Response to comments by anonymous referee #1:

Wang et al investigated the effect of mixing structure on the water uptake of mixtures of ammonium
sulfate and phthalic acid particles by taking homogeneously internal mixture and core-shell
structure into account. The aerosol water uptake is an important factor to determine many
atmospheric processes, such as multiphase reactions and visibility reduction. The hygroscopicity
of inorganic and organic mixtures is not well understood. The authors emphasized the importance
of the particle morphology and mixing structure for inorganic-organic mixture water uptake. |
would like to recommendit to publish to ACP after some minor revisions.

Response: We are grateful to referee #1 for comments and suggestions to improve our manuscript.
We have implemented changes based on these comments in the revised manuscript. We repeat the
specific points raised by the reviewer in italic font, followed by our response. The page numbers
and lines mentioned are referring to the Atmospheric Chemistry and Physics Discussions (ACPD)

version.

Comments:

1. Regarding the core-shell structure, the particle morphology may change when the particles are
exposed to a high relative humidity condition. This could attribute to both core and shell take up
enough water and get mixed together. Thus, the core-shell structure could be ambiguous.
Response: Thanks. The reviewer is right, it is difficult to directly determine the morphology and
the mixing state of aerosol particles at the high relative humidity (RH) when both core and shell
components adsorb water. We tried to use several possible approaches for characterizing the
morphology and mixing state of ammonium sulfate (AS) with phthalic acid (PA) in the RH range
from 5 to 90 %: (1) utilize observational techniques such as optical microscopy and TEM; (2)
assess the possibility of the presence of a non-well-mixed state utilizing a simplified model of the
prevalence of liquid-liquid phase separation as a function of O:C ratio of the organic component
and RH such as that described by You et al. (2013); (3) perform thermodynamic equilibrium
calculations to model phase state as a function of water content (e.g., Song et al., 2012; Zuend and
Seinfeld, 2013; Hodas et al., 2015). The detailed information has been described as follows:

(1) Although optical microscopy provides information on the morphology and the mixing state of

particles, optical microscopy is applicable to micron-sized particles. Electron microscopy



technique (e.g., scanning electron microscopy (SEM) and transmission electron microscopy (TEM))
can characterize the morphology and the mixing state of sub-micron particles (Tang et al., 2019).

However, the limitation of this technique is the vacuum condition, which is difficult to apply to

measure the particle morphology and the mixing state at high RH. When collected core-shell

particles at the high RH are exposed to the vacuum condition, it may affect their original physical

state and mixing state (Tang et al., 2019).

(2) You et al. (2013) suggested that the liquid-liquid phase separation in particles containing

organics and inorganic salts may occur when the O:C ratio of organic components is within 0.5 <

0:C < 0.8 based on their observations. In our study, the ratio of O:C in the phthalic acid components

in the AS/PA mixtures is ~ 0.5, which is possible to occur LLPS during humidification processes.

(3) Zuend group (Zuend and Seinfeld, 2013) has carried out the Aerosol Inorganic-Organic
Mixtures Functional groups Activity Coefficients (AIOMFAC) gas-particle equilibrium

calculations for core-shell AS/PA system. In the case of core-shell 200 nm AS coated by 50 nm

PA aerosol particles, AIOMFAC model predicts that PA is assumed to be phase separated from AS

all the time. Figure R1 shows that the AIOMFAC predictions are not in good agreement with the
core-shell particles with 46 wt % PA when AS is completely deliquesced at RH above 80 %. This
suggests that the morphology of core-shell aerosol particles may change due to both of AS and PA
uptake water at RH above 80 %. Therefore, the morphology/mixing state in the humidification

process, especially at high RH is still to be investigated.
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Figure R1. Hygroscopic growth factor for core-shell for 200nm ammonium sulfate (AS) core with coating 50nm
phthalic acid (PA) (black square). In comparison, the AIOMFAC prediction for growth factor of core-shell AS/PA

aerosol particles with considering liquid-liquid phase separation (LLPS) (red line).

2. The kinetic limitation has been referred for explaining the effect of core-shell structure on
particle water uptake. In HTDMA system, the residence time of particles passing through the
conditioned part may be short and lead to a kinetic limitation. This could not be the case when RH
exceeds the DRH and particles are liquefied. We should also note that the particles with core-shell
structure may have enough time to eliminate such kinetic limitation in the real atmosphere,
different from the situation in the HTDMA system.

Response: Thanks for the comment. The reviewer is right, the equilibrium time may be inadequate
for equilibrium particle growth/shrink such as those coated with organic layers, which results in
Kinetic limitation. The transportation of water molecules into the bulk of particles and droplets can
be kinetically limited by surface processes (e.g., surface accommodation and surface-bulk transfer)
or by diffusion in the particle bulk (Seinfeld and Pandis, 2006; Taraniuk et al., 2007; Pdschl et al.,
2007). For example, in case of the highly viscous substances, water absorption is likely to be
restricted by bulk diffusion, leading to kinetically limited and gradual deliquescence transitions
(Chan and Chan, 2005; Mikhailov et al., 2009). Also, organic coating can act as a physical barrier
to prevent the water condensation/evaporation rate on droplet surfaces (Gill et al., 1983; Barnes,
1986) and can lower the accommodation coefficient (Pandis et al., 1995). Chuang (2003) suggested
that these atmospheric particles exhibit longer equilibrium times for particles with a coating of an
organic film with an approximate accommodation coefficient in the range of 1x107° to 4x107°.
Therefore, next, potential kinetic limitations in the HTDMA-measured hygroscopicity of core-shell
aerosol particles is to be investigated in both humidification and dehumidification conditions.
The atmospheric aerosol particles are more likely internally mixed with organic fractions (e.g.,
well-mixed, core-shell mixing state), which are in equilibrium with surrounding conditions (e.g.,
temperature, RH, and reactive species (Bones et al., 2012; lei et al., 2014). Due to the complex
physical chemistry of aerosol particles, e.g., amorphous aerosol particles refer to the rubber, gel,
glassy, and viscous liquid, it is difficult and impossible to equilibrate water vapor in a short time
(Chan and Chan, 2005: Mikhailov et al., 2009; Bones et al., 2012). For example, Bones et al. (2012)

observed secondary organic compounds in the glassy state have mass transfer limitation in



equilibrium with surrounding water vapor. They further found that the timescale can be »10° for
water equilibration with particles containing sucrose/sodium chloride/aqueous droplets as a proxy
for multicomponent ambient aerosol. Also, due to complex atmospheric condition (i.e., wind,
reaction, RH, T affect particle mixing state), their mixing state may change as aerosol particles are
exposed to the real atmosphere (Riemer et al., 2019). Therefore, we need to comprehensively
understand the kinetic limitations that may control water partitioning in ambient particles,
especially for the amorphous aerosol particles.

3. Inaddition, if the phthalic acid is surface active? The reduction in surface tension may be closely
related to the hygroscopicity of core-shell particles.

Response: Thanks for the comment. The phthalic acid is not surface active according to the
previous reference (Padro et al., 2007). For the aerosol particles containing organic with surface
active system, the hygroscopicity of aerosol particles may be enhanced by surface-active
components. Ruehl et al. (2012) studied on droplet surface tension of mixed organic-inorganic
particles at high RH (99.3-99.9 %). They found that there is 50-75 % reduction for the surface
tension of droplets containing NaCl and a-pinene ozonolysis products, but only when enough
organic material was present to coat on the droplet surface at least 0.8 nm thickness. They suggest
that if surface-active particles account up more than 80 % in the atmosphere, their effect on cloud
properties and thus climate could be enhanced (Padré et al., 2007):

4. There are numerous English grammar errors, especially in the summary and conclusion section
(Line 354-360).

Response: Thanks for the comment. We have carefully revised the whole manuscript regarding
language issues, including grammar, wording, and sentence structure, following the reviewer’s

suggestions, we have rewritten Sect. 4 (Summary and conclusion) they now reads as:

Page 16 line 345-Page 18 line 381: “In this study, we focused on PA to represent common organic
compounds produced by various sources (e.g., vehicles, biomass burning, photo-oxidation). It is
found that PA aerosol particles uptake water continuously as RH increases. We further investigated
the effect of PA coating on the hygroscopicity of core-shell-generated aerosol particles. As PA
coating thickness increases, the hygroscopic growth factor of AS/PA core-shell-generated particles
increases prior to the deliquescence of AS, but the water uptake decreases at RH above 80 %.

Furthermore, we compared the hygroscopic behavior of AS/PA core-shell-generated particles with



that of AS/PA initially well-mixed particles. Due to mixing state effects, higher hygroscopic
growth factors of AS/PA core-shell-generated particles, compared to that of initially well-mixed
particles, were observed in this study at RH above 80 %. In addition, the ZSR relation prediction
is in good agreement with measured results of AS/PA initially well-mixed particles, but leads to
the underestimation of the hygroscopic growth factor of AS/PA core-shell-generated particles at
RH above 80 %. We attribute these discrepancies to the morphology effect when AS deliquesces
in the core-shell-generated particles.

There are a vast number of internally mixed organic-inorganic aerosol particles existing in the
atmosphere. The hygroscopicity behavior of mixture particles exhibits variability during RH cycles
depending on the chemical composition, size, and mixing state. Humidity cycles may lead to liquid-
liquid phase separation, e.g., in the form of core-shell aerosol particles, including at higher RH or
in the salt-supersaturated concentration range. Also, due to the different physicochemical
properties of organic compounds (e.g., viscosity, solubility, physical state, and morphology), the
equilibrium time varies for these organic coated with inorganic aerosol particles. Therefore,
potential kinetic limitations in the HTDMA-measured hygroscopicity of core-shell aerosol

particles is to be investigated in both humidification and dehumidification conditions.”

Related changes included in the revised manuscript:

In this study, we have systematically investigated the hygroscopicity of AS/PA aerosol particles
with different mass fractions of PA in the different mixing states in terms of initial particle
generation. Therefore, we revised “well mixed” as “initially well-mixed” in the response to referee
files and the whole paper, including figures. Also, we added the explanation for the term “initially
well-mixed aerosol particles”. To further avoid the misleading terminality “core-shell”, we revised
“core-shell” as “core-shell-generated” in response to referee files and the whole paper, including

figures.

