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Abstract. Nitrate uptake into particles is an important feature of thermodynamic equilibriums responsible for the high-
concentration particle formation in East Asia. However, key processes including the gas-particle partitioning of HNO3-NOj3
and the deliquescence of particles, are not scrutinized in thermodynamic model simulations used in field studies. Using a
humidified tandem differential mobility analyzer (HTDMA), we investigated water uptake and gas-particle partitioning of
nitrates for inorganic and inorganic-organic aerosols as we simulated thermodynamic models (ISORROPIA-II and E-AIM).
For the best-fit to HTDMA measurements, we revised thermodynamic model simulations and conducted linear regressions.
Results demonstrated that ammonium nitrate aerosols maintained deliquescence in the entire range of 10-90% relative
humidity (RH) and in the range of 30-70% RH the aerosol liquid water content (ALWC) and nitrates in ammonium-sulfate-
nitrate aerosols simultaneously evaporated. Glyoxal exhibited hygroscopicity and a synergetic effect on ALWC formation with
ammonium sulfates. In ammonium-sulfate-nitrate-glyoxal aerosols, more ALWC and nitrates formation above 50% RH is
likely due to the synergetic effect among ammonium, sulfates and nitrates. Considering that 30-80% RH is haze conditions in
East Asia, we propose that pronounced nitrate formation in particles beyond the description of current thermodynamic model
simulations includes deliquescent nature of ammonium nitrate aerosols that undergo hysteresis with an unclear efflorescence
RH point due to incomplete equilibriums, the evaporation of ALWC, nitrates and ammoniums in sulfate-rich aerosols, and the

synergetic effect between organic and inorganic components on ALWC formation at high RH.

1 Introduction

Nitrate uptake into particles is a key mechanism for the formation of particulate matter (PM) in urban areas, particularly
during high-concentration PM events. The summertime haze in the North China Plain (NCP) was driven by nitrate
production through co-condensation of ammonia and nitric acid, suggesting ammonia reduction to be an effective strategy
for PM mitigation (Li et al., 2018). This ammonia reduction strategy based on the co-condensation of ammonia and nitric
acid was also suggested by Guo et al.’s global study (Guo et al., 2018). In addition to the co-condensation with ammonia,
aerosol liquid water content (ALWC) enhances the nitrate uptake into particles. Field studies suggest that the increase in

ALW is due to nitrate particles (Hodas et al., 2014; Wu et al., 2018). Finally, synoptic conditions can increase the
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concentration of nitrate particles. The high-concentration PM events in Seoul, Korea during wintertime are mainly driven by

nitrate uptake, which is influenced by both the regional transport and local stagnation (Seo et al., 2020; Lim et al., 2020).

Urban areas in both China and Korea are experiencing high-concentration PM events during the wintertime. These events are
characterized by inorganic-rich particles, high levels of NOy and ammonia concentrations, low temperature, and relatively
high RH leading to deliquescent particles (Huang et al., 2014; Lim et al., 2020). These conditions are ideal for nitrate particle
formation. In urban areas, NOy is easily oxidized to HNOj3 which is then partitioned into particles with NH3 by forming
NH4NOs. Low temperature shifts the partitioning of HNO3-NOs™ toward nitrate particles. Further, nitrate uptake into particles
can be enhanced when particles are deliquescent and in turn, the higher the nitrate concentrations in particles, the more water
vapor taken up. This “positive feedback™ is thought to be the main mechanism that increases concentrations of nitrates and

ALW in particles simultaneously until the system reaches thermodynamic equilibriums (Wu et al., 2018).

Therefore, thermodynamic equilibriums of inorganic species established between the gas and particle phases and also within
the aqueous phase of the particles provide the key mechanisms of nitrate formation in particles (Fig. 1). Thermodynamic
models (e.g., SCAPE, ISORROPIA, and E-AIM) have been developed for the computation, including the equilibrium
system and the state of particles (solid vs. deliquescent) (Kim et al., 1993; Fountoukis and Nenes, 2007; Clegg et al., 1998).
At a given RH and temperature, thermodynamic models can simulate the equilibrium concentrations of inorganic species in
the gas and particle phase, the concentration of ALW and pH in particles. Thermodynamic models are useful for studying
inorganic-rich particle formation because they provide reliable and quantitative-basis results, which can be further used for
PM mitigation strategies (Li et al., 2018; Guo et al., 2018; Lim et al., 2020).

