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Abstract. TS1Aerosol pH is often calculated based on differ-
ent standard states thus making it inappropriate to compare
aerosol acidity parameters derived thereby. However, such
comparisons are routinely performed in the atmospheric sci-
ence community. This study attempts to address this issue5

by comparing PM2.5 aerosol pH based on different scales
(molarity, molality and mole fraction) on the basis of theo-
retical considerations followed with a set of field data from
Guangzhou, China as an example. The three most widely
used thermodynamic models (E-AIM-IV, ISORROPIA-II,10

and AIOMFAC) are employed for the comparison. Estab-
lished theory dictates that the difference between pHx (mole
fraction based) and pHm (molality based) is always a con-
stant (1.74, when the solvent is water) within a thermody-
namic model regardless of aerosol property. In contrast, pHm15

and pHc (molarity based) are almost identical with a minor
effect from temperature and pressure. However, when the
activity coefficient is simplified as unity by thermodynamic
models, the difference between pHm and pHc ranges from
0.11 to 0.25 pH units, depending on the chemical composi-20

tion and the density of hygroscopic aerosol. Therefore, while
evaluating aerosol acidity (especially, trend analysis) when
the activity coefficient is simplified as 1, considering the pH
scale is important. The application of this pH standardization

protocol might influence some conclusions on aerosol acidity 25

reported by past studies, and thus a clear definition of pH and
a precise statement of thermodynamic model parameters are
recommended to avoid bias when pH comparisons are made
across studies.

1 Introduction 30

Aerosol acidity is of great scientific interest due to its effects
on human health and atmospheric chemical processes (Am-
dur and Chen, 1989; Xue et al., 2011). Acidic aerosols are
found to correlate with health effects including asthma, bron-
chitis, and others respiratory diseases along with reduced 35

lung function (Amdur and Chen, 1989; Ricciardolo et al.,
2004; Longo and Yang, 2008). Acidic aerosols can also con-
tribute to the bioavailability of iron and phosphorus in open
oceans (Nenes et al., 2011; Zhu et al., 1992) and acidic sea
salts have the potential to catalyze halogens to deplete tropo- 40

spheric ozone (O3) (Keene et al., 1998; Pszenny et al., 2003
TS2 ; Simpson et al., 2007). Moreover, aerosol acidity plays
a key role in the gas-particle partitioning of species such as
HCl/Cl−, HNO3/NO−3 and NH3/NH+4 , and is thus vital for
predicting lifetimes of gaseous compounds such as HCl, NH3 45
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2 S. Jia et al.: TS4

and HNO3 in the atmosphere (Nemitz et al., 2004; Oss et al.,
1998). Further, aerosol acidity is known to affect the forma-
tion of secondary organic aerosols (SOA); e.g., experimen-
tal studies show that seed aerosols with acidic surfaces can
enhance the formation of organosulfate SOA upon reaction5

with volatile organic compounds such as octanal, carbonyls,
isoprene, limonene, and caryophyllene (Jang et al., 2002).

The most accurate parameter to characterize aerosol acid-
ity is considered to be pH. The other parameters often used
as proxies of aerosol acidity do not offer information on how10

acidic the particles are when they are present as aqueous
droplets (Pathak et al., 2004). For example, strong acidity
(defined as nmol of total H+ per m3 of air measured in wa-
ter extracts of particles using the USEPA Reference Method,
USEPA, 1992) and ion charge balance are unable to distin-15

guish between free and undissociated H+ (e.g., protons as-
sociated with bisulfate) (Pathak et al., 2004; Hennigan et al.,
2015). Ammonium-to-sulfate ratio and cation-to-anion ratio
are unable to provide any measure of the degree of aerosol
acidity even qualitatively (Hennigan et al., 2015). Lastly, free20

acidity (defined as the actual concentration of free H+ per
m3 of air, not including the H+ released from bisulfate ions
in aqueous extracts) represents the quantity of H+ in a spe-
cific volume of air while neglecting the concentration of H+

in liquid water (Pathak et al., 2004).25

As per the International Union of Pure and Applied Chem-
istry (IUPAC), pH is defined as the negative log (base 10)
activity of hydrogen ions (https://goldbook.iupac.org/html/
P/P04524.html TS3 ). It is immeasurable because its defini-
tion involves a single ion quantity, the hydrogen ion activity30

(Baucke, 2002). Therefore, the value of pH is not an absolute
one but depends on either how it is measured or the model
used to calculate it. Especially, for aerosol pH, a commonly
accepted measurement method is lacking despite some re-
cent developments (Rindelaub et al., 2016), and it is usually35

calculated from thermodynamic models in practice.
One issue in comparing aerosol pH across studies even

when calculated using the same model in actual practice is
that different standard states can be used while defining the
activity of H+ ions. Although it is recommended that pH be40

defined based on the standard state of 1 mol H+ kg−1 solvent
(molality based) (https://goldbook.iupac.org/html/P/P04524.
html), other standard states such as 1 mol H+ dm−1 solu-
tion (molarity based) and a hypothetical pure H+ solution
(mole fraction based) are also often used when quantifying45

aerosol acidity. Supplement Table S1 provides a brief sum-
mary of studies reporting aerosol pH calculated using ther-
modynamic models with different definition of pH. Molality
based pH, as suggested by IUPAC, is used in 12 out of 32
studies. Molarity-based pH is the most commonly used scale50

in aquatic chemistry as the equilibrium constant is often de-
termined based on molarity (Stumm and Morgan, 1996); it
is also widely used for characterizing aerosol acidity (7 out
of 32 studies). Mole fraction-based pH has also been used
to characterize the acidity of hygroscopic aerosols (5 out of55

32 studies) as this approach is more convenient to describe
solutions with high concentrations (Rard et al., 2010).

