −20 ◦C. They were again stored in
the same way after sampling. During the entire sampling peri-
ods, blank PM2.5 samples were also collected every week. Visibility
was detected using a Belfort Model 6000 visibility sensor (Belfort
Instrument, USA). The meteorological parameters including wind
speed/direction, temperature and relative humidity (RH) were
measured by a mini weather station (Vantage Pro2TM, Davis Instru-
ments Corp., USA). The accuracy for RH was ±3% for the range of
0–90% RH, and ±4% for the range of 90–100% RH. The drift is ±0.5%
per year. The resolution of temperature was  0.1 ◦C, and the accuracy
was ±0.5 ◦C up to 43 ◦C. All the measured 1-min data of visibility,
RH and temperature was averaged to the 24-h data according to
the precise sampling hours.

2.2.2. Chemical analysis
After equilibrating the filter substrates to laboratory conditions,

the PM2.5 filters were weighed before and after field sampling at a
temperature of 20–25 ◦C and a RH between 35 and 45%. For analy-
sis of water-soluble inorganic ions, a punch (5.06 cm2) of the filters
was extracted twice with 10 mL  ultrapure Milli-Q water and each
for 15 min  using an ultrasonic ice–water bath. The 20 mL water
extracts were then filtered through a 0.22 �m pore size PTFE-filter
(ANPEL Inc., Shanghai, China) and stored in a pre-cleaned HDPE
bottle. The OC and EC in PM2.5 were determined using an OC/EC
analyzer (Sunset Laboratory Inc., USA) [51]. The cations (i.e., Na+,
NH4

+, K+, Mg2+ and Ca2+) and anions (i.e., Cl−, NO3
−, and SO4

2−)
were analyzed with an ion-chromatography (Metrohm, 883 Basic
IC plus). Cations were measured using a Metrohm Metrosep C4-
100 column with 2 mmol  L−1 sulfuric acid as the eluent. Anions
were measured using a Metrohm Metrosep A sup5-150 column
with 3.2 mmol  L−1 Na2CO3 and 1.0 mmol  L−1 NaHCO3 as the elu-
ent. The method detection limits (MDLs) were 0.05, 0.01–0.05, and
0.02–0.03 �g m−3 for OC/EC, cations, and anions, respectively.

2.2.3. Quality assurance/quality control (QA/QC)
During the sampling periods, the flow rate of the PM2.5 sam-

pler was  monthly calibrated by using a manometer (Thermo, USA)
to monitor the pressure differential across the filter. The standard
procedure in the manufacturer’s handbook was  strictly followed
to obtain the required flow rate. After the calibration, the actual
flow rate of the sampler ranged from 1.05 to 1.17 m3 min−1 with
an average value of 1.11 ± 0.04 m3 min−1.
Field and laboratory blank samples were analyzed in the same
way as field samples. All the OC/EC and cation/anion data were
corrected using the field blanks. The average concentrations in
blank samples for Na+, NH4

+, K+, Mg2+, Ca2+, Cl−, NO3
− and SO4

2−
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ere 0.03 ± 0.01, 0.00 ± 0.01, 0.02 ± 0.01, 0.02 ± 0.01 0.02 ± 0.01,
.03 ± 0.01, 0.05 ± 0.02, 0.04 ± 0.02 ppm, respectively, while the
verage values of OC and EC in the blank filter were 0.29 ± 0.22,
.00 ± 0.21 �gC cm−2, respectively.

Methane was used as the internal standard to quantify the
oncentrations of OC and EC. Glucose solution with concentration
radients of 0.427, 4.289 and 128.19 �g �L−1 was weekly used as
he external standards to test the linear stability of the instrument.
he correlation coefficient was 99.9 ± 0.3%, and the relative stan-
ard deviation was 1.72%.

.3. Calculation of PM5 acidity

.3.1. Total acidity
The ratio of nano-mole concentration (nmol m−3) of NH4

+ to
O4

2− and NO3
− was used to indicate the acidic property of PM2.5.