However, there are at least three associated issues which are overlooked when a thermodynamic model is used in field
studies. First, the metastable mode in a thermodynamic model does not fully describe physical/chemical processes associated
with water uptake and nitrate partitioning. In most cases, field studies use the metastable mode, which assumes that particles
are deliquescent all over the RH range. However, this neglects the RH-dependent deliquescent behavior of inorganic
particles, which are the dominant fraction of the East Asian haze. Inorganic particles are solid (dry) until the ambient RH
reaches the deliquescence point of the inorganic particles, and the deliquescence RH (DRH) is not low enough to assume that
the ambient RH is always above DRH. For example, ammonium-sulfate-nitrate system particles, which can be represented as
the mixture of (NH4)2SO4 and NH4NOs, are solid until RH reaches the deliquescence point of the mixture, RH 55% (Seinfeld
and Pandis, 2016). Therefore, the “positive feedback™ between nitrate and water accumulation in particles must be carefully
investigated because it essentially acts as the mechanism based on the metastable-mode assumption in the equilibrium mode,

and it will not work if particles are solid when the ambient RH is below DRH of the particles.

The second issue is that although the stable mode captures a deliquescence point for a single inorganic compound, it does not
perform well for mixed inorganic particles. For example, the stable mode in ISORROPIA-II and E-AIM predicts very close

to literature DRH values for single (NH4)2SO, particles and single NH4NOg particles separately. However, for the mixture of
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(NH4)2SO4 and NH4NO3, whose DRH is 55% (Seinfeld and Pandis, 2016), the stable mode in ISORROPIA and E-AIM
predicts ~70% DRH, which is an average of DRHs of (NH4)>SO4 and NH4NO:s.

The third issue is that the organic contribution to water uptake into particles is lacking or not well expressed in a
thermodynamic model. ISORROPIA does not possess an input for an organic species while E-AIM has an input for a single
organic compound. However, ambient PM contains a myriad of organic components. The potential synergetic effect of
organic compounds on water uptake into inorganic aerosols are also neglected. Generally, the total ALWC (ALWCiq) is set
to be the sum of the inorganic compound contribution (ALWC;) and the organic contribution (ALWC,) (i.e., ALWCiq =
ALWC; + ALWC,). Or approximately ALWC is ALWC; for inorganic-rich particles.

To overcome these issues, this work aims to determine the processes directly related to nitrate uptake, which are not clearly
shown in thermodynamic model simulations, including the gas-particle partitioning of nitrates associated with RH-dependent
water uptake processes. Therefore, this work will be useful not only to field studies but also to air quality models (CMAQ or
GEOS-Chem) that associate with a thermodynamic model (ISORROPIA-II) by improving the real-time diurnal simulations
which capture RH-dependent nitrate partitioning and water uptake at least every hour. Note that time to reach equilibriums

for submicron particles is known to be within one hour (Meng and Seinfeld, 1996; Fountoukis et al., 2009; Guo et al., 2018).

In this work, we measured the hygroscopic growth factors of single/mixed inorganic particles and inorganic-organic particles
using a humidified tandem differential mobility analyzer (HTDMA). Inorganic particles were generated by atomizing
ammonium sulfates, ammonium nitrates or the mixture of ammonium sulfates and ammonium nitrates because ammoniums,
sulfates, and nitrates were main components in East Asian haze (Lim et al., 2020). For an organic component, glyoxal was
used. Glyoxal may not be the best surrogate for the atmospheric organic particles in East Asia, which contain a myriad of
organic components. However, because the purpose of this study is to investigate nitrate uptake in deliquescent aerosols and
a potential effect of organic components, the single organic compound would be better for determining organic contributions
to nitrate and water uptake, and glyoxal is the most common water-soluble organic compounds in the atmosphere and its

chemistry in the aqueous phase has been widely studied (Lim et al., 2010).

After HTDMA measurements for inorganic particles and inorganic-glyoxal particles, we compared the measurements with
thermodynamic model simulations to investigate contributions of the partitioning of semivolatile ammonium nitrates to the
hygroscopicity of particles. Both ISORROPIA-II and E-AIM equilibrium models are used in the stable and metastable
modes. For the best-fitting to HTDMA measurements, we revised ISORROPIA-II and E-AIM simulation results and
conducted linear regressions of individual simulations with the Zdanovskii Stokkes Robinson (ZSR) method, then

investigated evaporation/uptake of ALWC into particles and the partitioning behavior of nitrates.

2 Methods
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2.1 Materials

The following chemicals were used in this work: ammonium sulfate (AS) (Sigma-Aldrich) 99.999% by weight, ammonium
nitrate (AN) (Sigma-Aldrich) > 99.0% by volume, and glyoxal (Sigma-Aldrich) 40 % in H,O by volume.