It appears that the selection of the standard state of activity
is arbitrary for aerosol acidity studies, and is not always de-
fined in published articles when pH is used to characterize the 60

acidity of aerosol (8 out of 32 studies as shown in Table S1).
This may not be problematic in the case of ISORROPIA-
II where the default output pH is always molality-based;
however, confusion is possible when E-AIM or AIOMFAC
are used as these models provide both molality- and mole 65

fraction-based concentrations as output. In fact, pH based on
different definitions have sometimes been used in the same
study; e.g., Hennigan et al. (2015) defined pH based on the
mole fraction of hydrogen; however, the authors used pH=7
as the critical point when [H+]= [OH−], which actually is an 70

elaboration of molarity (or molality) based pH. Some studies
have employed molarity and molality of H+ interchangeably
in terms of defining and calculating pH (defined as mol dm−3

of H+ but calculated as mol kg−1 of H+, e.g., Guo et al.,
2016), which is not ideal for the sake of consistency even 75

though the resultant estimates are comparable. Additionally,
pH values obtained via different definitions are sometimes
cross-compared, e.g., Squizzato et al. (2013) observed that
pH of PM2.5 in the Po Valley, Italy (mole fraction-based) was
much higher than those in megacities in China (Pathak et al., 80

2009) (molarity-based). Such comparisons need to be reeval-
uated given the different definitions of pH adopted in these
studies.

Despite apparent incongruities in such cross-comparisons,
this issue has not been addressed with sufficient care by the 85

atmospheric science community. The main objective of this
study is thus to compare PM2.5 aerosol pH based on different
scales (molarity, molality and mole fraction) on the basis of
theoretical considerations followed with a set of field data as
an example. Further, in order to enable other researchers to 90

easily compare pH based on different scales, the use of an
inter-scale conversion factor has been demonstrated for the
three most commonly used thermodynamic models, i.e., E-
AIM-IV, ISORROPIA-II and AIOMFAC.

2 Materials and methods 95

2.1 Evaluation data set

A set of field data collected in Guangzhou, China was used
to demonstrate the interconversion of pH based on differ-
ent scales. The sampling site was located at the rooftop of
a building, 15 m above the ground, in the Guangzhou Envi- 100

ronmental Monitoring Center (23◦07′59′′ N, 113◦15′35′′ E)
(refer to Chen et al., 2016b for details). Hourly ionic species
of PM2.5 were measured using an AIM-IC 9000D (URG,
Chapel Hill, NC) (refer to Chen et al., 2016a for details). The
sampling duration was from 1–31 July 2013. 105
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2.2 Thermodynamic models

The three most widely used thermodynamic models includ-
ing E-AIM-IV (http://www.aim.env.uea.ac.uk/aim/aim.php
TS5 ) (Friese and Ebel, 2010; Wexler and Clegg, 2002),
ISORROPIA-II (http://isorropia.eas.gatech.edu/index.php5

TS6 ) (Fountoukis and Nenes, 2007) and AIOMFAC
(http://www.aiomfac.caltech.edu TS7 ) (Zuend et al., 2008)
were selected to demonstrate the interconversion of pH
between different scales. E-AIM is usually considered to
be a benchmark model (Seinfeld and Pandis, 2016), while10

ISORROPIA is preferred for use in large-scale atmospheric
models as it employs various simplifications to enhance
computational efficiency (Fountoukis and Nenes, 2007).
AIOMFAC can be used to calculate inorganic–organic
interaction (Pye et al., 2018).15

E-AIM-IV and ISORROPIA-II were run in forward mode
(closed system). The compounds included in the calcula-
tion were Cl−, SO2−

4 , NO−3 , NH+4 and Na+ in the particu-
late phase and NH3, HNO3 and HCl in the gaseous phase.
Other inorganic ions such as K+, Ca2+ and Mg2+, and or-20

ganic compounds were not included in the calculation in or-
der to keep the consistency of the three models as K+, Ca2+

and Mg2+ are not included in the system of E-AIM-IV while
organic compounds are not included in ISORROPIA-II. This
might induce some uncertainty in the estimated pH; how-25

ever, this is not further discussed as the method to calculate
aerosol acidity is not the focus of current study. The current
online version of AIOMFAC is not capable of calculating
gas-aerosol equilibrium, and thus the output of aerosol com-
pounds from E-AIM-IV were used as input in AIOMFAC to30

obtain aerosol properties in the reverse mode (open system).
A stable particle phase state (solid plus liquid) was assumed
for E-AIM-IV and ISORROPIA-II. Compounds in the aque-
ous phase of the output of E-AIM-IV were used as input to
AIOMFAC. That way, AIOMFAC can be considered to be35

consistent with E-AIM-IV and ISORROPIA-II. According to
Song et al. (2018), SORROPIA-II calculations with resultant
pH of close to neutral (in stable mode) may not be accurate;
hence, these samples (303 out of 440) were excluded from
the calculation for all three models.40

2.3 pH calculation and interconversion

We provide below parameterizations of pH based on different
standard states (molar fraction, molarity and molality). The
reference state for the activity coefficients of H+ ion is the
infinite dilute solution in a reference solvent. Abbreviations45

used in this study are summarized in the Appendix.

pHx =−log10(axH)=−log10(fHxH) (1)

pHc =−log10(acH)=−log10

(yHcH

co

)
(2)

pHm =−log10(amH)=−log10

(γHmH

mo

)
(3)

The equations for interconversion of H+ concentrations and 50

corresponding activity coefficients based on different stan-
dard states are listed in Table 1.