 = [NH4
+]/(2 × [SO4

2−] + [NO3
−] (1)

n this equation, R ≤ 1 indicates that the aerosol is acidic, while R > 1
eans that most of acids are neutralized by NH4

+. Total acidity was
alculated using the following equation:

H+]total = 2 × [SO4
2−] + [NO3

−] − [NH4
+] (2)

H+]total < 0 indicated that the aerosol solution was alkaline, and the
amples with [H+]total < 0 did not involve in the next model calcula-
ion of [H+]in-situ. In this study, SO4

2−, NO3
− and NH4

+ were the key
actors to determine the aerosol acidity, and they contributed to
bout 90% of the mass of total ionic species. The low abundance of
ther ions (i.e., Na+, K+, Cl−, Ca2+ and Mg2+) suggested that they had
eak influence on the aerosol acidity. In addition, the concentra-

ions of water-soluble organic acids constituted only about 1–4% of
he total ions, indicating negligible impact on the acidity estimated
y H2SO4 and HNO3 [30,31].

.3.2. In-situ acidity and pH
In-situ aerosol acidity was calculated by AIM-II model

+ − NO3
− − SO4

2− − NH4
+ − H2O with gas-aerosol partitioning

isabled (http://www.aim.env.uea.ac.uk/aim/model2/model2a.
hp). The 24-h averaged temperature, RH, [SO4

2−], [NO3
−], [NH4

+]

nd [H+]total were input into the model. Please note, due to the fact
hat exchange between alkaline group and target ions in ion chro-

atography (IC) caused both H2SO4 and HSO4
− to be SO4

2−, the
oncentration of HSO4

− reported in this study was  not measured

able 1
oncentrations of [H+]total, [H+]in-situ and LWC, pH and meteorological data in fall-winter 

Year Period [H+]total (nmol m−3) [H+]in-situ (nmol m−3) [HSO4
−](n

2007 Haze 257 ± 111 82 ± 54 175 ± 59 

Non-haze 198 ± 35 48 ± 17 144 ± 22 

Average 211 ± 37 55 ± 18 151 ± 21 

2008 Haze  325 ± 134 127 ± 127 177 ± 58 

Non-haze 148 ± 17 36 ± 13 88 ± 16 

Average 166 ± 28 47 ± 19 99 ± 18 

2009 Haze  140 ± 31 40 ± 11 99 ± 23 

Non-haze 151 ± 22 21 ± 5 109 ± 24 

Average 146 ± 18 30 ± 7 104 ± 17 

2010 Haze  182 ± 86 77 ± 51 113 ± 40 

Non-haze 95 ± 23 26 ± 11 57 ± 16 

Average 116 ± 30 39 ± 17 71 ± 17 

2011 Haze  87 ± 28 16 ± 8 72 ± 22 

Non-haze 82 ± 8 13 ± 3 63 ± 10 

Average 83 ± 8 13 ± 3 65 ± 9 

2012 Haze  97 ± 67 26 ± 22 71 ± 46 

Non-haze 58 ± 14 11 ± 2 49 ± 11 

Average 43 ± 16 13 ± 4 51 ± 12 
aterials 286 (2015) 484–492

by the instrument (i.e., IC) but estimated by the AIM-II model. The
AIM-II is a state-of-art model which can estimate aerosol acidity,
and liquid-phase and solid-phase ionic components in the in-situ
aerosols at variable temperature and RH [39]. Although other
models such as SCAPE and ISORROPIA take into account more
ion species than SO4