2.2 HTDMA measurement

The experimental setup is described in Fig. 2. Zero air was passed through filtered air supply (TSI 3074B) with 30 — 35 psi,
then it carried inorganic or inorganic-organic aerosols generated by aerosol generator 3076, which atomized aqueous solutions
of AS, AN, and glyoxal. The types of aerosols generated from the atomizer were AS, AN, the mixture of AS and AN, glyoxal,
the mixture of AS and glyoxal, the mixture of AN and glyoxal, and the mixture of AS, AN, and glyoxal. The aerosols generated
by the atomizer (~5000 particles/cm? of 250 nm-diameter dry aerosols) were passed through three dryers with the output flow
rate around 3 LPM before introducing them to HTDMA. To maximize water removal, 1) two silica gel diffusion dryers (TSI
3062 NC) and one nafion dryer (Nafion™ Tubing by Perma Pure) were used; 2) RH of upstream inlet was kept at 10%; and
3) a bypass filter were used to balance air pressure and to increase efficiency of drying process. HTDMA (Brechtel Model
3100A) was used to measure the hygroscopic growth factor of aerosols. HTDMA has two main units: scanning electrical
mobility sizer (SEMS) and humidified scanning electrical mobility sizer (HSEMS). Each unit consists of a differential mobility
analyzer (DMA) and a mixing condensation particle counter (MCPC), and they provide aerosol size distribution data. 250 nm-
diameter aerosols were investigated in HTDMA because 250 nm was the average size of secondary organic aerosol (SOA)
from smog chamber reactions (Lim et al., 2016). The aerosols from the atomizer were introduced to SEMS, which was
maintained at 10% RH, then selected 250 nm aerosols reached the HSEM unit, where RH was adjusted between 10% and 90%

to measure hygroscopic growth factors of aerosols.
2.3 Hygroscopic growth factor

In theory (Seinfeld and Pandis, 2016), hygroscopic growth factor (GF) at RHi; is defined as:
GFueory = - (Eq.1)
Here, Di is a diameter of aerosols (i.e., wet aerosol) at RH i %, and Doy is a diameter of aerosols at RH 0% (i.e., dry aerosol).
Aerosols are assumed to be spherical. But in HTDMA, there is a difficulty of achieving 0 % RH. The lowest RH we could
reach in SEM was 10 % RH (hence the diameter of 10% RH is D1o%). Therefore, GF measured by HTDMA is:
D;

GFurpma = ﬁ (Eq.2)
10%

2.4 ZSR method
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The GFs for the mixture of inorganic aerosols, for example, AS and AN aerosols, can be viewed as the sum of those for the
individual AS and AN aerosols. For the sum of individual aerosols to be directly compared with the mixture aerosols
themselves, the ZSR method (Stokes and Robinson, 1966) was used to determine GF (GFzsr). Assuming the individual

inorganic components in aerosols do not interact, GFzsr is given by:

1
GFzsp = (Zk 5kGFk3 )3 (Eq.3)

, Where GFy and & are the hygroscopic growth factor and volume fraction of components k, respectively. Exis given by:

_ Wi/ Pi

, Where w is the mass fraction of component k, and px is density of pure component k (Jing et al., 2016).

In this work, the ZSR method was used in two ways. First, the ZSR method was thoroughly used to calculate GF for the
mixture aerosols of inorganic or inorganic-organic compounds in HTDMA measurements. For example, to estimate the GF of
the mixture aerosols of AS and AN, the ZSR of individual GFutoma(AS aerosols) and GFhroma(AN aerosols) was estimated.
Then, the ZSR estimation was compared with the HTDMA measurements for the AS-AN mixture aerosols. Second, the ZSR
method was also used to estimate the GF of the mixture aerosols of inorganic and organic compounds based on output of

thermodynamic model simulations.
2.5 Thermodynamic model simulation

ISORROPIA-II (Fountoukis and Nenes, 2007) and E-AIM (Clegg and Seinfeld, 2006) were used to predict concentrations of
inorganic species (ammonium, ammonia, sulfate, nitric acid, and nitrate) in the gas and particle phase, ALWC of particles. In
addition to inorganic species, E-AIM was used to simulate concentrations of an organic species (glyoxal). Details for
thermodynamic models can be found in prior studies (Lim et al., 2020). The forward mode for ISORROPIA-II and E-AIM
was used because it better constrained the simulation output and generated more realistic output than the reverse mode
(Hennigan et al., 2015). Another reason for using the forward mode is that when atomized solution introduced into HTDMA,
these aerosols are expected to undergoes gas-particle partitioning; therefore, concentrations of inorganic and organic
compound solutions in the atomizer (input) will be the total sum of the concentrations in the gas and particle phase. In this
work, hygroscopic growth factors in both the stable and metastable mode were estimated and compared with those measured
by HTDMA.. According to Eq. 1 and 2, two types of hygroscopic growth factors (GF(I) and GF(11)) were estimated based on

output of thermodynamic model simulations. At given RH; (temperature is 298K),

i

GF() = (Eq.7)

Ddry,i
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, Where D; = diameter of aerosol at RH;; Dary,i = diameter of water-removed aerosol (= aerosol at RHi — ALWC at RH;).

i

GF(II) = (Eq.8)

10%

, where Dj = diameter of wet aerosol at RH;; D1o% = diameter of wet aerosol at RH 10%.