A number of parameters needed to estimate aerosol pH
cannot be obtained directly from the three models, and cal-
culations and/or assumptions are thus necessary. The details 55

of the approach to obtain specific parameters are shown in
Table S2, and pH of different scales are calculated based on
their definitions (Eqs. 1–3). It is worthwhile to note that the
molality based activity coefficient of H+ in ISORROPIA-II
is assumed to be 1; consequently, the activity coefficient of 60

H+ based on molarity and mole-fraction scale cannot be ob-
tained and was also assumed to be 1. Moreover, the density
of aerosol is not calculated by ISORROPIA-II or AIOMFAC,
and thus the density output by E-AIM-IV were used for all
the three models. 65

3 Results and discussion

3.1 Comparison of pHx , pHc and pHm

3.1.1 Comparison of pH calculated by different models

The results of pH calculated based on different standard
states with the three thermodynamic models are shown in 70

Table 2. Overall, there are slight differences between pH cal-
culated using different models. Taking pHm as an example,
the averaged pHm calculated by ISORROPIA-II (2.77±0.36)
is 0.25 pH unit higher than that calculated by E-AIM-IV
(2.52± 0.28), which is consistent with the result reported 75

by Song et al. (2018) and Liu et al. (2017). The pHm cal-
culated by AIOMFAC (2.56± 0.27) is closer to that cal-
culated with E-AIM-IV (2.52± 0.28). It is worthwhile to
note that the activity coefficient of H+ calculated by E-AIM-
IV (0.57± 0.19) is 2.7 times higher than that calculated by 80

AIOMFAC (0.21±0.08) while the molality of H+ calculated
using AIOMFAC ((1.98± 2.50)× 10−2) is 2.5 times higher
than that calculated by E-AIM-IV ((7.80± 9.52)× 10−3) al-
though the resultant pHm is similar.

The difference in the calculated pH between different 85

models is due to differences in both concentration and ac-
tivity coefficient. For example, a unity activity coefficient of
H+ is assumed for ISORROPIA-II for pH calculation even
though the non-ideal interaction of H+ with all other ions in
solution is explicitly considered by the Kusik-Meisner and 90

Bromely formulations in ISORROPIA-II (Fountoukis and
Nenes, 2007). The exact factors contributing to the difference
in pH remains unclear, and is not the focus of current study.
The models may differ in many ways such as their methods
for calculating the activity coefficients for H+ and other ionic 95

species, and in estimating aerosol water contents (Song et al.,
2018).
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Table 1. Summary of equations for the interconversion of concentration and activity coefficient based on different standard states. TS8

Parameter pHx vs. pHm pHm vs. pHc pHx vs. pHc

Activity coefficienta γH = fH
xH

mHMs
(4) γH = 1000 dm3

m3
cHyH
mHρ0

(5) fH = yH1000 dm3

m3
Ms
ρ0

cH
xH

(6)

Concentrationb xH =
mH∑
mi+

1
Ms

(7) cH =
mH∑
miMi+1
ρsln

(8) xH =
MscH

Ms
∑
ci+0.001 m3

dm3 ρsln−
∑
ciMi

(9)

pHc pHx − pHm =−log10[Msm
0 TS9 ] (10) pHm− pHc =−log10

c01000 dm3/m3

m0ρ0
(11) pHx − pHc = log10

1000 dm3/m3Msc
0

ρ0
(12)

Note: a The source of Eqs. (4)–(5) are Robinson and Stokes (2002) and the source of Eq. (6) is Zuend (2007). The details of derivation of Eqs. (4)–(6) are shown in
Robinson and Stokes (2002) and Zuend (2007). b Equations (7)–(9) are based on the definition of each parameter. c Equations (10)–(12) are derived from Eqs. (4)–(6) and (7)–(9)
for each standard state.

Table 2. Calculated concentrations, activity coefficient of H+ and pH for the three thermodynamic models.a

E-AIM-IV ISORROPIA-II AIOMFAC

Molar fraction

xH (1.07± 1.28)× 10−4 (3.49± 4.80)× 10−5 (2.17× 10−5–9.49× 10−4)

(2.71± 3.36)× 10−4 (4.59× 10−6–3.69× 10−4) (4.56× 10−5–2.46× 10−3)
fH 0.74± 0.25 0.27± 0.10

(0.43–1.97) 1b (0.15–0.79)
pHx 4.26± 0.28 4.63± 0.36 4.31± 0.27

(3.16–4.82) (3.43–5.34) (3.24–4.86)

Molality

mH (7.80± 9.52)× 10−3 (2.60± 3.64)× 10−3 (1.98± 2.50)× 10−2

(1.50× 10−3–7.03× 10−2) (3.18× 10−4–2.80× 10−2) (3.14× 10−3–1.82× 10−1)
γH 0.57± 0.19 0.21± 0.08

(0.35–1.54) 1b (0.12–0.62)
pHm 2.52± 0.28 2.77± 0.36 2.56± 0.27

(1.41–3.07) (1.55–3.50) (1.50–3.11)

Molarity

cH (5.56± 6.59)× 10−3 (1.73± 2.35)× 10−3 (1.43± 1.76)× 10−2

(1.14× 10−3–4.89× 10−2) (2.38× 10−4–1.80× 10−2) (2.48× 10−3–1.30× 10−1)
yH 0.79± 0.26 0.28± 0.10

(0.45–2.04) 1b (0.16–0.75)
pHc 2.52± 0.28 2.94± 0.35 2.56± 0.27

(1.41–3.07) (1.75–3.62) (1.50–3.11)

Note: a All parameters are shown as average ± standard deviation with the range in bracket except for b activity coefficient of ISORROPIA-II
which is assumed to be 1.

3.1.2 Comparison of pH based on different scales

As ISORROPIA-II simplifies the calculation with the as-
sumption of the activity coefficient as unity while E-AIM
and AIOMFAC calculate the activity coefficients in practice,
ISORROPIA-II is discussed separately from the other two5

models in the following text.
For E-AIM-IV and AIOMFAC, the interconversion of pH

based on different standard states can be conducted based on
the theory (Eqs. 10–12) (e.g., Robinson and Stokes, 2002)
as all parameters are available. The difference of pHx and10

pHm is log10Msm
0 (according to Eq. 10), which is only

determined by the molecular weight of the solvent. When

water is the only solvent in the system (molecular weight
of 0.018 kg mol−1), pHx − pHm is fixed at 1.74 within the
model regardless of aerosol property or the model (as in this 15

study). As shown in Table S1, water is taken as the only sol-
vent in aerosol solution in almost all studies. The only study
that considers organic compounds as one of the solvent is
Pye et al. (2018).