2−, NO3
− and NH4

+, they cannot be used in
the present study because the required gas-phase concentrations
of HNO3, HCl and NH3 were unavailable. In addition, there are 3
other versions of AIM model, i.e., AIM-I, AIM-III and AIM-IV. AIM-I
model was not suitable because Br− was under the detection limit
during the whole sampling periods. AIM-III includes Na+ and Cl−

in the calculation system and only allows modeling at a fixed
temperature of 298.15 K. However, the mass concentrations of
Na+ and Cl− only constituted 6.5 ± 0.5% of the total water-soluble
species in this study. Moreover, the 24-h-averaged temperature
fluctuated between 278.7 K and 300.5 K. Therefore, AIM-III model
was not appropriate. AIM-IV only allows modeling at RH > 60%,
while the average RH was  43.6% in 2008 in this study. Hence,
the AIM-IV model was  also unsuitable. Among the total 208
samples, 11 completely-neutralized particles (i.e., [H+]total < 0) and
8 un-deliquescence particles (i.e., LWC  = 0) were excluded for the
analysis of H+

in-situ and pH.
The in-situ pH of aerosol is calculated using the following equa-

tion:

pH = −log (� × [H+]in-situ × �/m (3)

where � is the activity coefficient of H+
in-situ. It was variable for dif-

ferent H+
in-situ estimated for different samples. The average value of

the activity coefficient of [H+]in-situ was  6.1 ± 1.7 during the entire
sampling period. [H+]in-situ is the concentration of H+

in-situ in nano-
mole per cubic meter, � is the density of (NH4)2SO4 in gram per
cubic centimeter calculated by empirical equations [52], and m is
the sum of LWC  and the total water-soluble inorganic ions in mass
concentration with the unit of microgram per cubic meter.

3. Results and discussion

3.1. Annual trends of aerosol acidity
In fall-winter of 2007–2012, all of the measured samples with
both negative and positive values were used to reveal the actual
variation of [H+]total. [H+]total ranged from −43 to 480 nmol m−3,
with an average of 123 ± 13 nmol m−3 (average ±95% confidence

of 2007–2012 (average ± 95% confidence interval).

mol m−3) pH LWC  (�g m−3) T (◦C) RH (%)

−0.04 ± 0.37 54 ± 15 23.6 ± 1.0 75.6 ± 2.4
−0.37 ± 0.24 27 ± 6 22.2 ± 0.9 66.0 ± 4.0
−0.30 ± 0.21 33 ± 7 22.5 ± 0.8 68.1 ± 3.4

−0.97 ± 0.92 23 ± 9 17.8 ± 3.2 52.4 ± 8.3
−1.13 ± 0.33 8 ± 2 17.7 ± 1.1 42.6 ± 4.5
−1.11 ± 0.29 9 ± 3 17.7 ± 1.1 43.6 ± 4.3

0.07 ± 0.19 47 ± 13 19.5 ± 0.9 77.5 ± 4.1
−0.34 ± 0.28 20 ± 7 15.2 ± 1.5 59.1 ± 6.2
−0.15 ± 0.20 32 ± 9 17.1 ± 1.3 67.2 ± 5.3

0.33 ± 0.50 64 ± 31 19.4 ± 1.0 74.0 ± 4.8
0.47 ± 0.32 20 ± 4 20.1 ± 1.3 68.7 ± 3.2
0.47 ± 0.27 32 ± 10 19.9 ± 1.0 70.5 ± 2.8

0.88 ± 0.31 49 ± 8 23.3 ± 1.6 78.1 ± 2.4
0.31 ± 0.23 25 ± 7 19.5 ± 1.6 69.0 ± 4.3
0.42 ± 0.21 30 ± 7 20.2 ± 1.5 70.7 ± 3.7

0.77 ± 0.43 71 ± 21 22.6 ± 0.8 83.8 ± 3.4
0.73 ± 0.22 29 ± 4 21.3 ± 1.2 80.0 ± 3.0
0.81 ± 0.24 45 ± 22 20.4 ± 1.1 84.9 ± 3.2

http://www.aim.env.uea.ac.uk/aim/model2/model2a.php
http://www.aim.env.uea.ac.uk/aim/model2/model2a.php
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nterval). During the 6-year sampling period, the ratio between
NH4