GF(l) is the theoretical definition based on the assumption that Dary,; is equal to Doy (Eq. 1). GF(11) is the measurement
definition by our HTDMA system (Eq 2). GF(I) and GF(l1) are expected to be the same because Dgry, i and D10 are thought
to be the same. However, when the partitioning of NHs"NH4* and the partitioning of HNO3-NOs™ are driven by ALWC, GF(I)
and GF(I1) may become different. Notably, GF(I) cannot be smaller than 1, but GF(I1) can. In this work both GF(I) and
GF(I1) were estimated to investigate the partitioning of semivolatile inorganic compounds and water uptake, and after
thermodynamic model analyses GF(I1) was used to fit HTDMA measurements. The thermodynamic model inputs for each

aerosol sample are listed in Table S1.

3 Results and discussions
3.1 AS aerosol

The GFnroma vs. RH plots for AS aerosols (GFrtoma = GF measured by HTDMA) are shown in Fig. S1 and S1 Text
(Supplementary Material). The stable mode simulations (Fig. SLA and S2A) are consistent with past studies, which reported
~80% DRH (Aschmann et al., 1997). The hygroscopic growth factors, GF(I) and GF(I1) estimated by ISORROPIA-II and E-
AIM in the stable mode agree well with GFntpoma because the mass concentrations of dry AS aerosols below DRH were the
same (Fig. S1A and B; Fig. S2A and B). On the contrary, the metastable mode generated ALWC in the entire RH range:
ALWC increased as RH increased (Fig. S1D and S2D), and GFs(l) in both ISORROPIA-II and E-AIM simulations (i.e.,
ISORROPIA-II (I1) and E-AIM (1)) were slightly higher than GFs(I1) (ISORROPIA-I1I (1) and E-AIM (1)) (Fig. S1C and
S2C). This is because the mass concentration of AS at RH 10% contained a small amount of ALWC, and was not completely
dry (Fig. S1D and S2D).

3.2 AN aerosol

Our HTDMA results for AN aerosols showed no distinctive deliquescence point, rather smooth rising curves (Fig. 3; Fig.
S3A and D; Fig. S4A and D), which indicate the water uptake into aerosols in the entire RH range (Fig. S3F and S4F). This
differs from what we commonly know: AN aerosols are solid until RH reaches a deliquescence point at ~60% RH (Seinfeld
and Pandis, 2016). This deliquescent behavior of AN aerosols is described by the stable-mode simulation curve from both
ISORROPIA-II and E-AIM (Fig. S3A and S4A) with the absence of ALWC below DRH. (Fig. S3C and S4C) Above DRH
in the stable-mode curves, GF(I1) became slightly greater than GF(I) (Fig. S3A and S4A). This is because Dgry,i is greater
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than D1gy% above DRH (Fig. S3C and S4C). Once aerosols become deliquescent, ALWC takes up more ammoniums and
nitrates by shifting the partitioning of NH3-NH4* and NO3s-HNO; toward particles.

A number of groups have reported that AN aerosols possess a similar smooth rising curve (Svenningsson et al., 2006; Hu et
al., 2011). AN aerosols are deliquescent all over RH as removing water completely from AN aerosols is extremely difficult.
ISORROPIA-II Metastable (1) and E-AIM Metastable (1) simulated growth factors close to HTDMA measurements;
however, ISORROPIA-II Metastable (1) and E-AIM Metastable (11) were significantly different from the HTDMA
measurements and their simulation results are also different from each other (Fig. S3D and S4D). ISORROPIA-1I Metastable
simulates that ammonia and nitric acid were almost ~100% partitioned into particles at RH 10% ([NH4*] = 10 pug/m? and
[NO37 =40 pg/m®) and as RH increased, and the evaporation occurred until RH 30% at which 22 ug/m?® of nitrate particles
remained (Fig. S3E and F) (Note that this level of nitrates is what the stable mode predicts below DRH 65% (Fig S3B)).
Above RH 30% ammonium nitrate aerosols take up water vapors and more ammonium nitrates are accumulated into
particles (Fig. S3F). Unlike ISORROPIA-II simulations, E-AIM in the metastable mode predicted only 12 ug/m?® of nitrates
at RH 10% while 23 pg/m? of nitrates was predicted in the stable mode (Fig. S4E). As RH increased, more ammonium

nitrates and ALWC were accumulated (Fig. S4F).