In contrast, the difference between pHc and pHm, 20

log10(1000 dm3

m3
c0

m0ρ0
), is related to the density of the pure sol-

vent (Eq. 11), while the difference between pHx and pHc,
log10

1000 dm3/m3Msc
0

ρ0
, is determined by both the molecular

weight and the density of the pure solvent (Eq. 11). As stan-
dard states are defined at the same temperature and pres- 25

Atmos. Chem. Phys., 18, 1–9, 2018 www.atmos-chem-phys.net/18/1/2018/



S. Jia et al.: 5

0

50

100

150

0 50 100 150

R
an

k
 o

f 
p
H

c

Rank of pHm

S-I 

S-II 

Figure 1. Comparison of the rank of pHm and pHc.

sure as the solution (Robinson and Stokes, 2002), the den-
sity of a pure solvent can vary at standard state for different
solutions based on corresponding temperature and pressure.
However, the density of water (the major solvent in atmo-
spheric aerosols) does not vary significantly with tempera-5

ture and pressure. The variation of water density is only 4 %
within a temperature ranging from 0 to 100 ◦C (Kell, 1975)
(corresponding to a change of pH is only 0.02 pH unit). The
change of water density due to pressure variation is even
smaller. When pressure ranges from 0.1 to 10 MPa at 25 ◦C,10

the density change is only 0.004 % (Wagner and Pruß, 2002)
(corresponding pH change is 1.9×10−4). Therefore, the dif-
ference can be neglected for water at ambient temperature
and pressure. While the temperature ranges from 24.55 to
31.55 ◦C in the current study, the water density varies from15

9.952 to 9.972× 104 Pa, with the corresponding pH change
being less than 0.001 pH unit.

However, for ISORROPIA-II, the activity coefficient is as-
sumed to be unity for the molality scale. If the same assump-
tion is made for the other scales, the conversion factor devi-20

ates somewhat from theory. As shown in Table 2, the aver-
aged pHm (2.77) is 0.15 pH unit (ranging from 0.11 to 0.25)
lower than pHc (2.94) due to the simplification of both ac-
tivity coefficients as unity. This effect is of a similar magni-
tude to that of organic-associated water to aerosol pH (0.15 to25

0.23 pH unit) (Guo et al., 2015). Based on Eq. (8), the differ-
ence between pHm and pHc is not only related to the concen-
tration of other species, but is also affected by the density of
the solution (Eq. 8). The density of the solution in turn varies
with relative humidity and chemical properties of the sam-30

ples (Clegg and Wexler, 2011), thus leading to potential vari-
ations in the trend of pHm and pHc. To investigate the trend
comparison between pHm and pHc, their ranks (in descend-
ing order) are plotted in Fig. 1. The points deviating from the
1 : 1 line indicate samples possessing different ranks accord-35

ing to pHm compared to that of pHc. To illustrate how pH

Table 3. Comparison of acidity of selected samples based on differ-
ent scales.

# pHm mH pHc cH

S-I 2.70 2.01× 10−3 2.92 1.21× 10−3

S-II 2.75 1.80× 10−3 2.87 1.34× 10−3

Difference (1) −0.05 2.0× 10−4 0.05 −1.3× 10−4

trends could change with different scales, two samples which
deviate most from the 1 : 1 line are selected as examples
(marked S-I and S-II in Fig. 1). As shown in Table 3, S-I is
more acidic than S-II upon comparison of pHm values. How- 40

ever, in terms of pHc, S-I is less acidic than S-II. Although
1pHm(−0.05) is only 0.1 pH unit lower than 1pHc(0.05),
the difference in H+ concentration may not be neglected. The
molality of H+ ions of S-I (2.01× 10−3 mol kg−1 water) is
11.7 % higher than that of S-II (1.80×10−3 mol kg−1 water); 45

however, the molarity of S-I (1.21×10−3 mol dm−3 solution)
is 10.7 % lower than that of S-II (1.34× 10−3 mol dm−3 so-
lution). Given that the uncertainty of pH calculation due to
measurement errors can be as high as 14 % (Guo et al., 2015),
the difference of pHc and pHm can simply fall within the 50

range of measurement errors. However, the bias between pHc
and pHm can be considered to be systematic, which needs to
be addressed for the sake of comprehensiveness in theoreti-
cal analysis. Moreover, even small biases in pH may imply
substantial partitioning errors for semivolatile species like 55

ammonium, nitrate, chloride and even organic acids (Guo et
al., 2017). Therefore, while evaluating aerosol acidity (es-
pecially, trend analysis) when the activity coefficient is sim-
plified as 1, considering the pH scale is important. For the
conversion between pHx and pHm, when the solvent is fixed 60

as water, the difference is affected by the molality of H+ and
other electrolyte species in liquid water (according to Eq. 7).
In the current study, the pHx–pHm ranges from 1.83 to 1.87
which is 0.09 to 0.13 pH units higher than that based on the-
ory (1.74). The trends of pHx and pHm can also be different 65

but with a smaller difference compared with that between
pHx and pHm as shown in Fig. S1 in the Supplement.

3.2 General issues with pH comparison

It has been shown above that proper scale conversion has to
be conducted when aerosol pH is compared. However, one 70

should bear in mind that even with the same measured data
and scale, pH calculated with different thermodynamic mod-
els or with different parameters may still not be compara-
ble. Below, we briefly describe some of the general issues
that need to be considered when aerosol acidity is compared 75

across studies along with a summary of parameters used in
the published studies in Table S1.