+] and [SO4
2−] was 2.2 ± 0.1; so the liquid phase of aerosol

ould be treated as the solution of (NH4)2SO4. In addition, the esti-
ated � for the aerosol solution ranged from 1.21 to 1.25 g cm−3.
ence, the calculated [H+]in-situ changed from 0.2 to 240 nmol m−3,
ith an average of 34 ± 6 nmol m−3. As shown in Table 1 and

ig. 2, [H+]total (R2 = 0.99) and [H+]in-situ (R2 = 0.86) significantly
ecreased (F-test, p < 0.05) at a rate of −32 ± 1.5 nmol m−3 year−1

or −27% year−1) and −9 ± 1.7 nmol m−3 year−1 (or −25% year−1),
espectively. In contrast, pH showed an increasing rate of
.3 ± 0.1 year−1 or 22% year−1 in these years (R2 = 0.69, F-test,

 < 0.05).
The decreasing trends of [H+]total and [H+]in-situ were likely

aused by the following reason. Our previous study reported that
SO4

2−] reduced at a rate of 18 nmol m−3 year−1 and [NO3
−] pre-

ented a growth trend with a rate of 13 nmol m−3 year−1, while
NH4

+] was relatively stable at the same site in fall-winter of
007–2011 [47]. According to stoichiometry, the H+

total provided
y SO4

2− was twice than that provided by NO3
− in an excessive

mount of water extracts of aerosol. In addition, SO4
2− accounted

or 19 ± 1% of the PM2.5 mass, about twice the percentage of NO3
−

10 ± 1%). Together, the decreasing rate of [H+]total due to the
ecrease of [SO4

2−] exceeded the increasing rate of [H+]total caused
y the growth of [NO3

−] in these years. Furthermore, it was found
hat pH value was the lowest in 2008 because the concentrations
f LWC  and aerosol aqueous solution were the lowest in this year.
orrelation analysis indicated that the lowest LWC  concentration

n 2008 corresponded to the lowest average RH (44 ± 4%) (Table 1),

uggesting the close relationship between LWC  and RH, consistent
ith previous studies [33,41,53].

High aerosol acidity usually appeared on the day when there
as large difference in concentration between acidic and alkaline

Fig. 2. Annual variations of [H+]total, [H+]in-situ, LW
aterials 286 (2015) 484–492 487

components of PM2.5. For instance, [H+]total soared to 480 nmol m−3

on October 27, 2007, and [H+]in-situ reached as high as 240 nmol m−3

on December 20, 2012. It was  noteworthy that the days with low
[H+]in-situ were not always clean, because the amount of [H+] was
influenced by LWC  which dissociated H+ from solid-acid in aerosol.
For instance, on December 7, 2010, [H+]in-situ was only 4 nmol m−3,
while [SO4

2−], [NO3
−] and [NH4

+] reached as high as 353.6, 204.7
and 734.2 nmol m−3, respectively. Note that the RH was  only 56%,
and the mass concentration of LWC  was  only 6 �g m−3 on that day,
suggesting that low LWC  concentration was not conducive to the
dissociation of H+

in-situ.
By comparison, the annual average levels of aerosol acidity in

this study were higher than those in previous studies conducted in
the region, in which [H+]total was  about 90 nmol m−3, and [H+]in-situ
ranged from 6 to 20 nmol m−3 [45,46]. Note that apart from the
levels of chemical component in PM2.5, different aerosol acidity
obtained in different studies was also related to the different sam-
pling sites, sampling periods and sampling methods, i.e., sampler
with denuder versus on-line monitoring equipment.

3.2. [H+]in-situ and PM5 chemical components in hazy and
non-hazy periods

3.2.1. Aerosol acidity
The [H+]total, [H+]in-situ, [HSO4

−], LWC, pH, temperature
and RH in hazy and non-hazy periods during fall-winter of
2007–2012 are listed in Table 1. The annual trends of [H+]total,
[H+]in-situ and [HSO4

−] on non-hazy and hazy days are shown

in Figs. 3 and 4, respectively. Overall, there were 153 non-hazy
days and 44 hazy days. Eleven samples with RH > 90% and visibil-
ity < 10 km were excluded from the non-hazy days and from data
analysis.