Neither the stable mode nor the metastable mode simulations by thermodynamic models agreed with HTDMA
measurements. In particular, the metastable mode simulations for nitrates at RH 10% were unrealistic: ISORROPIA-II
overestimated and E-AIM underestimated. Therefore, we introduced ANiso_correction and ANeaiv-correcTion, Which were
revised GF curves for AN aerosols by fitting to HTDMA measurements in Fig. 3 and Fig. S5, respectively (Details are
described in S1 Text). ANiso-correcTion aNd ANEeaim-correcTion Were used as an AN aerosol reference in the following
sections to investigate thermodynamic equilibriums for the mixture of AS and AN aerosols, and the mixture of AS, AN and
glyoxal aerosols. We found two simulations based on ISORROPIA-I1 and E-AIM very close each other for the mixture
aerosols in the following sections. To avoid duplication, ISORROPIA-II simulation results are given in the main text and

corresponding E-AIM simulation results are provided in Supplementary Material.
3.3 Mixture of AS and AN aerosol
331AS:AN=80:20

GFs based on HTDMA measurements (HTDMA) did not agree with GFs estimated by the sum of HTDMA measurements of
individual AS and AN aerosols with the ZSR method (ZSR(0.8ASHtoma + 0.2 ANpTpMma)) (Fig. 4A). In the range of RH 30%
to 70% of Fig. 4A, the HTDMA measurement was significantly lower than ZSR(0.8AShtoma + 0.2ANHTDMA). Here, we
attempted to prove that the overestimation of ZSR(0.8ASwtoma + 0.2ANHTDMA) Must be due to the evaporation of aerosol
components. Since none of ISORROPIA-II and E-AIM simulations in the stable mode and metastable mode for mixture of
AS and AN aerosols agreed with HTDMA measurements (Fig. S6 and S7), we introduced ISORROPIA-II CORRECTION 1
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(Fig. 4A), which is the linear regression of the revised stable-mode simulations for AS aerosols (Table S2) and
ANiso_correction (Fig. 3A). Similarly, E-AIM CORRECTION 1 (Fig. S8) is the linear regression of the revised stable-mode
simulations for AS aerosols (Table S2) and ANe-am_correction (Fig. S5A). Note that the stable-mode for AS aerosols was
modified to simulate ALWC in the RH range 55% to 80% because DRH for the mixture of AS and AN aerosols was 55%

(Table S2), and the ALWC values were based on the metastable mode simulations in the corresponding RH.

ISORROPIA-II CORRECTION 1 overestimated GF (Fig. 4A), so ISORROPIA-1I CORRECTION 2 was performed by
removing ALWC from ISORROPIA-1I CORRECTION 1 (Fig. 4F). Although ISORROPIA-II CORRECTION 2 in Fig. 4D
was further reduced, it was still slightly overestimated. Thus, ISORROPIA-II CORRECTION 3 was performed by removing
remained nitrates and ammoniums in aerosols (Fig. 41) then it was finally fitted to HTDMA measurements (Fig. 4G).
Substantial evaporation of ALWC, nitrates and ammoniums can be attributed to the large fraction of AS aerosols, which tend
to remain solid as ammonium sulfate crystals below DRH 80%. Indeed, in the RH range of 45 to 55% all nitrates completely
evaporated and the mixture existed as dry ammonium sulfate crystals (Fig. 41). The same results were obtained in E-AIM

simulations (Fig. S8).
3.32AS: AN=50:50

HTDMA measurements showed a DRH point at 55% and the measurement data are consistent with existing literature (Fig. 5
and S9) (Seinfeld and Pandis, 2016). With the comparison of ZSR(0.5ASHtoma + 0.5ANHTDMA), HTDMA measurements
were slightly lower in the RH range of 10 to 55% and much higher in the RH range of 55 to 80% and similar above RH 80%
(Fig. 5A and D; Fig. S9A and D). We performed the same correction as we did for AS : AN (80 : 20) to fit ISORROPIA-II
CORRECTION 2 simulations to HTMDA measurements. While aerosols could be considered to be dry as solid ammonium-
sulfate-nitrate crystals below RH 55%, our simulations showed the partial evaporation of ALWC, nitrates and ammoniums;
therefore, the aerosols should be still deliquescent (Fig. 5F and S9F). To prove this, we needed to show that ALWC should
exist at RH 10%. When we adjusted ANnew_iso_correcTion t0 be dry at RH 10% and to follow the metastable trend as RH
increase (Fig. S10A), the new fitting (ISOROPIA-1I CORRECTION 2) predicted no ALWC present below RH 50% (Fig.
S10D and F). However, this new fitting (ISORROPIA-II CORRECTION 3) overestimated GF for the mixture of AS and AN
aerosols (80 : 20) even after complete evaporation of ALWC, nitrates and ammoniums between RH 30% and RH 65% (Fig.
S10G and I). For the best-fitting to HTDMA measurements, mass concentrations at RH 10% must be larger by containing
ALWC. Furthermore, a previous laboratory study reported that RH-dependent evaporation required a hydrated form (Hu et
al., 2011; Hightower and Richardson, 1988) (i.e., the gas-particle partitioning of HNO3-nH,0-NO3™ and NH3-nH,O-NH,",
instead of the gas-particle partitioning of HNO3-NO3 and NHs-NH4*) when evaporation of aerosol components occurs with