Page 3 line 58-61: “Most of the previous studies on the hygroscopic behavior of multi-components
aerosol focus on the well-mixed particles generated from initially well-mixed solutions
(Mifiambres et al., 2010; Shi et al., 2014; Gupta et al., 2015; Jing et al., 2016; Lei et al., 2014,
2018).

Page 7 line 141: “2.1.1 Initially well-mixed AS/PA Aerosol particles”

Page 7 line 154: “2.1.2 Core-shell-generated AS/PA aerosol particles”

Page 9 line 188: “3.1 Hygroscopic growth of initially well-mixed aerosol particles”



Page 13 line 281-282: “3.3 Comparison of core-shell-generated and initially well-mixed AS/PA
aerosol particles”

Page 14 line 291-293: “At 75 % RH, the measured growth factor value of core-shell-generated
particles is lower than that of initially well-mixed mixtures in the PA mass fraction range from 68
to 46 wt % due to the mass transfer limitations of water vapor transport to the AS core in the core-
shell particles.”

Page 2 line 29-30: “For the AS/PA initially well-mixed particles, a shift of deliquescence relative
humidity (DRH) of AS (~80 %, Tang and Munkelwitz (1994)) to lower relative humidity (RH) is
observed due to the presence of PA in the initially well-mixed particles.”

Page 3 line 61-64: “For example, Choi and Chan (2002) studied on the effects of glycerol, succinic
acid, malonic acid, citric acid, and glutaric acid on the hygroscopic properties of sodium chloride
and AS in the initially well-mixed aerosol particles, respectively, using an electrodynamic balance.”
Page 14 line 288-290: “However, compared to Fig 5a-b, Fig. 5¢ shows the hygroscopic growth
factors of initially well-mixed AS/PA is slightly higher than that of AS/PA core-shell-generated
particles with 46 wt % PA.”

Page 14 line 293-294: “For the initially well-mixed AS/PA particles, however, partial dissolution

of AS into the liquid AP phase may lead to more water uptake by initially well-mixed particles.”

Page 31 line 660-662: “In comparison, the E-AIM model, the fitted expression Eq. (1), and the ZSR relation predicted
growth factors of ammonium sulfate (AS), PA, and initially well-mixed particles with different mass fractions of PA,
respectively.”
Page 34 line 694-697: “In comparison, the E-AIM model, the fitted expression Eq. (1), and the ZSR relation predicted
growth factors of ammonium sulfate (AS), PA, and initially well-mixed particles with different mass fractions of PA,
respectively.”

Page 3 line 54-58: We revised as “The initially well-mixed aerosol particles may be divided into
homogeneous and heterogeneous internally mixed aerosol particles (Lang-Yona et al., 2009),
which could, in turn, strongly influence the water uptake, optical properties, and the cloud
condensation nuclei (CCN) ability of the particles (Lesins et al., 2002; Falkovich et al., 2004;
Zhang et al., 2005; Schwarz et al., 2006; Su et al., 2010).”

Page 4 line 69-72: We revised as “However, to date, few laboratory studies have been investigated
on the influence of organic coatings on the hygroscopic behavior of core-shell particles and the
difference of mixing state effects on the hygroscopicity of aerosol particles (Zhang et al., 2008;
Pagels et al., 2009; Xue et al., 2009; Lang-Yona et al., 2010; Ditas et al., 2018).”



Page 4 line 76-77: We revised as “They suggest that different organic coatings lead to changes in
the hygroscopic properties of core-shell-generated particles.”

Page 5 line 92-94: We revised as “The organic PA can have a profound effect on light scattering,
hygroscopicity, and phase transition properties of multicomponent atmospheric aerosols.”

Page 8 line 161: We added “The temperature required for vaporizing PA is between ~100 and
~130°C, which corresponds to coating thickness between 10 and 50 nm.”

Page 8 line 166-167: We revised as “After core-shell-generated particle-sizing, aerosols were pre-
humidified in a Nafion tube and flowed into the second Nafion humidifier at the set RH2 to reach
equilibrium for growth of aerosol particles.”

Page 8 line 167-168: We revised as “Finally, the humidified core-shell-generated particles were
detected by a DMA3 and a CPC at ambient temperature.”

Page 10 line 209-212: We revised as “For example, in the case of 1:3 mixtures of AS:PA (by mass),
75 wt % PA in the initially well-mixed particles suppresses the deliquescence of AS, i.e., AS in the
initially well-mixed particles slowly dissolves into the liquid phase due to continuous water uptake
of PA prior to DRH of AS (80 % RH).”

Page 8 line 156-158: We revised as “After a passage through a silica gel diffusion dryer and a
neutralizer, the AS core aerosol particles with a certain diameter (100, 150, and 200 nm,
respectively) were firstly selected by a DMAL and then exposed to organic vapors in a coating
system.”

Page 9 line 193-195: We revised as “However, an abrupt increase in the hygroscopic growth factor
is observed at 75 % RH for initially well-mixed particles containing 50 and 75 wt % PA, of which
the growth factor is higher than that of pure PA aerosol particles (1.09 £ 0.01 nm from
measurements shown in Fig. 2) at the same RH.”

Page 10 line 201-204: We revised as “For example, the measured growth factors for initially well-
mixed containing 25, 50, and 75 wt % PA are 1.36, 1.28, and 1.19 at 80 % RH, respectively, lower
than the growth factor of 1.45 for pure deliquesced AS particles (value from measurements shown
in Fig. 2) at the same RH.”

Page 11 line 230-231: We revised as “Here, we investigated the hygroscopic behavior of samples
of various AS core particle sizes (AS particle dry diameter of 100, 150, and 200 nm) and coating

(PA coating of 10, 20, 30, and 50 nm), respectively.”



Page 11 line 237-239: We revised as “For example, the measured growth factor value at 80 % RH
is 1.45, 1.40, 1.32, and 1.28 for core-shell-generated particles containing 100 nm AS and 10, 20,
30, and 50 nm coating PA shell, respectively.”

Page 12 line 265-Page 13 line 268: We revised as “In the case of 50-nm PA shell coated with a
certain size of the AS core (100, 150, and 200 nm) with respect to 68, 55, and 46 wt % PA in the
core-shell-generated particles, it exhibits an increase in hygroscopic growth factor of core-shell-
generated particles at RH below 80 % as the size of AS core decreases.”

Page 12 line 246-247: We revised as “The underprediction of the ZSR relation was also observed
in the literature (Chan et al., 2006; Sjogren et al., 2007).”

Page 12 line 246-247: We revised as “Sjogren et al. (2006) observed an enhanced water uptake of
mixtures consisting of AS and adipic acid with different mass ratios (1:2, 1:3, and 1:4) at RH above
80 % compared with ZSR relation in the hydration condition.”

Page 13 line 276-278: We revised as “For ZSR prediction, it is assumed that volume fraction of
AS components is constant according to the ratio of the volume of AS core in the sphere to the
volume of a core-shell sphere based on Eq. (3).”

Page 14 line 288-290: We revised as “However, compared to Fig S5a-b, Fig. 5¢ shows the
hygroscopic growth factors of initially well-mixed AS/PA are slightly higher than that of AS/PA
core-shell-generated particles with 46 wt % PA.”

Page 14 line 293-294: We revised as “For the initially well mixed AS/PA particles, however,
partial dissolution of AS into the liquid PA phase may lead to more water uptake by initially well-
mixed particles.”

Page 14 line 293-294: We revised “Core-shell-generated particle morphology may experience the
restructuring and associate size change of particles.” as

“Accordingly, at high RH, the occurrence of microscopic restructuring of core-shell-generated
particles may affect their size.”

Page 14 line 301-304: We revised as “Chan et al. (2006) investigated hygroscopicity of 49 wt %
glutaric acid coated on AS core during two continuous hydration cycles. They observed that the
experimental growth factor of the fresh core-shell of AS and glutaric acid in the first hydration
cycle is slightly higher than those in the second hydration cycle with the same mass fractions of
glutaric acid.”

Page 14 line 309-Page 15 line 310: We revised as “However, a contrasting phenomenon was

observed in the previous study (Maskey et al., 2014).”



Page 14 line 332-334: We revised as “they found that the slightly higher growth factors of initially
well-mixed particles are than that of core-shell-generated aerosol particles (12-nm levoglucosan
coated 88-nm AS).”

Page 16 line 338-342: We revised as “In addition, for the AS/PA mixture aerosol particles
containing 46-68 wt % PA, the measured growth factors of initially well-mixed AS/PA particles
are in good agreement with the ZSR relation prediction comparing with that of core-shell-generated
AS/PA particles.”
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Response to comments by anonymous referee #2:

Wang and Lei et al., present a study about the hygroscopicity of aerosol particles consisting of
ammonium sulfate (AS) and phthalic acid (PA). Using a HTDMA setup, the authors study first the
hygroscopicity of particles where AS and PA are present in a well-mixed, internal mixture and then
particles consisting of AS core and PA shell of varying size. Later, the authors compare the
hygroscopicity of internally mixed particles to those with core-shell structure.

The authors show that at RH above 80% the core-shell particles have higher hygrocopicity than
the well-mixed particles. Further, a traditional ZSR-relation, coupled with an empirical growth
factor fit for PA hydration curve, predicts a lower hygroscopicity than what is measured for the
core-shell particles. These differences in predicted and measured hygroscopicity are attributed to
particle morphology changes, i.e., the shape of the particles deviate from a spherical shape.

The manuscript is generally well written and the results increase the understanding of Atmospheric
Chemistry and Physics community about the hygroscopicity of complex organic-inorganic
particles. | recommend that the manuscript is published after a minor revision.

Response: We are grateful to referee #2 for comments and suggestions to improve our manuscript.
We have implemented changes based on these comments in the revised manuscript. We repeat the
specific points raised by the reviewer in italic font, followed by our response. The page numbers
and lines mentioned are with respect to the Atmospheric Chemistry and Physics Discussions
(ACPD) version.

General comments:

1. How the uncertainty of the measurements was determined? In Figures 2-5 the measured points
have uncertainty both in the RH and growth factor direction. However, in the manuscript no
information is given how this uncertainty was calculated.