C  and pH in fall-winter from 2007 to 2012.

https://www.researchgate.net/publication/229195191_Evidence_of_high_PM25_strong_acidity_in_ammonia-rich_atmosphere_of_Guangzhou_China_Transition_in_pathways_of_ambient_ammonia_to_form_aerosol_ammonium_at_NH4SO42-15?el=1_x_8&enrichId=rgreq-b9329d116345d5f3dd24fcd4c70f32ff-XXX&enrichSource=Y292ZXJQYWdlOzI3MTIxOTQ0MTtBUzoxODk0OTQxMDgxMDY3NTJAMTQyMjE5MDMyNDY5OA==
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Fig. 3. Annual trends of [H+]total, [H+]in-situ and [HSO4
−] on non-hazy days during in

fall-winter of 2007–2012.
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between temporal trend of [H+]total and SOC [25]. The increase
of SOC with increased aerosol acidity was  also observed in many
ig. 4. Annual trends of [H ]total, [H ]in-situ and [HSO4 ] on hazy days during in fall-
inter of 2007–2012

During non-hazy period, the yearly average [H+]in-situ and
HSO4

−] were highest in 2007 and lowest in 2012. Both [H+]in-situ
nd [HSO4

−] significantly decreased at a slope of −7 ± 1.3 and
17 ± 4.5 nmol m−3 year−1, respectively (F-test, p < 0.05). The aver-
ge percentage of [H+]in-situ and [HSO4

−] in [H+]total was 19 ± 4% and
1 ± 7%, respectively. In hazy period, the yearly average [H+]in-situ
nd [HSO4

−] were highest in 2008 and lowest in 2011. [HSO4
−]

ecreased at a rate of −24 ± 5.1 nmol m−3 year−1 (F-test, p < 0.05),
hile [H+]in-situ did not show obvious decreasing trend (F-test,

 = 0.1) perhaps due to the supplementary effect of secondar-
ly formed organic/inorganic acids. Moreover, on hazy days the
verage percentage of [H+]in-situ and [HSO4

−] in [H+]total reached
7 ± 11% and 71 ± 8%, respectively. By comparison, the [H+]total,
H+]in-situ, [HSO4

−] and LWC  on hazy days were 0.9–2.2, 1.2–3.5,
.9–2.0 and 2.0–3.0 times than those on non-hazy days, respec-
ively. Due to combined impact of [H+]in-situ, activity coefficient
f H+

in-situ and mass concentration of aerosol solution, the aver-
ge pH values on non-hazy days were lower than those on hazy

ays, except for 2010. The inverse pattern of pH in 2010 might be
ue to the similar value of activity coefficient of H+

in-situ in both
aterials 286 (2015) 484–492

non-hazy and hazy periods, which was 2.7 and 2.2 (t-test, p > 0.05),
respectively.

It is noteworthy that the proportion of [HSO4
−] in [H+]total was

similar during both the hazy and non-hazy periods, while the per-
centage of [H+]in-situ in [H+]total was higher on hazy days than that
on non-hazy days. That is, the influence of abundant LWC  which
generally appeared in hazy periods did not decrease the molarity
of in-situ solution, but generated more dissociated in-situ H+. The
similar proportion of [HSO4

−] in [H+]total during both hazy and non-
hazy periods revealed that the excess [H+]in-situ in hazy periods was
not caused by the dissociation of HSO4

−, but probably by the sec-
ondarily formed water-soluble organic/inorganic acids. In addition,
the increase was also the main reason for insignificant decreasing
trend of [H+]in-situ in hazy periods. On the other hand, the unex-
plained part of [H+]total on non-hazy days in 2008–2010 (Fig. 3)
was likely due to the relatively low concentrations of LWC, which
could not completely deliquesce in-situ aerosols, resulting in part
of H+

total existing in solid phase. Compared to previous studies, the
[H+]total and [H+]in-situ values on hazy days of 2007 and 2008 in this
study were higher than those obtained in Jinan, North China [44],
and in Hong Kong, South China [46].