an increase in RH.

3.3.3AS:AN=20:80
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Similarly to the mixtures of AS and AN aerosols (80 : 20 and 50 : 50), the mixture of AS and AN aerosols with the ratio of
20 : 80, respectively, requires evaporation of ALWC, nitrates and ammoniums to be fitted to HTDMA measurements (Fig.
6D and F; Fig. S11D and F). Again, this mixture aerosols were deliquescent in the entire RH range (Fig. 6F). Overall, fitting
E-AIM simulations to HTDMA measurements for the all mixtures of AS and AN aerosols also exhibited the same results
(refers to: 3.3.1 and 3.3.2) (Fig. S8, S9 and S11).

3.4 Mixture of inorganic and glyoxal aerosol
3.4.1 Glyoxal aerosol (GLY aerosol)

According to HTDMA measurements, GF of glyoxal aerosols (GLYwnrtoma) had a smooth rising curve as RH increases (Fig.

S12A). In this case, GLYwmopeL, the fitting, can be expressed as an equation form with RH dependence:

1/3

GLYyopp, = |1+ (03362 — 0.1513 x RH +0.1022 x RH?) 7— (Eq.9)

Although E-AIM allows input for organic compounds, none of E-AIM simulations agreed with GLY nrpoma (Fig. S12A) and

mixtures of AS-glyoxal and AN-glyoxal aerosols (Fig. S12B, C, and D). Thus, in this work, the GLY mopeL Was thoroughly
used for fitting to mixtures of inorganic and glyoxal aerosols.

3.4.2 AS-GLY mixed aerosols

ISORROPIA-II CORRECTION 1 was obtained by the linear regression of ASisorroria-ii stable (Fig. S1) and GLY moper (Fig.
S12A) with ZSR method and the ratio of AS and GLY. In Fig. 7A (AS : GLY =70 : 30), only glyoxal contributed to ALWC
formation in the RH range of 10-60%; however, the range of 60-80% RH exhibited a strong synergetic effect on ALWC
formation (Fig. 7D). For the best-fitting, ISORROPIA-II CORRECTION 2 was constructed by adding ALWC in the range
of 55 to 80% RH.

For AS : GLY (50 : 50), a synergetic effect on ALWC formation was observed in the entire RH range (Fig. 7B). For the
best-fitting, ISORROPIA-1I CORRECTION 2 was constructed by adding ALWC in the range of 10 to 60% RH besides the
range of 60 to 80% RH (Fig. 7E). The same results were obtained in E-AIM simulations (Fig. S13A, B, D and E).

3.4.3 AN-GLY mixed aerosols

In Fig. 7C, ISORROPIA-1I CORRECTION 1 is obtained by the sum of ANiso_correction (Fig. 3A) and GLY mopeL With ZSR
method and the ratio of (50 : 50). Below RH 80%, ISORROPIA-1I CORRECTION 1 agreed well with HTDMA
measurements. E-AIM CORRECTION 1 also agreed well with HTDMA measurements (Fig. S13C). There was no
synergetic effect below 80% RH; therefore, total ALWC was the sum of the individual contributions of AN and glyoxal
aerosols.
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3.4.4 AS-AN-GLY mixed aerosols

The mixture of AS, AN, and GLY aerosols with the ratio of 50 : 50 : 20, respectively, was prepared to mimic ambient PMzs
during the high-concentration event at Seoul, Korea (February 24-28, 2014) by having the similar ratio of particle
components. Based on our thermodynamic simulations, our mixture aerosols contained 20% ammoniums, 31% sulfates, 29%
nitrates, and 19% organics at RH 60% while in PM2.5 during the high-concentration event at Seoul, 18% ammoniums, 29%

sulfates, 27% nitrates and 22% organic matter at average RH 59% were measured. Note that those fractions are mass basis.