Thermodynamic models like ISORROPIA-II and E-AIM
can run in forward mode and reverse mode that results in

www.atmos-chem-phys.net/18/1/2018/ Atmos. Chem. Phys., 18, 1–9, 2018
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significant differences (Song et al., 2018; Hennigan et al.,
2015). It is recommended to use thermodynamic models in
forward mode (gas plus aerosol as input) instead of reverse
mode (aerosol only as input), which is highly sensitive to
measurement uncertainties (Hennigan et al., 2015).5

Thermodynamic models can also be run in stable (liquid
only) or metastable modes (both solid and liquid), which
has not been specified in many studies (Table S1). Song
et al. (2018) have shown that model calculations coupled
with stable or metastable state assumptions can provide rea-10

sonable estimates of aerosol water and pH. However, as
pointed by Song et al. (2018), the studies using standard
ISORROPIA-II (without code correction) running in stable
mode have predicted unrealistic pH values of around 7 and
should be reevaluated.15

The effect of non-volatile cations such as Na+, Ca2+,
Mg2+ and K+ on aerosol pH may also not be ignored. Al-
though the effect of non-volatile cations on pH may be only
0.2–0.5 pH units, their impact on predicted partitioning of
a semi-volatile species can be significant due to the highly20

non-linear response of NH3-NH+4 or HNO3-NO−3 partition-
ing to pH (Guo et al., 2017). As E-AIM cannot explicitly treat
Ca2+, Mg2+ and K+ (unlike ISORROPIA-II and AIOM-
FAC), pH estimated using E-AIM may ignore Ca2+, Mg2+

and K+ (as shown in Table S1) or treat them as equiva-25

lent sodium (e.g., Hennigan et al., 2015). Even if all non-
volatile cations are treated as Na+, the predicted thermody-
namic states can be biased due to the strong non-ideality of
divalent ions as well as variations in water uptake character-
istics between Na+ salts and its counterparts (Fountoukis et30

al., 2009).
Most studies so far have estimated pH of aerosols with

only inorganic compounds. However, it has been reported
that pH can be affected by organic compounds in several
ways. Guo et al. (2015) have shown that the pH can be in-35

creased by 0.15 to 0.23 units when aerosol water associated
with organic compounds is considered. Omission of the con-
tribution of organic acids to H+ has been estimated to in-
crease the pH by 0.07± 0.03 by Song et al. (2018) using
E-AIM-IV. It has been shown recently that accounting for40

non-ideal mixing can modify the pH such that a fully interac-
tive inorganic–organic system showed a pH roughly 0.7 units
higher than that predicted using an inorganic only system by
AIOMFAC (Pye et al., 2018).

4 Conclusions45

This study compares aerosol pH based on three different
standard states (pHx , pHm and pHc) and the corresponding
interconversion. Established theory dictates that the differ-
ence between pHx (mole fraction based) and pHm (molality
based) is always a constant within a thermodynamic model50

(1.74, when the solvent is water) regardless of aerosol prop-
erty. In contrast, pHm and pHc (molarity based) are almost

identical with a minor effect from temperature and pres-
sure. However, when the activity coefficient is simplified
as unity by thermodynamic models, the difference between 55

pHm and pHc ranges from 0.11 to 0.25 pH units, depend-
ing on the chemical composition and density of hygroscopic
aerosol. Therefore, while evaluating aerosol acidity (espe-
cially, trend analysis) when the activity coefficient is sim-
plified as 1, considering the pH scale is important. Overall, 60

we recommend that the standard state of hydrogen activity
be defined clearly when pH values are used to characterize
the acidity of aerosol, and that pH values are converted to the
same scale prior to comparison of acidity. As suggested by
Nenes (2018), maintaining consistency in terms of pH cal- 65

culation method and the thermodynamic model used is vital
to ensure comparability of aerosol acidity between models
and/or observations.

Data availability. Data for this paper are available from the corre-
sponding authors upon request. 70
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Appendix A: List of abbreviations.

Abbreviation Definition
acH activity of hydrogen ions with standard state of the hypothetical ideal aqueous solution

of unit molarity and reference state of infinite dilute solution (dimensionless)
amH activity of hydrogen ions with standard state of the hypothetical ideal aqueous solution

of unit molality and reference state of infinite dilute solution (dimensionless)
axH activity of hydrogen ions with standard state of the hypothetical pure H+ solution and

reference state of infinite dilute solution (dimensionless)
c0 unit molarity (1 mol dm−3 solution)
cH molarity of hydrogen ion (mol dm−3 solution)
ci molarity of solute species ia (mol dm−3 solution)
fH mole fraction scale activity coefficient
m0 unit molality (1 mol kg−1 solvent)
mH molality of hydrogen ions (mol kg−1 solvent)
mi molality of solute species ia (mol kg−1 solvent)
Mi molar mass of solute species ia (kg mol−1)
Ms molar mass of single solvent or averaged molar mass for multiple solvents (kg mol−1)
pHc molarity based pH (dimensionless)
pHm molality based pH (dimensionless)
pHx mole fraction based pH (dimensionless)
xH mole fraction of hydrogen ions (dimensionless, mol H+ in total moles)
yH molarity scale activity coefficient
γH molality scale activity coefficient
ρ0 density of pure solvent or averaged density for multiple solvents (kg m−3)

ρsln density of hygroscopic aerosol solution (kg m−3)

a Solute species i is expressed as dissociated ion for salt.

www.atmos-chem-phys.net/18/1/2018/ Atmos. Chem. Phys., 18, 1–9, 2018



8 S. Jia et al.:

The Supplement related to this article is available online
at https://doi.org/10.5194/acp-18-1-2018-supplement.

Author contributions. . TS10

Competing interests. The authors declare that they have no conflict
of interest.TS115

Acknowledgements. The authors thank Krishnan Padmaja for
her helpful comments and discussion during the preparation
of the manuscript. This work has been funded by the (1) Na-
tional Key Research and Development Program of China under
2017YFC0210105, (2) National Science Fund for Distinguished10

Young Scholars under 41425020, (3) Science and Technol-
ogy Planning Project of Guangdong Province, China under
2016B050502005 and (4) Guangdong Natural Science Foundation
under 2017A030313234.

15

Edited by: Rob MacKenzie
Reviewed by: Andreas Zuend and one anonymous referee

References

Amdur, M. O. and Chen, L. C.: Furnace-generated acid aerosols:
speciation and pulmonary effects, Environ. Health Perspect., 79,20

147–150, https://doi.org/10.2307/3430541, 1989.
Baucke, F. G.: New IUPAC recommendations on the measurement

of pH – background and essentials, Anal. Bioanal. Chem., 374,
772–777, https://doi.org/10.1007/s00216-002-1523-4, 2002.