3.2.2. Relationship between H+
in-situ and chemical composition of

PM5

Fig. 5 shows the chemical composition of PM2.5 with low and
high in-situ acidity which was  differentiated by the threshold of
[H+]in-situ = 83 nmol m−3 (i.e., R = 0.6 as discussed in Section 3.3)
during non-hazy and hazy periods. On non-hazy days, the aver-
age [H+]in-situ for samples with low and high in-situ acidity was
20 ± 3 nmol m−3 and 113 ± 13 nmol m−3, respectively, while on
hazy days, the average [H+]in-situ was  28 ± 7 and 182 ± 34 nmol m−3

with low and high acidities, respectively. It was  found that dur-
ing non-hazy period, chemical components i.e., OM,  SO4

2− and
NO3

− in PM2.5 were not affected by the degree of aerosol acidity
(t-test, p > 0.05) (Fig. 5(a)). Here, we assumed that OM = 2 × OC due
to the fact that the sampling site was mainly affected by regional
air masses, and previous studies conducted in this region demon-
strated the appropriateness of the use of conversion factor of 2.0
[54–56]. In contrast, the mass concentrations of OM and SO4

2−

showed significant enhancement with the increase of [H+]in-situ
in hazy periods (t-test, p < 0.05) (Fig. 5(b)). The average difference
for OM and SO4

2− between low and high [H+]in-situ on hazy days
reached 20.1 and 7.3 �g m−3, respectively.

It is worth to explore the reason why  the mass concentration of
OM increased with the increase of [H+]in-situ on hazy days. OC can
be simply divided into two groups based on the EC-tracer method,
i.e., primary OC (POC) and secondary OC (SOC) [57]. It is notewor-
thy that the uncertainty of SOC caused by the calculation of OM
should be minor because it was based on the ratio of OC/EC. On  hazy
days, the concentration of POC was 10.5 ± 1.7 �g m−3 for the sam-
ples with low acidity and 12.2 ± 2.8 �g m−3 for the samples with
high acidity (t-test, p > 0.05), whereas, the concentration of SOC was
9.5 ± 1.5 �g m−3 and 17.5 ± 5.8 �g m−3 for the two acidities, respec-
tively (t-test, p < 0.05). This meant that the increased OC (or OM)
with the increase of acidity was  largely due to the enhancement of
SOC. In other words, high enough [H+]in-situ on hazy days was  nec-
essary to promote the formation of SOC, which would not occur on
non-hazy days due to low [H+]in-situ. Further inspection indicated
that apparent increase of SOC only happened when the [H+]in-situ
ranged from 85 to 240 nmol m−3 on hazy days. The findings are
consistent with the study conducted in the Indo-Gangetic Plain
in South Asia, in which a significant co-variability was observed
laboratory studies. Jang et al. [6] discovered that acid-catalyzed
heterogeneous reactions of aliphatic aldehydes could increase OM
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ig. 5. PM2.5 compositions with low and high [H+]in-situ: (a) in non-hazy period, and
+, Mg2+ and Ca2+. Error bars are the 95% confidence interval.

ormation by a factor of 5. Surratt et al. [21] found that when
H+]in-situ reached 275–517 nmol m−3, OC increased from 20.7 to
1.1 �g m−3. It is noteworthy that particulate SOC formation was  a
ital reason for the formation of hazy episodes [17,58,59], and large
roportion of SOC was developed through acid-catalyzed hetero-
eneous reaction [6,20,60,61]. Hence, during fall-winter in the PRD
egion, the acid-catalyzed SOC formation on hazy days could be

ore significant when aerosol acidity was larger than 83 nmol m−3.
evertheless, the concentration of SOC did not show any significant

orrelation with [H+]in-situ although the sampling period lasted for
 years. This was owing to some confounding factors that caused
he indistinct link between SOC and [H+]in-situ, i.e., large propor-
ion of POC, changes of OC/EC ratio, different chemical evolution
f precursors and diverse impacts of [H+]in-situ on different compo-
ents of SOC [26]. All these factors would play important roles in
he SOA formation in the region. Further study on the influence of
cid-catalysis on specific components in SOC is needed.