ISORROPIA-II CORRECTION 1 is the sum of ASisorropiA-Ii stable Revised (Table S2), ANiso_correction (Fig. 3A) and
GLYwmopeL (Fig. S12A) with the ZSR method and the corresponding ratio of AS, AN and GLY aerosols. The simulation of
ISORROPIA-II CORRECTION 1 is very close to HTDMA measurements (Fig. 8A). It appears that no synergetic effect
exists for glyoxal in inorganic aerosols on ALWC formation. In the range of 10-50% RH, ISORROPIA-II CORRECTION 1
slightly overestimates HTDMA measurements. This is due to the evaporation of ALWC, nitrates and ammoniums as
observed in inorganic mixture aerosols. In the range of 50 to 80% RH, the HTDMA measurements and ISORROPIA-II
CORRECTION 1 were greater than ZSR(0.5ASHToma + 0.5ANHTDMA + 0.2GLY HTDMA) because of the synergetic effect of
AS and AN aerosols on ALWC formation in the same RH range. Again, the same results were obtained in E-AIM

simulations (Fig. S14).
3.5 Limitations

This work focuses on fitting our revised thermodynamic model simulations (GFiso_correcTion and GFe-am_correcTion) to the
HTDMA measurements and discussing the uptake and evaporation of ALWC, nitrates and ammoniums. Therefore,
limitations in this work are uncertainties of molecular-level interactions among inorganic ions, organic compounds, and
water (e.g., solvent-ion effects) that affect thermodynamic equilibriums. A detailed study of particle morphology including
solid/liquid-like phase, phase separation or evenly distributed mixture as a bulk, and potential condensed phase chemistry
would provide better understanding of thermodynamic equilibriums in hygroscopic particles. This study of particle
morphology is beyond the scope of this work. Here we focused on nitrate and water uptake interpreted by HTDMA

measurements and thermodynamic model analyses.

Notably in this study we assume that ALWC still exists in inorganic particles below DRH to achieve the best-fitting to
HTDMA measurements. The existence of ALWC due to incomplete equilibriums of AN aerosols warrants further
investigation (i.e., solvation effect of nitrates) as the existence of ALWC itself has been commonly observed while

conditioning filter samples of ambient aerosols (Kajino et al., 2006).

4 Conclusions and atmospheric implications

10
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In ambient conditions, particles of the ammonium-sulfate-nitrate system with significant nitrates are deliquescent even at low
RH because the particles undergo hysteresis with an unclear efflorescent RH point due to incomplete equilibriums, thus the
complete evaporation of ALWC from AN aerosols is extremely difficult. Due to the deliquescent nature, the metastable
mode is more appropriate than the stable mode for most ambient condition simulations. However, the growth factor
estimated by the metastable mode may have an uncertainty because Dary i is not the same in the entire RH range (i.e., GF(I)
and GF(I1) are different) and the metastable mode does not capture the evaporation of ALWC, nitrates, and ammoniums as
RH increases. When the fraction of nitrates is small, particles of the ammonium-sulfate-nitrate system will become dry
ammonium sulfate aerosols in the RH range of 30 to 70% by evaporating ALWC, nitrates and ammoniums significantly.
Glyoxal contributes to ALWC formation by adding its own hygroscopicity to the ammonium-sulfate-nitrate system particles
(i.e., ALWCiot = ALWCinorganic + ALWCgy) in the entire range of RH. Above ~50% RH a synergetic ALWC formation takes
place with the ammonium-sulfate-nitrate system particles and the closer observation indicates that the synergetic effect on

ALWC formation actually takes place between AS and AN aerosols and the effect of glyoxal is negligible.

The positive feedback between ALWC and nitrate formation until equilibriums is thought to be the main mechanism of
massive nitrate formation during haze events in East Asia at relatively high RH. But when RH is modest (below RH 50%),
the positive feedback will be driven by deliquescent nature of ammonium nitrates. Furthermore, the positive feedback must
overcome a barrier created by ammonium sulfate aerosols that suppress ALWC and nitrate accumulation in the RH range of
30 to 70%. Therefore, the positive feedback will reinforce the uptake of HNO3 during the nighttime, whose RH is likely to
be higher with significant HNO; formation through heterogeneous reactions of N,Os (Liu et al., 2020). Once nitrates are
accumulated in ammonium sulfate particles, the uptake of HNO3 photochemically formed during the daytime, whose RH is

likely to be lower, may be of importance.