Chen, W., Wang, X., Cohen, J. B., Zhou, S., Zhang, Z., Chang, M.,25

and Chan, C.-Y.: Properties of aerosols and formation mecha-
nisms over southern China during the monsoon season, Atmos.
Chem. Phys., 16, 13271–13289, https://doi.org/10.5194/acp-16-
13271-2016, 2016a.

Chen, W., Wang, X., Zhou, S., Cohen, J. B., Zhang, J., Wang, Y.,30

Chang, M., Zeng, Y., Liu, Y., and Ling, Z.: Chemical Composi-
tion of PM 2.5 and its Impact on Visibility in Guangzhou, South-
ern China, Aerosol Air Qual. Res., 16, 2349–2361, 2016b.

Clegg, S. L. and Wexler, A. S.: Densities and Apparent Molar
Volumes of Atmospherically Important Electrolyte Solutions.35

1. The Solutes H2SO4, HNO3, HCl, Na2SO4, NaNO3, NaCl,
(NH4)2SO4, NH4NO3, and NH4Cl from 0 to 50 ◦C, Including
Extrapolations to Very Low Temperature and to the Pure Liquid
State, and NaHSO4, NaOH, and NH3 at 25 ◦, J. Phys. Chem. A,
115, 3393–3460, https://doi.org/10.1021/jp108992a, 2011.40

Fountoukis, C. and Nenes, A.: ISORROPIA II: a computa-
tionally efficient thermodynamic equilibrium model for K+-
Ca2+–Mg2+–NH+4 –Na+–SO2−

4 –NO−3 –Cl−–H2O aerosols, At-
mos. Chem. Phys., 7, 4639–4659, https://doi.org/10.5194/acp-7-
4639-2007, 2007.45

Fountoukis, C., Nenes, A., Sullivan, A., Weber, R., Van Reken,
T., Fischer, M., Matías, E., Moya, M., Farmer, D., and Cohen,
R. C.: Thermodynamic characterization of Mexico City aerosol

during MILAGRO 2006, Atmos. Chem. Phys., 9, 2141–2156,
https://doi.org/10.5194/acp-9-2141-2009, 2009. 50

Friese, E., and Ebel, A.: Temperature Dependent Thermo-
dynamic Model of the System H+-NH+4 -Na+-SO2−

4 -
NO−3 -Cl−-H2O, J. Phys. Chem. A, 114, 11595–11631,
https://doi.org/10.1021/jp101041j, 2010.

Guo, H., Xu, L., Bougiatioti, A., Cerully, K. M., Capps, S. L., Hite 55

Jr., J. R., Carlton, A. G., Lee, S.-H., Bergin, M. H., Ng, N. L.,
Nenes, A., and Weber, R. J.: Fine-particle water and pH in the
southeastern United States, Atmos. Chem. Phys., 15, 5211–5228,
https://doi.org/10.5194/acp-15-5211-2015, 2015.

Guo, H., Sullivan, A. P., Campuzano-Jost, P., Schroder, J. C., Lopez- 60

Hilfiker, F. D., Dibb, J. E., Jimenez, J. L., Thornton, J. A., Brown,
S. S., and Nenes, A.: Fine particle pH and the partitioning of ni-
tric acid during winter in the northeastern United States, J. Geo-
phys. Res.-Atmos., 121, TS12 , 2016.

Guo, H., Nenes, A., and Weber, R. J.: The underappreciated role of 65

nonvolatile cations on aerosol ammonium-sulfate molar ratios,
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-
737, in review, 2017.

Hennigan, C. J., Izumi, J., Sullivan, A. P., Weber, R. J., and Nenes,
A.: A critical evaluation of proxy methods used to estimate the 70

acidity of atmospheric particles, Atmos. Chem. Phys., 15, 2775–
2790, https://doi.org/10.5194/acp-15-2775-2015, 2015.

Jang, M., Czoschke, N. M., Lee, S., and Kamens, R. M.:
Heterogeneous atmospheric aerosol production by acid-
catalyzed particle-phase reactions, Science, 298, 814–817, 75

https://doi.org/10.1126/science.1075798, 2002.
Keene, W. C., Sander, R., Pszenny, A. A. P., Vogt, R., Crutzen, P. J.,

and Galloway, J. N.: Aerosol pH in the marine boundary layer:
A review and model evaluation, J. Aerosol Sci., 29, 339–356,
https://doi.org/10.1016/S0021-8502(97)10011-8, 1998. 80

Kell, G. S.: Density, thermal expansivity, and compressibility of
liquid water from 0.deg. to 150.deg. Correlations and tables
for atmospheric pressure and saturation reviewed and expressed
on 1968 temperature scale, J. Chem. Eng. Data, 20, 97–105,
https://doi.org/10.1021/je60064a005, 1975. 85

Liu, M., Yu, S., Tian, Z., Zhenying, X., Caiqing, Y., Mei, Z., Zhijun,
W., Min, H., Yusheng, W., and Tong, Z.: Fine particle pH during
severe haze episodes in northern China, Geophys. Res. Lett., 44,
5213–5221, https://doi.org/10.1002/2017GL073210, 2017.

Longo, B. M. and Yang, W.: Acute Bronchitis and Volcanic Air Pol- 90

lution: A Community-Based Cohort Study at Kilauea Volcano,
Hawai’i, USA, J. Toxicol. Environ. Health A, 71, 1565–1571,
https://doi.org/10.1080/15287390802414117, 2008.

Nemitz, E., Sutton, M. A., Wyers, G. P., and Jongejan, P. A.
C.: Gas-particle interactions above a Dutch heathland: I. Sur- 95

face exchange fluxes of NH3, SO2, HNO3 and HCl, Atmos.
Chem. Phys., 4, 989–1005, https://doi.org/10.5194/acp-4-989-
2004, 2004.