.3. Relationship between in-situ acidity and the formation of
O3

−

The R value in Eq. (1) is an indicator of aerosol acidity. Lin-

ar regression analysis between [NH4

+] and {2 × [SO4]2− + [NO3]−}
n all samples found that the slope was 0.66 (R2 = 0.76, F-test,

 < 0.05), suggesting that NH4
+ could not be fully neutralized by

O4
2− and NO3

−. Fig. 6(a) illustrates the logarithmic relationship

ig. 6. (a) Logarithmic relationship between R and [H+]in-situ. (b) Molar ratio of [NH4
+]/[S

ot:  0.6 < R ≤ 0.9; blue dot: R ≥ 1.0. (For interpretation of the references to color in this fig
 hazy period. “Other” in the figure indicates the summed concentration of Na+, Cl− ,

between R and [H+]in-situ (R2 = 0.67, F-test, p < 0.05). The R value
decreased rapidly from 1.0 to 0.6 when [H+]in-situ increased from
0.2 to 83 nmol m−3. However, when [H+]in-situ enhanced from 83 to
240 nmol m−3, the R value decreased only from 0.6 to 0.4, imply-
ing that the R values of 0.6 and 1 were the thresholds for different
acidity of aerosol over the PRD region. Data points with R ≤ 0.6
corresponded to elevated [H+]in-situ values, suggesting high acid
content in PM2.5. In contrast, 1 > R > 0.6 meant low acid content of
aerosol. Furthermore, if R > 1, it indicated that SO4

2− and NO3
− were

completely neutralized, and the excess NH4
+ caused the particles

alkaline.
Basically, there are two  major pathways for the formation of

particulate nitrate. The first pathway is that nitric acid reacts with
ammonia to form NH4NO3 in aerosol phase:

HNO3(g) + NH3(g) � NH4NO3(s,aq) (4)

The second formation mechanism is the hydrolysis of N2O5,
which is the major channel of nitrate formation during nighttime
hours [62–66].

N2O5(aq) + H2O(aq) → 2HNO3(aq) (5)

In the H2SO4 − HNO3 − NH3 thermodynamic system, the for-

mation of NO3

− is NH3-sensitive [4]. NH3 preferably neutralizes
acidic sulfate in more acidic system, and the additional NH3 is then
available to stabilize nitrate [33,40,43,66]. As such, the linear cor-
relation between [NH4

+]/[SO4
2−] and [NO3

−]/[SO4
2−] is often used

O4
2−] versus [NO3

−]/[SO4
2−] in different ranges of R value; black dot: R ≤ 0.6; red

ure legend, the reader is referred to the web version of this article.)
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Fig. 7. Linear correlation between [NO3
−] and excess [NH4

+]: (a) whe

o explore the formation of NO3
− in different loadings of SO4

2−

40,41,43,45] (Fig. 6(b)). The data points were divided into 3 groups
epending on the R values. Significant linear correlations were

ound for all the 3 groups (F-test, p < 0.05). As the slopes indicated
he ratio of [NO3

−] to [NH4
+], the slope of 0.96 suggested that NH4

+

as sufficient to react with almost all of the NO3
−. Hence, sam-

les with 0.6 < R ≤ 0.9 were chosen to calculate the excess [NH4
+].

ssuming that [NO3
−]/[SO4

2−] was zero, the intercept of the regres-
ion line was 1.36, which was used to calculate the excess [NH4

+]:

xcess[NH4
+] = ([NH4

+]/[SO4
2−] − 1.36) × [SO4

2−] (4)

It is noteworthy that though data points with R ≥ 1 all had high
NH4

+]/[SO4
2−] ratio (>2) (Fig. 6(b)), these samples were actually

lkaline, and all NO3
− ions had already been neutralized. Hence,

hese data points would not be used to calculate excess [NH4
+].

he value of 1.36 was the cut-point to distinguish the ammonium-
oor (AP′) (i.e., [NH4

+]/[SO4
2−] < 1.36) and ammonium-rich (AR′)

i.e., [NH4
+]/[SO4

2−] > 1.36) samples (to distinguish the definition
rom previous studies, we used AP′ and AR′).