Response: Thanks for your comment. The measured results have the uncertainty of both RH and
the hygroscopic growth factor as shown in Figures 2-5. The RH uncertainty is the accuracy of RH
sensor (x2 %). We calculated the uncertainty of growth factor of aerosol particles in the RH range
from 5 to 90 % according to the following formula (Mochida and Kawamura, 2004):



([EE=RED «m

Here, €pp, €rH, and gr are uncertainty of particle mobility diameter, relative humidity, and growth

factor at different RHs, respectively. The average sizing offsets of our system is taken here as SDﬂ.
D

Therefore, in our study, the calculated uncertainty of growth factor of AS/PA aerosol particles is
~1 %-2 %.

Related additions included in the revised manuscript:

Page 7 line 137: we add “Thus, the calculated uncertainty of growth factor depends on the error

2 2
propagation formula by j((gf \/EDL:”) + (ERH ;%Z) > (Mochida and Kawamura, 2004). Here,

€op, €rH, and gr are uncertainty of particle mobility diameter, relative humidity, and growth factor

at different RH, respectively. The average sizing offsets of our system is taken here as SDﬂ Also,
14

the RH uncertainty is the accuracy of RH sensor (£2 %). In this study, the calculated uncertainty
of growth factor of AS/PA aerosol particles is ~1%-2%.”

Specific comments:

1. Section 2.2.2. Please explain what the different R symbols are in Eq. (2) and (3). Supposedly
they refer to radii of spheres.

Response: Thanks for the comment. “Ras” is the radius of core. “Recoreshenn” is the radius of core-
shell aerosol.

Related additions included in the revised manuscript:

Page 9 line 181: We added “Ras is the radius of core and Rcoreshenn is the radius of core-shell-

generated aerosol.”

2. Lines 242-244. To me it looks like the ZSR relation does not predict the hygroscopic growth of
AS/PA core-shell particles. The sentence starting from line 245 states the same (“The ZSR-based
predictions are lower than...”)

Response: Thanks for comment. The predicted growth factor of core-shell-generated AS/PA

aerosol particles by the ZSR relation is lower than the measured results, suggesting an unfavorable



assumption of ZSR relation (i.e., additivity of water uptake by the different mixture components
according to their individual hygroscopicity). The range of measurement—-model comparisons
presented in this study indicates that providing accurate thermodynamic model predictions of the

hygroscopic growth behavior of core-shell systems remains a challenging problem.

3. Lines 338-342. | do not understand this sentence. Please rephrase it. Do you mean that in the
future you will explore why the ZSR relation predicts lower growth factors than what is measured
for the core-shell particles?

Response: Thanks for comment. No, “The low mass fraction of PA will be explored in future”
means: “In the sect. 3.3, we have measured and compared the hygroscopic growth factor of core-
shell-generated AS/PA particles with that of initially well-mixed aerosol particles with the same
mass fraction of PA (46-68 wt %). Next, the hygroscopic growth factor of core-shell AS/PA
particles containing less than 46 wt % PA (e.g., 20, or 10 wt % PA in the core-shell) would be
investigated and compared to that of well-mixed particles, and ZSR relation prediction.”

Related additions and changes included in the revised manuscript:

Page 16 line 338-342: we revised sentences as “In addition, for the AS/PA mixture aerosol
particles containing 46-68 wt % PA, the measured growth factors of well-mixed AS/PA particles
are in good agreement with the ZSR relation prediction comparing with that of core-shell-generated
AS/PA particles.”

4. The manuscript contains several typographical or grammar errors.
Response: Thanks for the comment. We have carefully revised the whole manuscript regarding
language issues, including grammar, wording, and sentence structure, following the reviewer’s

suggestions, we have rewritten Sect. 4 (Summary and conclusion) they now reads as:

Page 16 line 345-Page 18 line 381: “In this study, we focused on PA to represent common organic
compounds produced by various sources (e.g., vehicles, biomass burning, photo-oxidation). It is
found that PA aerosol particles uptake water continuously as RH increases. We further investigated
the effect of PA coating on the hygroscopicity of core-shell-generated aerosol particles. As PA
coating thickness increases, the hygroscopic growth factor of AS/PA core-shell-generated particles
increases prior to the deliquescence of AS, but the water uptake decreases at RH above 80 %.
Furthermore, we compared the hygroscopic behavior of AS/PA core-shell-generated particles with

that of AS/PA initially well-mixed particles. Due to mixing state effects, higher hygroscopic



growth factors of AS/PA core-shell-generated particles, compared to that of initially well-mixed
particles, were observed in this study at RH above 80 %. In addition, the ZSR relation prediction
is in good agreement with measured results of AS/PA initially well-mixed particles, but leads to
the underestimation of the hygroscopic growth factor of AS/PA core-shell-generated particles at
RH above 80 %. We attribute these discrepancies to the morphology effect when AS deliquesces

in the core-shell-generated particles.

There are a vast number of internally mixed organic-inorganic aerosol particles existing in the
atmosphere. The hygroscopicity behavior of mixture particles exhibits variability during RH cycles
depending on the chemical composition, size, and mixing state. Humidity cycles may lead to liquid-
liquid phase separation, e.g., in the form of core-shell aerosol particles, including at higher RH or
in the salt-supersaturated concentration range. Also, due to the different physicochemical
properties of organic compounds (e.g., viscosity, solubility, physical state, and morphology), the
equilibrium time varies for these organic coated with inorganic aerosol particles. Therefore,
potential kinetic limitations in the HTDMA-measured hygroscopicity of core-shell aerosol

particles is to be investigated in both humidification and dehumidification conditions.”

Related changes included in the revised manuscript:

In this study, we have systematically investigated the hygroscopicity of AS/PA aerosol particles
with different mass fractions of PA in the different mixing states in terms of initial particle
generation. Therefore, we revised “well mixed” as “initially well-mixed” in the response to referee
files and the whole paper, including figures. Also, we added the explanation for the term “initially
well-mixed aerosol particles”. To further avoid the misleading terminality “core-shell”, we revised
“core-shell” as “core-shell-generated” in response to referee files and the whole paper, including

figures.

Page 3 line 58-61: “Most of the previous studies on the hygroscopic behavior of multi-components
aerosol focus on the well-mixed particles generated from initially well-mixed solutions
(Mifiambres et al., 2010; Shi et al., 2014; Gupta et al., 2015; Jing et al., 2016; Lei et al., 2014,
2018).

Page 7 line 141: “2.1.1 Initially well-mixed AS/PA Aerosol particles”

Page 7 line 154: “2.1.2 Core-shell-generated AS/PA aerosol particles”

Page 9 line 188: “3.1 Hygroscopic growth of initially well-mixed aerosol particles”



Page 13 line 281-282: “3.3 Comparison of core-shell-generated and initially well-mixed AS/PA
aerosol particles”

Page 14 line 291-293: “At 75 % RH, the measured growth factor value of core-shell-generated
particles is lower than that of initially well-mixed mixtures in the PA mass fraction range from 68
to 46 wt % due to the mass transfer limitations of water vapor transport to the AS core in the core-
shell particles.”

Page 2 line 29-30: “For the AS/PA initially well-mixed particles, a shift of deliquescence relative
humidity (DRH) of AS (~80 %, Tang and Munkelwitz (1994)) to lower relative humidity (RH) is
observed due to the presence of PA in the initially well-mixed particles.”

Page 3 line 61-64: “For example, Choi and Chan (2002) studied on the effects of glycerol, succinic
acid, malonic acid, citric acid, and glutaric acid on the hygroscopic properties of sodium chloride
and AS in the initially well-mixed aerosol particles, respectively, using an electrodynamic balance.”
Page 14 line 288-290: “However, compared to Fig 5a-b, Fig. 5¢ shows the hygroscopic growth
factors of initially well-mixed AS/PA is slightly higher than that of AS/PA core-shell-generated
particles with 46 wt % PA.”

Page 14 line 293-294: “For the initially well-mixed AS/PA particles, however, partial dissolution

of AS into the liquid AP phase may lead to more water uptake by initially well-mixed particles.”

Page 31 line 660-662: “In comparison, the E-AIM model, the fitted expression Eq. (1), and the ZSR relation predicted
growth factors of ammonium sulfate (AS), PA, and initially well-mixed particles with different mass fractions of PA,
respectively.”
Page 34 line 694-697: “In comparison, the E-AIM model, the fitted expression Eq. (1), and the ZSR relation predicted
growth factors of ammonium sulfate (AS), PA, and initially well-mixed particles with different mass fractions of PA,
respectively.”

Page 3 line 54-58: We revised as “The initially well-mixed aerosol particles may be divided into
homogeneous and heterogeneous internally mixed aerosol particles (Lang-Yona et al., 2009),
which could, in turn, strongly influence the water uptake, optical properties, and the cloud
condensation nuclei (CCN) ability of the particles (Lesins et al., 2002; Falkovich et al., 2004;
Zhang et al., 2005; Schwarz et al., 2006; Su et al., 2010).”

Page 4 line 69-72: We revised as “However, to date, few laboratory studies have been investigated
on the influence of organic coatings on the hygroscopic behavior of core-shell particles and the
difference of mixing state effects on the hygroscopicity of aerosol particles (Zhang et al., 2008;
Pagels et al., 2009; Xue et al., 2009; Lang-Yona et al., 2010; Ditas et al., 2018).”



Page 4 line 76-77: We revised as “They suggest that different organic coatings lead to changes in
the hygroscopic properties of core-shell-generated particles.”

Page 5 line 92-94: We revised as “The organic PA can have a profound effect on light scattering,
hygroscopicity, and phase transition properties of multicomponent atmospheric aerosols.”

Page 8 line 161: We added “The temperature required for vaporizing PA is between ~100 and
~130°C, which corresponds to coating thickness between 10 and 50 nm.”

Page 8 line 166-167: We revised as “After core-shell-generated particle-sizing, aerosols were pre-
humidified in a Nafion tube and flowed into the second Nafion humidifier at the set RH2 to reach
equilibrium for growth of aerosol particles.”

Page 8 line 167-168: We revised as “Finally, the humidified core-shell-generated particles were
detected by a DMA3 and a CPC at ambient temperature.”

Page 10 line 209-212: We revised as “For example, in the case of 1:3 mixtures of AS:PA (by mass),
75 wt % PA in the initially well-mixed particles suppresses the deliquescence of AS, i.e., AS in the
initially well-mixed particles slowly dissolves into the liquid phase due to continuous water uptake
of PA prior to DRH of AS (80 % RH).”