Nenes, A.: Interactive comment on “Fine particle pH for Beijing
winter haze as inferred from different thermodynamic equilib- 100

rium models” by Shaojie, TS13 , 1–8, 2018.
Nenes, A., Krom, M. D., Mihalopoulos, N., Van Cappellen, P., Shi,

Z., Bougiatioti, A., Zarmpas, P., and Herut, B.: Atmospheric
acidification of mineral aerosols: a source of bioavailable phos-
phorus for the oceans, Atmos. Chem. Phys., 11, 6265–6272, 105

https://doi.org/10.5194/acp-11-6265-2011, 2011.

Pl
ea

se
no

te
th

e
re

m
ar

ks
at

th
e

en
d

of
th

e
m

an
us

cr
ip

t.

Atmos. Chem. Phys., 18, 1–9, 2018 www.atmos-chem-phys.net/18/1/2018/

https://doi.org/10.5194/acp-18-1-2018-supplement
https://doi.org/10.2307/3430541
https://doi.org/10.1007/s00216-002-1523-4
https://doi.org/10.5194/acp-16-13271-2016
https://doi.org/10.5194/acp-16-13271-2016
https://doi.org/10.5194/acp-16-13271-2016
https://doi.org/10.1021/jp108992a
https://doi.org/10.5194/acp-7-4639-2007
https://doi.org/10.5194/acp-7-4639-2007
https://doi.org/10.5194/acp-7-4639-2007
https://doi.org/10.5194/acp-9-2141-2009
https://doi.org/10.1021/jp101041j
https://doi.org/10.5194/acp-15-5211-2015
https://doi.org/10.5194/acp-2017-737
https://doi.org/10.5194/acp-2017-737
https://doi.org/10.5194/acp-2017-737
https://doi.org/10.5194/acp-15-2775-2015
https://doi.org/10.1126/science.1075798
https://doi.org/10.1016/S0021-8502(97)10011-8
https://doi.org/10.1021/je60064a005
https://doi.org/10.1002/2017GL073210
https://doi.org/10.1080/15287390802414117
https://doi.org/10.5194/acp-4-989-2004
https://doi.org/10.5194/acp-4-989-2004
https://doi.org/10.5194/acp-4-989-2004
https://doi.org/10.5194/acp-11-6265-2011


S. Jia et al.: 9

Oss, R. V., Duyzer, J., and Wyers, P.: The influence of
gas-to-particle conversion on measurements of ammo-
nia exchange over forest, Atmos. Environ., 32, 465–471,
https://doi.org/10.1016/S1352-2310(97)00280-X, 1998.

Pathak, R. K., Louie, P. K. K., and Chan, C. K.: Characteristics of5

aerosol acidity in Hong Kong, Atmos. Environ., 38, 2965–2974,
https://doi.org/10.1016/j.atmosenv.2004.02.044, 2004.

Pathak, R. K., Wu, W. S., and Wang, T.: Summertime PM2.5 ionic
species in four major cities of China: nitrate formation in an
ammonia-deficient atmosphere, Atmos. Chem. Phys., 9, 1711–10

1722, https://doi.org/10.5194/acp-9-1711-2009, 2009.
Pszenny, A. A. P., Moldanová, J., Keene, W. C., Sander, R.,

Maben, J. R., Martinez, M., Crutzen, P. J., Perner, D., and
Prinn, R. G.: Halogen cycling and aerosol pH in the Hawai-
ian marine boundary layer, Atmos. Chem. Phys., 4, 147–168,15

https://doi.org/10.5194/acp-4-147-2004, 2004. TS14

Pye, H. O. T., Zuend, A., Fry, J. L., Isaacman-VanWertz, G., Capps,
S. L., Appel, K. W., Foroutan, H., Xu, L., Ng, N. L., and Gold-
stein, A. H.: Coupling of organic and inorganic aerosol systems
and the effect on gas-particle partitioning in the southeastern US,20

Atmos. Chem. Phys., 18, 357–370, https://doi.org/10.5194/acp-
18-357-2018, 2018.

Rard, J. A., Wijesinghe, A. M., and Clegg, S. L.: Simplification
of the Clegg-Pitzer-Brimblecombe Mole-Fraction Composition
Based Model Equations for Binary Solutions, Conversion of the25

Margules Expansion Terms into a Virial Form, and Compari-
son with an Extended Ion-Interaction (Pitzer) Model, J. Solu-
tion Chem., 39, 1845–1864, https://doi.org/10.1007/s10953-010-
9617-7, 2010.

Ricciardolo, F. L. M., Gaston, B., and Hunt, J.: Acid stress in the30

pathology of asthma, J. Allergy Clin. Immunol., 113, 610–619,
https://doi.org/10.1016/j.jaci.2003.12.034, 2004.

Rindelaub, J. D., Craig, R. L., Nandy, L., Bondy, A. L., Dutcher, C.
S., Shepson, P. B., and Ault, A. P.: Direct Measurement of pH in
Individual Particles via Raman Microspectroscopy and Variation35

in Acidity with Relative Humidity, J. Phys. Chem. A, 120, 911–
917, https://doi.org/10.1021/acs.jpca.5b12699, 2016.

Robinson, R. A. and Stokes, R. H.: Electrolyte solutions, Courier
Corporation, 2002.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and40

Physics: From Air Pollution to Climate Change, Wiley, 2016.
Simpson, W. R., von Glasow, R., Riedel, K., Anderson, P., Ariya,

P., Bottenheim, J., Burrows, J., Carpenter, L. J., Frieß, U., Good-
site, M. E., Heard, D., Hutterli, M., Jacobi, H.-W., Kaleschke, L.,
Neff, B., Plane, J., Platt, U., Richter, A., Roscoe, H., Sander, R.,45

Shepson, P., Sodeau, J., Steffen, A., Wagner, T., and Wolff, E.:
Halogens and their role in polar boundary-layer ozone depletion,
Atmos. Chem. Phys., 7, 4375–4418, https://doi.org/10.5194/acp-
7-4375-2007, 2007.