Unlike previous study [43], high NO3
− level was not found under

he AP′ condition, neither was the relationship between excess
NH4

+] and [NO3
−] in the 6-year sampling period (data not shown).

n contrast, samples under AR′ condition were divided into two
roups according to the R threshold value of 0.6 (Fig. 6(a)). Sig-
ificant linear correlation was observed between excess [NH4

+]
nd [NO3

−] for both low and high acid content of aerosol (F-
est, p < 0.05), in line with the observations in AR samples (i.e.,
NH4

+]/[SO4
2−] > 1.5) in [41] and [43]. Fig. 7 presents the relation-

hip between excess [NH4
+] and [NO3

−]. The slope for the samples
ith R > 0.6 was 0.84, close to 1 (Fig. 7(a)), perhaps suggesting the

revalence of homogenous reaction between HNO3 and NH3 under
he condition of low acidity. On the other hand, for the samples with

 ≤ 0.6, the slope (1.94) was about 2 (Fig. 7(b)). The high [H+]in-situ
ight inhibit the hydrolysis of solid-phase NH4NO3 and was likely

o further prevent the gas-phase NH4NO3 from formation through
omogenous reaction partitioning onto the aerosol surface. Con-
equently, heterogeneous reaction of NO3

− tended to become
ignificant. Overall, the NO3

− formation mechanisms in fall-winter
f the PRD region had close relationship with in-situ aerosol acid-

ty. When the aerosol acidity was low (R > 0.6), NO3
− was most

ikely formed through homogenous reaction between HNO3 and

H3. In contrast, when the aerosol acidity was high (R ≤ 0.6), the
as-phase formation of NH4NO3 was probably inhibited and the
roportion of NO3

− produced via heterogeneous reaction of N2O5
ight dominate.
0.6 and excess [NH4
+] > 0, and (b) when R ≤ 0.6 and excess [NH4

+] > 0.

4. Conclusions

In this study, the PM2.5 acidity was explored at a
background site in the PRD region during fall-winter of
2007–2012. [H+]total and [H+]in-situ significantly reduced
(p < 0.05) with a rate of −32 ± 1.5 nmol m−3 year−1 (R2 = 0.99) and
−9 ± 1.7 nmol m−3 year−1 (R2 = 0.86), respectively, attributable to
the fact that the decreasing rate of [H+]total due to the decrease
of SO4

2− exceeded the increasing rate caused by the growth of
NO3

− in these years. Obvious difference in PM2.5 acidity and
LWC  concentration was observed between hazy and non-hazy
periods. The [H+]total, [H+]in-situ, [HSO4

−] and LWC  on hazy days
were 0.9–2.2, 1.2–3.5, 0.9–2.0 and 2.0–3.0 times than those on
non-hazy days, respectively. The large amount of LWC  appeared
in the hazy periods helped to dissociate more in-situ H+, which
was not caused by the dissociation of HSO4

−, but by other
water-soluble organic/inorganic acids. As an indicator of aerosol
acidity, R = 0.6 (i.e., [H+]in-situ = 83 nmol m−3) was the threshold to
differentiate the degree of aerosol acidity over the PRD region. On
hazy days, the concentrations of OM showed significant increase
(t-test, p < 0.05) when the acidity increased from low to high
([H+]in-situ > 83 nmol m−3), which was  not observed on non-hazy
days. The abundant OC under the condition of high acidity was
largely due to the enhancement of SOC. In addition, the NO3

−

formation in fall-winter in the PRD region was closely related to
aerosol acidity.
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