Page 8 line 156-158: We revised as “After a passage through a silica gel diffusion dryer and a
neutralizer, the AS core aerosol particles with a certain diameter (100, 150, and 200 nm,
respectively) were firstly selected by a DMAL and then exposed to organic vapors in a coating
system.”

Page 9 line 193-195: We revised as “However, an abrupt increase in the hygroscopic growth factor
is observed at 75 % RH for initially well-mixed particles containing 50 and 75 wt % PA, of which
the growth factor is higher than that of pure PA aerosol particles (1.09 £ 0.01 nm from
measurements shown in Fig. 2) at the same RH.”

Page 10 line 201-204: We revised as “For example, the measured growth factors for initially well-
mixed containing 25, 50, and 75 wt % PA are 1.36, 1.28, and 1.19 at 80 % RH, respectively, lower
than the growth factor of 1.45 for pure deliquesced AS particles (value from measurements shown
in Fig. 2) at the same RH.”

Page 11 line 230-231: We revised as “Here, we investigated the hygroscopic behavior of samples
of various AS core particle sizes (AS particle dry diameter of 100, 150, and 200 nm) and coating

(PA coating of 10, 20, 30, and 50 nm), respectively.”



Page 11 line 237-239: We revised as “For example, the measured growth factor value at 80 % RH
is 1.45, 1.40, 1.32, and 1.28 for core-shell-generated particles containing 100 nm AS and 10, 20,
30, and 50 nm coating PA shell, respectively.”

Page 12 line 265-Page 13 line 268: We revised as “In the case of 50-nm PA shell coated with a
certain size of the AS core (100, 150, and 200 nm) with respect to 68, 55, and 46 wt % PA in the
core-shell-generated particles, it exhibits an increase in hygroscopic growth factor of core-shell-
generated particles at RH below 80 % as the size of AS core decreases.”

Page 12 line 246-247: We revised as “The underprediction of the ZSR relation was also observed
in the literature (Chan et al., 2006; Sjogren et al., 2007).”

Page 12 line 246-247: We revised as “Sjogren et al. (2006) observed an enhanced water uptake of
mixtures consisting of AS and adipic acid with different mass ratios (1:2, 1:3, and 1:4) at RH above
80 % compared with ZSR relation in the hydration condition.”

Page 13 line 276-278: We revised as “For ZSR prediction, it is assumed that volume fraction of
AS components is constant according to the ratio of the volume of AS core in the sphere to the
volume of a core-shell sphere based on Eq. (3).”

Page 14 line 288-290: We revised as “However, compared to Fig S5a-b, Fig. 5¢ shows the
hygroscopic growth factors of initially well-mixed AS/PA are slightly higher than that of AS/PA
core-shell-generated particles with 46 wt % PA.”

Page 14 line 293-294: We revised as “For the initially well mixed AS/PA particles, however,
partial dissolution of AS into the liquid PA phase may lead to more water uptake by initially well-
mixed particles.”

Page 14 line 293-294: We revised “Core-shell-generated particle morphology may experience the
restructuring and associate size change of particles.” as

“Accordingly, at high RH, the occurrence of microscopic restructuring of core-shell-generated
particles may affect their size.”

Page 14 line 301-304: We revised as “Chan et al. (2006) investigated hygroscopicity of 49 wt %
glutaric acid coated on AS core during two continuous hydration cycles. They observed that the
experimental growth factor of the fresh core-shell of AS and glutaric acid in the first hydration
cycle is slightly higher than those in the second hydration cycle with the same mass fractions of
glutaric acid.”

Page 14 line 309-Page 15 line 310: We revised as “However, a contrasting phenomenon was

observed in the previous study (Maskey et al., 2014).”



Page 14 line 332-334: We revised as “they found that the slightly higher growth factors of initially
well-mixed particles are than that of core-shell-generated aerosol particles (12-nm levoglucosan
coated 88-nm AS).”

Page 16 line 338-342: We revised as “In addition, for the AS/PA mixture aerosol particles
containing 46-68 wt % PA, the measured growth factors of initially well-mixed AS/PA particles
are in good agreement with the ZSR relation prediction comparing with that of core-shell-generated
AS/PA particles.”

Reference:

Mochida, M. and Kawamura, K.: Hygroscopic properties of levoglucosan and related organic
compounds characteristic to biomass burning aerosol particles, Journal of Geophysical Research-
Atmospheres, 109, 2004.



Response to comments by anonymous referee #3:

Wang et al. investigated the effect of different internal mixing structures (homogeneously mixed
and core-shell-generated structure) on the water uptake of aerosols consisting of ammonium
sulfate (AS) and phthalic acid (PA). In addition, they studied how the amount of PA in the particle
affect the water uptake. They used specific HTDMA-instrument to select specific sized particles,
add PA coating into them (when core-shell-generated structures were studied) and humidify then
following by measurement of the growth of the particles as they uptake water. To accompany the
measured data, they used theory for estimating the hygroscopic growth of individual components
and Zdanovskii-Stokes-Robinson (ZRS) relation to calculate the hygroscopic growth of mixed
particles. For homogeneously mixed particles (also referred as well-mixed particles) they observed,
for example, that a decrease in the hygroscopic growth factor (GF) with increasing mass fractions
of PA at above RH 80% level. They state that these results also agreed with previous studies, and
the predictions from ZRS also agreed rather well for the well-mixed particles. For the core-shell-
generated structured particles, Wang et al. observed an increase in the GF as the size of the AS
core decreased (below 80% RH level). At above 80% RH level, they observed a decrease in the GF
with decreasing size of the AS core. For the core-shell-generated structured particles ZRS
predictions underestimated the hygroscopic growth. As a general comment, the methods and
experimental procedures are adequately described, and they seem valid for this type of study. My
main criticism concentrates on to the relevance of the study, and what new information it brings to

the scientific community.

Response: We are grateful to referee #3 for comments and suggestions to improve our manuscript.
We have implemented changes based on these comments in the revised manuscript. We repeat the
specific points raised by the reviewer in italic font, followed by our response. The page numbers
and lines mentioned are with respect to the Atmospheric Chemistry and Physics Discussions
(ACPD) version.

General comments:

1. Why liquid well mixed AS-PA (ammonium sulfate: AS, phthalic acid: PA) would have different
hygroscopicity compared to the AS particle with PA coating? Or was this the research question of
the study?



Response: Many thanks. We observed a difference in the hygroscopic growth factor between
AS/PA initially well-mixed particles and AS/PA core-shell particles generated by different
methods. A similar phenomenon has been observed in previous studies (Chan et al., 2006; Maskey
et al., 2014). We attribute the observed differences to mixing state effects. Therefore, the effect of
mixing state on the hygroscopic behavior of AS/PA mixture particles has been investigated in our

research.

2. The introduction of the draft is strongly focused on the water uptake of the aerosols which is the
main theme of the paper. The atmospheric relevance of phthalic acid (PA) is discussed in the
introduction (lines 86-98) into some extent, and shortly mentioned in the conclusions (lines 347-
349). However, as published studies about the hygroscopicity of organic coatings with inorganic
core do exists could you provide more explanation what new this study brings and how PA it its
relevant to the atmosphere in larger scale and thereby justify its use in this specific study? Can the
results acquired for PA be generalised for other organic compounds too? For example, the authors
mention that PA is common in rural mountains and marine atmospheres in Asia, so is it specific to
those areas only? Could you, for example, give an estimate how much of PA there is in the
atmosphere compared to other organic compounds? In addition, even though the use of ammonium
sulfate (AS) is very common for this type of studies, its relevance/why it was used could also be

shortly mentioned.

Response: Many thanks. Many studies on water uptake of particles showing an organic coating
with inorganic core were reported in the literature (Chan et al., 2006; Ciobanu et al., 2009; Song et
al., 2012, 2018; Shiraiwa et al., 2013; Maskey et al., 2014; Hodas et al., 2015). For example, Song
et al. (2012) observed a liquid-liquid phase separation of internally mixed dicarboxylic acids
containing 5, 6, and 7 carbon atoms with ammonium sulfate during the humidification and
dehumidification measurements. However, to date, there are only very few studies that have
attempted to investigate an effect of coating thickness on the hygroscopicity of the core-shell
particles, and further effects of mixing state on the hygroscopicity of aerosol particles (Maskey et
al., 2014). In this study, we have systematically investigated the hygroscopicity of AS/PA aerosol
particles with different mass fractions of PA in the different mixing states in terms of initial particle

generation.



According to Wang et al. (2011), sampling of aerosol particles, including the water-soluble organic
carbon (WSOC) fraction, was conducted in their field study. Among many organic acids, PA was
detected in fine mode aerosols from the urban and remote mountain atmosphere of China and from
the marine atmosphere in the outflow region of East Asia during field campaigns (Wang et al.,
2011). They observed that PA is one of the most abundant aerosol components at the marine site
during the measurements. Furthermore, these secondarily produced aromatic acids, which are
photo-oxidation products from anthropogenic precursors such as toluene, xylene, and naphthalene,
are initially formed as gaseous products and subsequently condensed onto pre-existing particles.
Also, Kleindienst et al. (1999) investigated that hygroscopic particles formed after irradiating
toluene, p-xylene, and 1,3,5-trimethylbenzene in the presence of NOx and AS seed particles in a
chamber. This suggests the likely existence of PA in atmospheric aerosol particles. Organic
coatings on inorganic aerosol particles in the atmosphere can play an important role in the range of
RHSs over which particle-bound water influences aerosol properties, such as density, light scattering,
or refractive index. The field measurements showed that there is a substantial decrease in RH
dependence of light scattering with increasing organic mass fraction (Varutbangkul et al., 2006).
Therefore, an HTDMA study on effects of PA coating on the hygroscopicity of AS/PA core-shell
aerosol particles was selected to investigate and simulate core-shell aerosol particles containing PA
in the atmosphere.

Regarding a generalization of PA-specific effects to other organics, for the case of hygroscopic
growth behavior of PAJ/AS core-shell-generated particles, we compared them with other
organic/inorganic core-shell particles and we observed that there is no simple generalization to
other organics coating an AS core. For example, in our study, we observed that the growth factors
of AS/PA core-shell-generated particles are slightly higher than that of AS/PA initially well-mixed
aerosol particles, which is contrasting with observations by Maskey et al. (2014). They found that
the hygroscopic growth factors of AS/succinic acid and AS/levoglucosan well-mixed particles are
higher than that of AS/succinic acid and AS/levoglucosan core-shell particles. The possible reasons
for the difference between our study and results from Maskey et al. (2014) are the physical
properties of the organic components, such as hygroscopicity, viscosity, volatility, and water

solubility shown in Table R1.