Synergetic effects of organic compounds on hygroscopicity of inorganic particles are a critical subject that warrants future
studies. As we observed in the case of glyoxal with AS aerosols at high RH, there exists a synergetic effect of glyoxal with
sulfates on ALWC formation. Sulfates greatly increase the water solubility of glyoxal through solvent-ion effects and form
organosulfates (Lim et al., 2010). As the formation of organosulfates affects equilibrium in the aqueous phase and between
the gas and particle phase, we cannot rule out the possibility of organosulfates effecting hygroscopicity. OH-radical reactions
are the main sink for glyoxal in the aqueous phase (Lim et al., 2010). Abundance of nitrates in particles may act as a source
of OH radicals (Zhang et al., 2022), and the increase in O/C of organic products may enhance the hygroscopicity (Jimenez et
al., 2009). Finally, good agreements between field measurements and metastable-mode simulation outputs for inorganic-rich
particles in East Asia suggest that synergetic effects work for the entire RH range (Lim et al., 2020), whereas glyoxal only
works for ammonium sulfate aerosols above ~50% RH. A recent study also reports that the contribution of organics on
ALWC formation is significant in East Asia (Jin et al., 2020). Effects of secondary organic aerosol (SOA) on

thermodynamic equilibriums leading to hygroscopicity of particles may be the greatest uncertainty.

11
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Figure 1: Thermodynamic equilibrium system. Equilibriums of inorganic species are established between the gas and
(aqueous) particle phase (HNO3()-NOj3(), NH3g)-NHa" (), and in the aqueous phase (NH4", SO4*, HSO4, NOs", and H"). The
partitioning of HNO3(g)-NO3(,) and NH3)-NH4 () can be viewed as the formation of ammonium nitrates, by the reaction of
ammonia and nitric acid in the gas phase. Sulfates are dominantly formed via aqueous-phase reaction of SO, with OH.
Organic represents aqueous-phase secondary organic aerosol (agSOA), which is formed via aqueous-phase reactions
(agRxn) of dissolved water-soluble organic compounds. The light blue color in the circle represents that particles are
deliquescent.
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Figure 2: Experimental setup for particle’s hygroscopicity analysis using a hygroscopic tandem mobility analyzer
(HTDMA). DMA represents a differential mobility analyzer. MCPC represents a mixing condensation particle counter.
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Figure 6: GF vs. RH plots for the mixture aerosols with the mass-based ratios of ammonium sulfates and ammonium nitrates
to be 20 : 80 (A, and D). The gas-particle partitioning of ammonium,)-ammonia) and nitrate,)-nitric acide) (B and E). The

465

mass concentrations of ammoniums, sulfates, nitrates and ALW in the mixture aerosols vs. RH (C and F).
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Figure 7: GF vs. RH plots for the mixture of AS and glyoxal aerosols (70 : 30) (A), the mixture of AS and glyoxal aerosols
(50 : 50) (B) and the mixture of AN and glyoxal aerosols (50 : 50) (C). HTDMA indicates HTDMA measurements. Mass
470  concentrations of aerosol components vs. RH plots (D) for (A), (E) for (B), and (F) for (C). The left stacked bar indicates
ISORROPIA-II CORRECTION 1 (green open circle), and the right stacked bar indicates ISORROPIA-1I CORRECTION 2
(green solid dot).

22



475

https://doi.org/10.5194/acp-2022-364 Atmospheric
Preprint. Discussion started: 30 May 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

1.8 1.8

e} HTDMA "A © HTDMA *D
1.7 Jeveees ZSR(0.5AS, 1pys + 0.5AN, 1y, + 0.2GLY roy) 1.7 | «oaes ZSR(0.5AS,;1pma + 0.5AN, 1o + 0.2GLY roua)
= —-0— ISORROPIA-Il CORRECTION 1 : P . —— ISORROPIA-Il CORRECTION 2

1.5 A B/ 1.5
14 4 .5/ 1.4 4

1.3 1

1.2 4 .- 1.2 A

114 o 3 141
10] o000 8 -

1.3 4

GF
GF

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

26 { EmE Ammonium B
24 4/ = Ammonia

= Nitrate
221 =3 Nitric Acid

18 4

Mass Concentration (ug/ma)
rs
Mass Concentration (ug/ms)

200 4

C
180 - ) ]
. =3 Ammonium -
% 160 - B Sulfate “e
> . Nitrate >
2 140 + e GLY f
c
5 4204 /= ALW £
£ £
£ 100 - 3
S 804 s
2 2
2 60 8
s =
40 -
20
o 1aiil OO
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 S50 60 70 80 90 100
RH (%) RH (%)

Figure 8: GF vs. RH plots for the mixture of AS, AN and glyoxal aerosols (50 : 50 : 20) (A and D). HTDMA indicates
HTDMA measurements. ZSR(mASutoma + NANHToma +Hl GLY Hroma) indicates that the sum of HTDMA measurements for
AS, AN, and glyoxal with ZSR method and the ratio (AS : AN : GLY =m: n : I). Mass concentrations of aerosol
components vs. RH plots (B and C) for (A) and (E and F) for (D).
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