Song, S., Gao, M., Xu, W., Shao, J., Shi, G., Wang, S., Wang, 50

Y., Sun, Y., and McElroy, M. B.: Fine-particle pH for Bei-
jing winter haze as inferred from different thermodynamic
equilibrium models, Atmos. Chem. Phys., 18, 7423–7438,
https://doi.org/10.5194/acp-18-7423-2018, 2018.

Squizzato, S., Masiol, M., Brunelli, A., Pistollato, S., Tarabotti, 55

E., Rampazzo, G., and Pavoni, B.: Factors determining the
formation of secondary inorganic aerosol: a case study in
the Po Valley (Italy), Atmos. Chem. Phys., 13, 1927–1939,
https://doi.org/10.5194/acp-13-1927-2013, 2013.

Stumm, W. and Morgan, J. J.: Chemical equilibria and rates in nat- 60

ural waters, Adv. Chem. Ser. TS15 , TS16 , 1022, 1996.
USEPA: Determination of strong acidityof atmospheric fine-

particles (< 2.5 µm) using annular denuder technology, Atmo-
spheric Research and Exposure Assessment Laboratory, EPA Re-
port No. EPA/600/R-93/037, Washington, DC, 1992. 65

Wagner, W. and Pruß, A.: The IAPWS Formulation 1995 for the
Thermodynamic Properties of Ordinary Water Substance for
General and Scientific Use, J. Phys. Chem. Ref. Data, 31, 387–
535, https://doi.org/10.1063/1.1461829, 2002.

Wexler, A. S. and Clegg, S. L.: Atmospheric aerosol models for 70

systems including the ions H+, NH+4 , Na+, SO2−
4 , NO−3 , Cl−,

Br−, and H2O, J. Geophys. Res.-Atmos., 107, ACH 14-11–ACH
14-14, https://doi.org/10.1029/2001JD000451, 2002.

Xue, J., Lau, A. K. H., and Yu, J. Z.: A study of acidity on
PM2.5 in Hong Kong using online ionic chemical compo- 75

sition measurements, Atmos. Environ., 45, 7081–7088, TS17 ,
j.atmosenv.2011.09.040, 2011.

Zhu, X., Prospero, J. M., Millero, F. J., Savoie, D. L., and Brass,
G. W.: The solubility of ferric ion in marine mineral aerosol so-
lutions at ambient relative humidities, Mar. Chem., 38, 91–107, 80

https://doi.org/10.1016/0304-4203(92)90069-M, 1992.
Zuend, A.: Modelling the Thermodynamics of Mixed Organi-

cInorganic Aerosols to Predict Water Activities and Phase
Separations, Phd thesis, ETH Zurich, Zurich, Switzerland,
https://doi.org/10.3929/ethz-a-005582922, 2007. 85

Zuend, A., Marcolli, C., Luo, B. P., and Peter, T.: A thermo-
dynamic model of mixed organic-inorganic aerosols to pre-
dict activity coefficients, Atmos. Chem. Phys., 8, 4559–4593,
https://doi.org/10.5194/acp-8-4559-2008, 2008.

Pl
ea

se
no

te
th

e
re

m
ar

ks
at

th
e

en
d

of
th

e
m

an
us

cr
ip

t.

www.atmos-chem-phys.net/18/1/2018/ Atmos. Chem. Phys., 18, 1–9, 2018

https://doi.org/10.1016/S1352-2310(97)00280-X
https://doi.org/10.1016/j.atmosenv.2004.02.044
https://doi.org/10.5194/acp-9-1711-2009
https://doi.org/10.5194/acp-4-147-2004
https://doi.org/10.5194/acp-18-357-2018
https://doi.org/10.5194/acp-18-357-2018
https://doi.org/10.5194/acp-18-357-2018
https://doi.org/10.1007/s10953-010-9617-7
https://doi.org/10.1007/s10953-010-9617-7
https://doi.org/10.1007/s10953-010-9617-7
https://doi.org/10.1016/j.jaci.2003.12.034
https://doi.org/10.1021/acs.jpca.5b12699
https://doi.org/10.5194/acp-7-4375-2007
https://doi.org/10.5194/acp-7-4375-2007
https://doi.org/10.5194/acp-7-4375-2007
https://doi.org/10.5194/acp-18-7423-2018
https://doi.org/10.5194/acp-13-1927-2013
https://doi.org/10.1063/1.1461829
https://doi.org/10.1029/2001JD000451
https://doi.org/10.1016/0304-4203(92)90069-M
https://doi.org/10.3929/ethz-a-005582922
https://doi.org/10.5194/acp-8-4559-2008


Remarks from the typesetter

TS1 Copernicus Publications collects the DOIs of data sets, videos, samples, model code, and other supplemen-
tary/underlying material or resources as well as additional outputs. These assets should be added to the reference list
(author(s), title, DOI, and year) and properly cited in the article. If no DOI can be registered, assets can be linked
through persistent URLs. This is not seen as best practice and the persistence of the URL must be secured.

TS2 2004?
TS3 Please provide date of last access.
TS4 Please provide short title.
TS5 Please provide date of last access.
TS6 Please provide date of last access.
TS7 Please provide date of last access.
TS8 Please note that we use exponential format for all units. Please check and let me know if units have to be changed here.
TS9 Is this a unit?
TS10 Please note that the section "Author contributions" is mandatory for ACP.
TS11 Declaration of all potential conflicts of interest is required by us as this is an integral aspect of a transparent record of
scientific work. If there are possible conflicts of interest, please state what competing interests are relevant to your work.
TS12 Please provide article number and DOI or page range.
TS13 Please provide journal.
TS14 Please check year.
TS15 Please confirm.
TS16 Please provide volume, article number, and DOI/page range.
TS17 Please provide DOI.


	Abstract
	Introduction
	Materials and methods
	Evaluation data set
	Thermodynamic models
	pH calculation and interconversion

	Results and discussion
	Comparison of pHx, pHc and pHm
	Comparison of pH calculated by different models
	Comparison of pH based on different scales

	General issues with pH comparison

	Conclusions
	Data availability
	Appendix A: List of abbreviations.
	Author contributions
	Competing interests
	Acknowledgements
	References