Table R1. Solubility in pure water and bulk deliquescence relative humidity (DRH) of organic

compounds at 25°C.

component Solubility (mol/kg) Bulk DRH, %
Succinic acid 0.49 98.8%

Phthalic acid 0.04 -
levoglucosan 8.32 80°

aPeng et al. (2001)
®Mochida and Kawamura (2004)

-2 ho report

For succinic acid, a moderately water-soluble dicarboxylic acid found in the atmosphere, the
hygroscopicity of succinic acid aerosol particles has been investigated by many groups (Peng et al.,
2001; Hameri et al., 2002; Wise et al., 2003; Wex et al., 2007; Henning et al., 2012; Jing et al.,
2016). They found no hygroscopic growth of initially solid, dry succinic acid aerosol particles as
RH increases up to 95 %. Peng et al. (2001) measured the deliquescence relative humidity (DRH)
of succinic acid using a bulk solution at 24°C, and its DRH is ~99 %. Also, Henning et al. (2012)
observed no hygroscopicity of soot/succinic acid core-shell particles in the hydration mode using
an HTDMA.
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Figure R1. Hygroscopic diameter growth factor for 100 nm (dry diameter, RH < 5 %) succinic acid aerosol particles
during humidification mode from 5 % RH to 90 % RH at 298 K (Jing et al., 2016).

Although the water-solubility of PA aerosol particles is lower compared with that of succinic acid,
initially dry PA particles uptake water gradually in the whole RH range from 5 to 90 % (Brooks et
al., 2004; Hameri et al., 2002; Jing et al., 2016). Hameri et al. (2002). Also, they investigated the



measured hygroscopic behavior of 100 nm aerosol particles consisting of ammonium sulfate and

phthalic acid. Due to a 50 wt % PA components, a slight smoothing of the AS deliquescence

behavior was observed in the hydration mode.
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Figure R2. Hygroscopic diameter growth factor for 100 nm (dry diameter, RH < 5 %) phthalic acid aerosol particles
during humidification mode from 5 % RH to 90 % RH at 298 K from this study.

Levoglucosan aerosol particles are of higher solubility than succinic acid. There is a gradual
increase in growth factor as RH increases up to 98 %. No DRH of levoglucosan was observed in
the hydration mode (Mochida and Kawamura 2004; Mikhailov et al., 2008; Lei et al., 2014, 2018).
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Figure R3. Hygroscopic diameter growth factor for 100 nm (dry diameter, RH < 5 %) levoglucosan aerosol particles
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during humidification mode from 5 % RH to 90 % RH at 298 K (Lei et al., 2014).




In the case of AS/succinic acid mixed particles measured by Maskey et al. (2014), they found a
higher growth factor for the well-mixed particles compared to their core-shell aerosol particles,
which is contrary to our observations for AS/PA particles. A possible reason is the difference in
the pure-component hygroscopic behavior of succinic acid vs. PA. No water uptake by AS/succinic
acid core-shell particles was observed at RH lower than 80 % RH, while there is a gradual increase
in water absorption of AS/PA core-shell-generated particles prior to the complete deliquescence of
ammonium sulfate. This suggests that the physical state of the organic acid shell is solid for the
succinic acid case by Maskey et al. (2014), while it is liquid-like in our study with PA. At RH
above 80 %, a potential kinetic limitation on the water uptake through a sufficiently thick solid
shell into the hygroscopic AS core is more obvious than one through a liquid organic shell into the
core (i.e., liquid diffusion coefficient of water is the range of 10%° to 10° m?s?, solid diffusion
coefficient of water is the range of 103-10* m? s at 25°C). This indicates that a sufficient
residence time under humidification is required to reach gas-particle equilibrium of water for AS
coated succinic acid.

In the case of AS/levoglucosan particles measured by Maskey et al. (2014), they found a slightly
higher growth factor for the well-mixed particles compared to core-shell aerosol particles (80:20
by volume). In our study, AS/PA core-shell-generated particles containing the mass fraction range
from 46 to 68 wt % have been investigated, which is different from the mass fraction of
levoglucosan in the core-shell particles from Maskey et al. (2014). Therefore, different mass
fraction of PA in the core-shell-generated particles may play a role in affecting the hygroscopicity
of core-shell-generated particles.

Also, PA is common in rural mountains and marine atmospheres in Asia and is specific to these
areas in the East Asian. According to Wang et al. (2011), sampling of aerosol particles, including
the water-soluble organic carbon (WSOC) fraction, was conducted on 11-14 January, 12-20
February, and 12-24 April 2008 during their field study. There is no specific information on the
mass fraction of PA in the atmospheric particle samples. According to Wang et al. (2011), PAis
among the highest in mass concentration of individual secondary organic compounds detected in
the urban and mountaintop air during winter and spring (Wang et al., 2011).

AS, a major component of the atmospheric aerosol, is chosen as a test substance because its
thermodynamic behavior is well characterized. Most importantly, ammonium sulfate particles are

stable and not volatile, while is important for reliable HTDMA measurements.



Related changes included in the revised manuscript:

Page 5 line 91: We added more description of the atmospheric relevance of PA there:
“Furthermore, these aromatic acids like PA, which are photo-oxidation products of anthropogenic
precursors such as toluene, xylene, and naphthalene, are initially formed as gaseous products and
subsequently condensed onto pre-existing particles. Also, Kleindienst et al. (1999) investigated
that hygroscopic particles formed after irradiating toluene, p-xylene, and 1,3,5-trimethylbenzene
in the presence of NOx and AS seed in a chamber. This suggests the likely existence of PA in
atmospheric aerosol particles. Organic coatings on inorganic aerosol particles in the atmosphere
can play an important role in the range of RHs over which particle-bound water influences aerosol
properties, such as the overall density, the light scattering behavior and the refractive index.”
Page 6 line 112: We added more description of the atmospheric relevance of AS there: “AS is
chosen as a test substance because it is a major component of the atmospheric aerosol and its
thermodynamic behavior is well characterized. Most importantly, ammonium sulfate particles are

stable and not volatile, useful features for HTDMA studies.”

3. As you note in the introduction (lines ), with 0.5 < O:C < 0.8 the LL-phase separation is possible
(and was always observed with O:C smaller 0.5 based on You et al. 2014) and depends on the
organic used. As for phthalic acid (C8H604), O:C is 0.5, how do you know that the particles
actually are well mixed in section 2.1.1 after humidification? This is critical for the whole study
and this assumption should be justified.

Response: Thanks. To further study the morphology of generated particles, we carried out
Transmission Electron Microscopy (TEM) measurements. Here, we used an atomizer (MSP 1500,
MSP) to generate the AS/PA mixture from bulk solution with 46 wt % PA. After selection by
DMAL at dry condition (200 nm at RH below 5 %), the collected samples have been investigated
to determine the morphology and mixing state using the TEM. Figure R4 shows aerosol particles
are in an initially well-mixed state at dry RH. This suggests that the fast drying “freezes” the mixing
state that was present at higher RH in terms of suppressing noticeable liquid-liquid phase separation
(LLPS) or crystallization. However, it is difficult to characterize the morphology directly and
mixing state of humidified AS/PA aerosol particles at higher RH since these aqueous aerosol
particles are sensitive to damage in a strong electron beam under vacuum. A similar phenomenon

has been reported in Maskey et al. (2004). They used the term “well-mixed mixture” to represent



that particles are generated from an initially well-mixed solution of AS with organics (e.g., succinic
acid and levoglucosan) in order to distinguish the AS/succinic and AS/levoglucosan core-shell

mixture, respectively.

Figure R4. TEM images of initially well-mixed particles containing AS and 46 wt % PA at RH below 5 %.

For the higher RH range, we make use of the AIOMFAC-LLE model to predict whether and in
what range LLPS occurs within AS/PA initially well-mixed aerosol particles containing 46 wt %
PA under hydration conditions. As shown in Fig. R5, at low RH, AS is expected to be in a
crystalline physical state prior to the deliquescence of AS. Thus, AS is predominantly partitioned
to the solid phase (), while PA is found in a separate amorphous/liquid phase that further contains
water (in solid—liquid equilibrium) up to the complete AS deliquescence at ~79 % RH. Two liquid
phases, one AS-rich (o)) and one PA-rich (), are predicted to coexist between 79 % < RH <96 %
in the hydration case. At RH ~96 %, the two liquid phases are merging into a single liquid phase,
which is predicted as the stable state above 96 % RH. Although, we note that AIOMFAC-LLE may
have an uncertainty of several % RH in terms of the RH range in which LLPS is predicted (Song
etal., 2012).

In this study, we have systematically investigated the hygroscopicity of AS/PA aerosol particles

with different mass fractions of PA in the different mixing states in terms of initial particle



generation. Therefore, we revised “well mixed” as “initially well-mixed” in the response to referee

files and the whole paper, including figures. Also, we added the explanation for the term “initially

well-mixed aerosol particles”. To further avoid the misleading terminality “core-shell”, we revised

“core-shell” as “core-shell-generated” in the response to referee files and the whole paper,

including figures.
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Figure R5. Predicted equilibrium state phase compositions in mass fractions for aqueous mixtures of AS and PA as a

function of water activity (equilibrium RH) at 298 K. Hydration case: a solid—liquid equilibrium is predicted between

a solid AS phase (6; lowest panel) and an aqueous, PA-rich phase (B; middle panel) up to ~96 % RH, followed by

liquid—liquid phase separation (coexisting phases o and ) and merging into a single liquid phase at 96 % RH and

above.

Related changes included in the revised manuscript:

Page 7 line 144: We added the explanation for the term “initially well-mixed aerosol particles”

here “Due to morphology and mixing state of AS/PA aerosol particles generated by an initially

well-mixed aqueous solution as indicated by Fig. S2 at dry RH, note that in the following, aerosol

particles generated this way are referred to as initially well-mixed aerosol particles”



Page 8 line 170: We added the explanation for the term “core-shell-generated” here “Due to
morphology and mixing state of AS/PA aerosol particles generated by a coating-HTDMA at dry
RH, note that in the following, aerosol particles generated this way are referred to as core-shell-

generated aerosol particles”

Page 11 line 227: We add a description about the AIOMFAC-LLE model here “the use of the
AIOMFAC-LLE model to predict LLPS and RH-dependent water content of AS/PA particles
containing 46 wt % PA under hydration conditions. As shown in Fig. S3. At low RH, AS forms a
crystalline phase prior to its deliquescence. Thus, AS is predominantly partitioned to the solid phase
(6), while PA is found in a separate amorphous/liquid phase that further contains water (in
solid—liquid equilibrium) up to the complete AS deliquescence at ~79 % RH. Two liquid phases,
one AS-rich (o) and one PA-rich (B), are predicted to coexist between 79 % < RH < 96 % in the
hydration case. At RH above 96 %, a single liquid phase is the stable state. Although, we note that
AIOMFAC-LLE may have an uncertainty of several % RH in terms of the RH range in which
LLPS is predicted (Song et al., 2012).”

4. Regarding section 2.1.1. As solid crystalline ammonium sulfate is not spherical, how much this
affects the estimation of the coating thickness? Further, could the difference between measured
GFs and modelled ones be explained by this uncertainty in the coating thickness and further in the
calculated organic mass fraction? Even though the coating thickness is calculated to give
equivalent mass fraction of PA compared to the well mixed case, | would assume that even small
uncertainty in the HTDMA measurements and thus in the coating thickness affects the amount of
calculated PA mass fraction. The mass fraction should be marked also to the figure 3.

Response: Thanks for the comment. Zelenyuk et al. (2006) reported that the diameter shape factor
of AS increases from 1.03 to 1.07 with increasing mobility diameter from 160 to 500 nm. As you
suggested, we calculated the volume equivalent diameter according to the following equation:

dve.dry _ dm.dry (Rl)
Cc(Kn (A'dve,dry) Cc(Kn (A'dm,dry)

X



Table R2. 50-nm PA coated with 200-nm AS core

Core mobility ~ Shape Volume Density PA Coating Mass fraction of
diameter factor® equilibrium glem®  (nm) PA wt %°
(dm.ary NM) diameter

(dye.ary NM)
200 1 200 1.77 50 46
200 1.03 196 1.65° 54 o1
200 1.07 191 1.65° 59 55

aZelenyuk et al. (2006)
bZelenyuk et al. (2006)

core+coating\> [core
((coresgonstnay’_(core)’)

(cozre)3pAS + ((core+czoating)3 _(cozre)3)pPA

¢According the equation: wtp, =

Therefore, for the case of 50-nm PA coated with 200-nm AS core aerosol particles, the volume
equivalent diameter is 4-nm smaller than the mobility diameter (200 nm) considering the shape
factor correction (y=1.03), which increased by 4 nm in PA thickness and thus higher 5 wt % PA in
the 200-nm AS core coated by 50-nm PA. This suggests that slightly large PA loading coating in
the core-shell-generated particles. It seems that the non-spherical crystalline AS morphology
cannot explain the discrepancy between measured growth factors and the ZSR relation predictions.
However, due to the potential presence of polycrystalline AS, containing pores, cracks, and veins
(Zelenyuk et al., 2006; Sjogren et al., 2007), when RH approaches 80 %, these pores or veins may
fill with agueous PA solution. Thus, water molecules may be easier to diffuse to the veins or pores
than particle surface. At 80 % RH, deliquesced AS is more likely to mixed partial agueous solution
PA, which may change in morphology of AS/PA core-shell-generated aerosol particles. This is a

possible reason for the disagreement between measurements and predictions by the ZSR relation.

Related changes included in the revised manuscript:

Page 12 line 254-line 263: We revised this sentences “To be specific, for the core-shell-generated
aerosol particles consisting of PA and AS, especially at 80 % RH, it shows a considerable amount
of water uptake due to the dissolution of the AS core. This dissolution of AS may form completely

or partially mixed AS/PA solution droplets. The resulting effect of the arrangement and



restructuring of core-shell-generated structured particles may change the hygroscopicity and
mixing state of the core-shell-generated particles at RH above 80 % (Chan et al., 2006; Sjogren et
al., 2007). Another morphological effect could be that morphology of a somewhat porous
polycrystalline AS core could lead to a larger amount of AS in the particles at RH prior to
deliquescence of AS — to appear as a 100-200 nm mobility diameter — hence a thinner than 10-50
PA coating to bring it to a near spherical shape of 110-250 nm core-shell-generated particles
(Zelenyuk et al., 2006).” as

“To be specific, due to the potential presence of polycrystalline AS, containing pores, cracks, and
veins (Zelenyuk et al., 2006; Sjogren et al., 2007), when RH approaches 80 %, these pores or veins
may fill with aqueous PA solution. Thus, water molecules may be easier to diffuse to the veins or
pores than particle surface. At RH above 80 %, deliquesced AS is more likely to mixed partial
aqueous solution PA. The resulting effect of the arrangement and restructuring of core-shell-
generated structured particles may change the hygroscopicity, morphology, and mixing state of the
core-shell-generated particles (Chan et al., 2006; Sjogren et al., 2007).”

5. There are numerous English language mistakes, especially in the last half of the paper. | have
marked some of them for specific comments below. However, | suggest careful reading and re-
writing, especially for the section 4, as there were some paragraphs that I could not understand at
all. Related to section 4 (Summary and conclusions), | find that the main results mentioned in the
abstract (e.g. at high RH GF decreases as thickness of PA shell increases) and conclusions derived
from those are completely missing.

Response: Many thanks, we have carefully revised the whole manuscript regarding language issues,
including grammar, wording, and sentence structure, following the reviewer’s suggestions; we

have rewritten Sect. 4 (Summary and conclusions) they now reads as:

Page 16 line 345-Page 18 line 381: “In this study, we focused on PA to represent common organic
compounds produced by various sources, (e.g., vehicles, biomass burning, photo-oxidation). It is
found that PA aerosol particles uptake water continuously as RH increases. We further investigated
the effect of PA coating on the hygroscopicity of core-shell-generated aerosol particles. As PA
coating thickness increases, the hygroscopic growth factor of AS/PA core-shell-generated particles
increases prior to the deliquescence of AS, but the water uptake decreases at RH above 80 %.

Furthermore, we compared the hygroscopic behavior of AS/PA core-shell-generated particles with



that of AS/PA initially well-mixed particles. Due to mixing state effects, higher hygroscopic
growth factors of AS/PA core-shell-generated particles, compared to that of initially well-mixed
particles, were observed in this study at RH above 80 %. In addition, the ZSR relation prediction
is in good agreement with measured results of AS/PA initially well-mixed particles, but leads to
underestimation of the hygroscopic growth factor of AS/PA core-shell-generated particles at RH
above 80 %. We attribute this discrepancies to the morphology effect when AS deliquesces in the
core-shell-generated particles.

There are a vast number of internally mixed organic—inorganic aerosol particles existing in the
atmosphere. The hygroscopicity behavior of mixture particles exhibits variability during RH cycles
depending on the chemical composition, size, and mixing state. Humidity cycles may lead to
liquid-liquid phase separation, e.g. in form of core-shell-generated aerosol particles, including at
higher RH or in the salt-supersaturated concentration range. Also, due to the different
physicochemical properties of organic compounds (e.g., viscosity, solubility, physical state, and
morphology), the equilibrium time varies for these organic coated with inorganic aerosol particles.
Therefore, potential Kinetic limitations in the HTDMA-measured hygroscopicity of core-shell

aerosol particles is to be investigated in both humidification and dehumidification conditions.”

Specific/minor comments:

1. The acronym HTDMA is never explained, even though HTDMA instrument/setup is major part
of the study.

Response: Many thanks. We revised as:

Page 4 line 72: “hygroscopicity tandem differential mobility analyzer (HTDMA)”

2. Lines 54-56: terms homogeneously mixed and well mixed are both used later in the paper and
figures, which is confusing (I understood they mean the same thing). | would select one of them
and use it throughout.

Response: Many thanks. We agree with your point. We revised “homogeneously mixed” to
“initially well-mixed” in the whole paper. Also, we revised “well mixed” as “initially well-mixed”

in the whole paper, including figures.



Page 3 line 58-61: “Most of the previous studies on the hygroscopic behavior of multi-component
aerosols focus on well-mixed particles generated from initially well-mixed solutions (Mifiambres
et al., 2010; Shi et al., 2014; Gupta et al., 2015; Jing et al., 2016; Lei et al., 2014; 2018).

Page 7 line 141: <“2.1.1 Initially well-mixed AS/PA Aerosol particles”

Page 7 line 154: “2.1.2 Core-shell-generated AS/PA aerosol particles”

Page 9 line 188: “3.1 Hygroscopic growth of initially well-mixed aerosol particles”

Page 13 line 281-282: “3.3 Comparison of core-shell-generated and initially well-mixed
AS/PA aerosol particles”

Page 14 line 291-293: “At 75 % RH, the measured growth factor value of core-shell-generated
particles is lower than that of initially well-mixed mixtures in the PA mass fraction range from 68
to 46 wt % due to the mass transfer limitations of water vapor transport to the AS core in the core-

shell-generated particles.”

Page 2 line 29-30: “For the AS/PA initially well-mixed particles, a shift of deliquescence relative
humidity (DRH) of AS (~80 %, Tang and Munkelwitz (1994)) to lower relative humidity (RH) is

observed due to the presence of PA in the initially well-mixed particles.”

Page 3 line 61-64: “For example, Choi and Chan (2002) studied on the effects of glycerol, succinic
acid, malonic acid, citric acid, and glutaric acid on the hygroscopic properties of sodium chloride
and AS in the initially well-mixed aerosol particles, respectively, using an electrodynamic balance.”

Page 14 line 288-290: “However, compared to Fig 5a-b, Fig. 5¢ shows the hygroscopic growth
factors of initially well-mixed AS/PA is slightly higher than that of AS/PA core-shell-generated
particles with 46 wt % PA.”

Page 14 line 293-294: “For the initially well-mixed AS/PA particles, however, partial dissolution

of AS into the liquid AP phase may lead to more water uptake by initially well-mixed particles.”

Page 16 line 335-338: “Next, using the low mass fraction of PA (e.g., 29 wt %) in core-shell-

generated aerosol particles is to be investigated.”

Page 31 line 660-662: “In comparison, the E-AIM model, the fitted expression Eq. (1), and the ZSR relation

predicted growth factors of AS, PA, and initially well-mixed particles with different mass fractions of PA, respectively.”



Page 34 line 690-691:
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Page 34 line 694-697: “In comparison to the E-AIM model, the fitted expression Eq. (1), and the ZSR relation

predicted growth factors of ammonium sulfate (AS), PA, and initially well-mixed particles with different mass

fractions of PA, respectively.”
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3. Line 55: ...aerosol particles may be divided...

Response: Many thanks.

Page 3 line 54-58: We revised as “The initially well-mixed aerosol particles may be divided into
homogeneous and heterogeneous internally mixed aerosol particles (Lang-Yona et al., 2009),
which could, in turn, strongly influence the water uptake, optical properties, and the cloud
condensation nuclei (CCN) ability of the particles (Lesins et al., 2002; Falkovich et al., 2004;

Zhang et al., 2005; Schwarz et al., 2006; Su et al., 2010).”




4. Line 59: ...of the earlier studies...

Response: Many thanks.

Page 3 line 58-61: We revised as “Most of the previous studies on the hygroscopic behavior of
multi-component aerosols focus on well-mixed particles generated from well-mixed solutions
(Mifiambres et al., 2010; Shi et al., 2014; Gupta et al., 2015; Jing et al., 2016; Lei et al., 2014;
2018).”

5. Lines 69-71: verb is missing, I assume you mean something like ...few laboratory studies have
investigated the influence...

Response: Many thanks.

Page 4 line 69-72: We revised as “However, to date, few laboratory studies have been investigated
on the influence of organic coatings on the hygroscopic behavior of core-shell-generated particles
and the difference of mixing state effects on the hygroscopicity of aerosol particles (Zhang et al.,
2008; Pagels et al., 2009; Xue et al., 2009; Lang-Yona et al., 2010; Ditas et al., 2018).”

6. Line 76: change difference to different?
Response: Many thanks.
Page 4 line 76-77: We revised as “They suggest that different organic coatings lead to changes in

the hygroscopic properties of core-shell-generated particles.”

7. Line 93: correct typo in hygroscopicity
Response: Many thanks.
Page 5 line 92-94: We revised as “The organic PA can have profound effect on light scattering,

hygroscopicity, and phase transition properties of multicomponent atmospheric aerosols.”

8. Line 104: ...aerosol particles have an average...

Response: Many thanks. We didn’t revised this sentence because the subject is “occurrence”

9. Section 2.1: Temperature to what the particles are exposed to is not mentioned, please add it.
Ambient temperature was mentioned later at some point, but please be more specific as the
experiments should be repeatable by others.

Response: Thanks. We added more information on coating device in Sect. 2.1.



Page 8 line 161: We added “The temperature required for vaporizing PA is between ~100 and

~130°C, which corresponds to coating thickness between 10 and 50 nm.”

10. Line 166: ...aerosols were pre-humidified...

Response: Many thanks.

Page 8 line 166-167: We revised as “After core-shell-generated particle-sizing, aerosols were pre-
humidified in a Nafion tube and flowed into the second Nafion humidifier at the set RH2 to reach
equilibrium for growth of aerosol particles.”

11. Line 168: I am not sure if [ understand what you mean by “Finally the conditioning core-shell
particle” here (referring to “the conditioning”). Maybe just the core-shell particle or remaining
core-shell particle?

Response: Many thanks.

Page 8 line 167-168: We revised as “Finally, the humidified core-shell-generated particles were

detected by a DMA3 and a CPC at ambient temperature.”

12. Line 174: Is the equation (1) now from the AIOMFAC model mentioned in lines 117-1227? If it
is, | would also mention that here as by first reading time | was wondering from where Eq. (1)
comes from.

Response: Many thanks. No, the equation (1) is not from AIOMFAC model. Brooks et al. (2004)
and Kreidenweis et al. (2014) proposed the equation (1) to predict the continuous hygroscopic
growth of aerosol particles, especially for aerosol particles without phase transitions in both

hydration and dehydration processes. The detail information has been described in Sect. 2.2.1.

13. Line 211: ...AS in the...particles dissolves...

Response: Many thanks.

Page 10 line 209-212: We revised as “For example, in the case of 1:3 mixtures of AS:PA (by mass),
75 wt % PA in the initially well-mixed particles suppresses the deliquescence of AS, i.e., AS in the
initially well-mixed particles slowly dissolves into the liquid phase due to continuous water uptake
of PA prior to DRH of AS (80 % RH).”

14. Lines 231 and in some other places: when reporting numbers, | believe the correct way is to
use “and” before the last number (i.e. 100, 150 and 200nm instead of 100, 150, 200nm)

Response: Many thanks. | agreed with your point. | checked and revised them in the whole paper.



Page 8 line 156-158: We revised as “After a passage through a silica gel diffusion dryer and a
neutralizer, the AS core aerosol particles with a certain diameter (100, 150, and 200 nm,
respectively) were firstly selected by a DMAL and then exposed to organic vapors in a coating
system.”

Page 9 line 193-195: We revised as “However, an abrupt increase in the hygroscopic growth factor
is observed at 75 % RH for initially well-mixed particles containing 50 and 75 wt % PA, of which
the growth factor is higher than that of pure PA aerosol particles (1.09 + 0.01 nm from
measurements shown in Fig. 2) at the same RH.”

Page 10 line 201-204: We revised as “For example, the measured growth factors for initially well-
mixed particles containing 25, 50, and 75 wt % PA are 1.36, 1.28, and 1.19 at 80 % RH, respectively,
lower than the growth factor of 1.45 for pure deliquesced AS particles (value from measurements
shown in Fig. 2) at the same RH.”

Page 11 line 230-231: We revised as “Here, we investigated the hygroscopic behavior of samples
of various AS core particle sizes (AS particle dry diameter of 100, 150, and 200 nm) and coating
(PA coating of 10, 20, 30, and 50 nm), respectively.”

Page 11 line 237-239: We revised as “For example, the measured growth factor value at 80 % RH
is 1.45, 1.40, 1.32, and 1.28 for core-shell-generated particles containing 100 nm AS and 10, 20,
30, and 50 nm coating PA shell, respectively.”

Page 12 line 265-Page 13 line 268: We revised as “In the case of 50-nm PA shell coated with a
certain size of the AS core (100, 150, and 200 nm) with respect to 68, 55, and 46 wt % PA in the
core-shell-generated particles, it exhibits an increase in hygroscopic growth factor of core-shell-

generated particles at RH below 80 % as the size of AS core decreases.”

15. Line 246: literatures -> literature

Response: Many thanks.

Page 12 line 246-247: We revised as “The underprediction of the ZSR relation was also observed
in the literature (Chan et al., 2006; Sjogren et al., 2007).”

16. Line 247: ...observed a strong higher water uptake... -> unclear, possibly “observed higher
water uptake”

Response: Many thanks.



Page 12 line 246-247: We revised as “Sjogren et al. (2006) observed an enhanced water uptake of
mixtures consisting of AS and adipic acid with different mass ratios (1:2, 1:3, and 1:4) at RH above
80 % compared with ZSR relation in the hydration condition.”

17. Line 248: correct typo: mass rations -> mass ratios

Response: Many thanks.

Page 12 line 246-247: We revised as “Sjogren et al. (2006) observed an enhanced water uptake of
mixtures consisting of AS and adipic acid with different mass ratios (1:2, 1:3, and 1:4) at RH above

80 % compared with ZSR relation in the hydration condition.”

18. Lines 259-260: very long sentence, hard to follow. Could you reformulate/have two sentences
instead?

Response: Many thanks.

Page 12 line 254-line 263: We revised this sentences “To be specific, for the core-shell-generated
aerosol particles consisting of PA and AS, especially at 80 % RH, it shows a considerable amount
of water uptake due to the dissolution of the AS core. This dissolution of AS may form completely
or partially mixed AS/PA solution droplets. The resulting effect of the arrangement and
restructuring of core-shell-generated structured particles may change the hygroscopicity and
mixing state of the core-shell-generated particles at RH above 80 % (Chan et al., 2006; Sjogren et
al., 2007). Another morphological effect could be that morphology of a somewhat porous
polycrystalline AS core could lead to a larger amount of AS in the particles at RH prior to
deliquescence of AS — to appear as a 100-200 nm mobility diameter — hence a thinner than 10-50
PA coating to bring it to a near spherical shape of 110-250 nm core-shell-generated particles
(Zelenyuk et al., 2006).” as

“To be specific, due to the potential presence of polycrystalline AS, containing pores, cracks, and
veins (Zelenyuk et al., 2006; Sjogren et al., 2007), when RH approaches 80 %, these pores or veins
may fill with aqueous PA solution. Thus, water molecules may be easier to diffuse to the veins or
pores than particle surface. At RH above 80 %, deliquesced AS is more likely to mixed partial
aqueous solution PA. The resulting effect of the arrangement and restructuring of core-shell-
generated structured particles may change the hygroscopicity, morphology, and mixing state of the
core-shell-generated particles (Chan et al., 2006; Sjogren et al., 2007).”



19. Line 276: change “it assumes” into “it is assumed that”

Response: Many thanks.

Page 13 line 276-278: We revised as “For ZSR prediction, it is assumed that volume fraction of
AS components is constant according to the ratio of volume of AS core in the sphere to the volume

of core-shell-generated sphere based on Eq. (3).”

20. Line 276: please remind the reader about the morphology effect also here with a short sentence
in addition to referring section 3.2.

Response: Many thanks.

Page 13 line 274-276: We added some sentences.

“The discrepancy between measured hygroscopic growth factors and predicted hygroscopic growth
factors of core-shell-generated particles by ZSR relation, as discussed in Sect. 3.2 above, is due to
the morphology effect. The porous and polycrystalline AS core deliquesces at 80 % RH, and
aqueous PA solutions are filled with these veins and cavities of water-soluble AS, which leads to
change in mixing state/morphology. This affecting hygroscopicity of core-shell-generated aerosol
particles at RH above 80 %.”

21. Line 289: correct “is” to “are” as you have plural

Response: Many thanks.

Page 14 line 288-290: We revised as “However, compared to Fig 5a-b, Fig. 5¢ shows the
hygroscopic growth factors of initially well-mixed AS/PA are slightly higher than that of AS/PA
core-shell-generated particles with 46 wt % PA.”

22. Line 294: AP most likely typo, please correct

Response: Many thanks.

Page 14 line 293-294: We revised as “For the initially well-mixed AS/PA particles, however,
partial dissolution of AS into the liquid PA phase may lead to more water uptake by initially well-

mixed particles.”

23. Line 298-299: The sentence is unclear, maybe remove “the”?

Response: Many thanks.



Page 14 line 293-294: We revised “Core-shell-generated particle morphology may experience the
restructuring and associate size change of particles.” as
“Accordingly, at high RH, the occurrence of microscopic restructuring of core-shell-generated

particles may affect their size.”

24. Lines 301-304: very long sentence, so what was actually observed?

Response: Many thanks.

Page 14 line 301-304: We revised as “Chan et al. (2006) investigated hygroscopicity of 49 wt %
glutaric acid coated on AS core during two continuous hydration cycles. They observed that the
experimental growth factor of the fresh core-shell of AS and glutaric acid in the first hydration
cycle is a bit higher than those in second hydration cycle with the same mass fractions of glutaric

acid.”

25. Line 309: repetition (observation was observed). Maybe change to ...a contracting observation
was made...

Response: Many thanks.

Page 14 line 309-Page 15 line 310: We revised as “However, a contrasting phenomenon was

observed in the previous study (Maskey et al., 2014).”

26. Line 332-333: I do not understand the sentence starting “they found that...”, please
elaborate/correct sentence structure

Response: Many thanks.

Page 14 line 332-334: We revised as “they found that the slightly higher growth factors of the
initially well-mixed particles is than that of core-shell-generated aerosol particles (12-nm

levoglucosan coated 88-nm AS).”

27. Lines 338-342: Again, very long and complicated sentence, hard to follow. Please simplify. ”
Page 16 line 338-342: We revised as “In addition, for the AS/PA mixture aerosol particles
containing 46-68 wt % PA, the measured growth factors of initially well-mixed AS/PA particles
are in good agreement with the ZSR relation prediction comparing with that of core-shell-generated
AS/PA particles.”



28-36 comments as follows:

Line 352: change “estimation of” into “estimator for”

Lines 357-359: It seems there is main verb missing?

Lines 360-361: “According to filed studies...a variety of organic aerosol particles were
characterised in the atmosphere...” This seems a little off from the context. Or do you mean that
also in other studies various particle properties have been characterised? By first reading it seems
you are writing about identifying particles, which is not related to your study in that sense.

Lines 366-367: ...to depend on the difference of influence of kinetic limitations . Please reduce the
use of “of” for clarity.

Line 369: change “significant” to “important”?

Line 370: change “combining” to “combined”

Line 371: change “organics coating” to “organic coatings”

Line 370-375: starting from “understanding...”. Very long sentence, please break into smaller
sections & elaborate, as now it is really hard to understand

Line 377: are the humidity cycles or particles depending on the ambient RH history? Make this

clear in the text.

Response: Many thanks, we have carefully revised the whole manuscript regarding language issues,
including grammar, wording, and sentence structure, following the reviewer’s suggestions, we

have rewritten Sect. 4 (Summary and conclusion) they now reads as:

Page 16 line 345-Page 18 line 381: “In this study, we focused on PA to represent common organic
compounds produced by various sources, (e.g., vehicles, biomass burning, photo-oxidation). It is
found that PA aerosol particles uptake water continuously as RH increases. We further investigate
the effect of PA coating on the hygroscopicity of core-shell-generated aerosol particles. As PA
coating thickness increases, the hygroscopic growth factor of AS/PA core-shell-generated
increases prior to the deliquescence of AS, while the water uptake decreases at RH above 80 %.
Furthermore, we compared the hygroscopic behavior of AS/PA core-shell-generated particles with
that of AS/PA initially well-mixed particles. Due to the mixing state effects, the higher hygroscopic
growth factor of AS/PA core-shell-generated than that of initially well-mixed particles was
observed in this study at RH above 80 %. In addition, the ZSR relation prediction is in good

agreement with measured results of AS/PA initially well-mixed particles, but underestimation of



the hygroscopic growth factor of AS/PA core-shell-generated particles at RH above 80 %. We
attribute to the morphology effect when AS deliquesces in the core-shell-generated particles.

As we know, there are a vast number of mixture aerosol particles existing in the atmosphere. Their
hygroscopic behavior of mixture particles exhibits variability during RH cycle depending on the
chemical composition, size, and mixing state. Humidity cycles may lead to liquid-liquid phase
separation of core-shell aerosol particles at higher RH or supersaturated concentration range. Also,
due to the different physicochemical properties of organic compounds (e.g., viscosity, solubility,
physical state, and morphology), the equilibrium time varies for these organic coated with
inorganic aerosol particles. Therefore, the kinetic limitation of hygroscopicity of core-shell aerosol
particles is to be investigated in both humidification and dehumidification conditions.”
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Abstract. Aerosol mixing state regulates the interactions between water molecules and particles
and thus controls the aerosol activation and hygroscopic growth, which thereby influences the

visibility degradation, cloud formation, and its radiative forcing. Current studies on the mixing

structure effects on aerosol hygroscopicity, however, areis few reported. Here, we jinvestigated the [ Formatted: Font color: Auto

[ Formatted: Font color: Auto

hygroscopicity of AS/PA aerosol particles with different mass fractions of PA in the different mixing [ Formatted: Font: 10,5 pt

states in terms of initial particle generation. Firstly, investigated-the-effect of phthalic acid (PA)

coatings on the hygroscopic behavior of the eere-shelicore-shell-generated mixtures of ammonium
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sulfate (AS) with PA has been —studied using a coating-hygroscopicity tandem differential mobility

analyzer (coating-HTDMA).

(eoating-HTDMA)-The slow increase in the hygroscopic growth factor of eere-shelicore-shell-

generated particles is_—observed with increasing thickness of coating PA prior to the-DRH of AS.

At RH above 80 %, a decrease in hygroscopic growth factor of particles occurs as the thickness of

PA shell increases, which indicates that the increase of PA mass fractions leads to a reduction of the

overall eere-shelicore-shell-generated particle hygroscopicity. In addition, the use of the ZSR

relation leads to the underestimation offer the measured growth factors of eere-shetcore-shell-

generated particles without consideration of the morphological effect of eere-shelicore-shell-

generated particles, especially at higher RH.: Secondly, in the case of Fer-the AS/PA wel

mixedinitially well-mixed particles, a shift of deliquescence relative humidity (DRH) of AS (~80 %,

Tang and Munkelwitz (1994)) to lower relative humidity (RH) is observed due to the presence of

PA in the initially well-mixed particles. The predicted hygroscopic growth factor using the ZSR

relation is consistent with the measured hygroscopic growth factor of the initially well-mixed

particles. Moreover, we compared and discussed the influence of mixing states on the water uptake

of AS/PA aerosol particles. It is found that the hygroscopic growth factor of the eere-sheHcore-shell-

generated particles is slightly higher than that of the initially well-mixed particles with the same

mass fractions of PA at RH above 80_%. TheFer-our observation of AS/PA particles may contribute

to a growing field of knowledge regarding the influence of coating properties and mixing structure

on water uptake.

1 Introduction
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The ability of aerosol particles to absorb and maintain water molecules, called hygroscopicity, is

one of the most important physico-chemical properties of atmospheric aerosol particles with

profound implications (Shi et al., 2012; Lei et al., 2014, 2018; Gupta et al., 2015; Hodas et al., et

al., 2015; Zawadowicz et al., 2015; Martin et al., 2017). It might determine the phase state (Mu et

al., 2018), size (Peng et al., 2001; Choi et al., 2002), mixing state, optical properties, and chemical

reactivity of atmospheric aerosols exposed to the environment of the different relative

humiditiesRHs (Heintzenberg et al., 2001; Rudich et al., 2003; Spindler et al., 2007; Abo Riziq et

al., 2007, 2008; Eichler et al., 2008). Moreover, the change of these properties after water absorption

on aerosol particles can strongly affect the cloud formation, aerosol radiative forcing, global climate,

and even human health (Cheng et al., 2008; Reutter et al., 2009; Rose et al., 2011; Stock et al., 2011;

Liu et al., 2012, 2013; Tie et al., 2017). Therefore, the interaction between water molecules and

aerosol particles is crucial for a better understanding of the aerosol-cloud-climate effects in the

atmosphere (Sjogren et al., 2007; Zamora et al., 2011; Jing et al., 2016).

Atmospheric aerosols contain a complex mixture of inorganic and organic compounds in the

different mixing structures, e.g., externally mixed, internally mixed (Ganguly et al., 2006). The

internally well-mixed aerosol particles may be divided into homogeneous and heterogeneous

internally mixed aerosol particles (Lang-Yona et al., 2009), which could, in turn, -strongly influence

the water uptake, optical properties, and the cloud condensation nuclei (CCN) ability of the particles

(Lesins et al., 2002; Falkovich et al., 2004; Zhang et al., 2005; Schwarz et al., 2006; Su et al., 2010).

Most of the previousearkier studies on the hygroscopic behavior of multi-components aerosol focus

on the wel-mixedwell-mixed particles generated from-homegeneously internally mixed solutions

(Minambres et al., 2010; Shi et al., 2014; Gupta et al., 2015; Jing et al., 2016; Lei et al., 2014; 2018).
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For example.; Choi and Chan (2002) studied on the effects of glycerol, succinic acid, malonic acid,
citric acid, and glutaric acid on the hygroscopic properties of sodium chloride and AS in the welt
ixedinitially well-mixed aerosol particles, respectively, using an electrodynamic balance. They
observed that the deliquescence and efflorescence of sodium chloride and AS were affected by the
presence of different organic components in the mixed aerosol particles. Concerning the
hygroscopicity of the heterogeneity of internally mixed aerosol particles, such as eere-shelcore-
shell particles, there are several studies on investigating their interaction with water molecules

(Ciobanu et al., 2009; Song et al., 2012; Shiraiwa et al., 2013; Hodas et al., 2015; Song et al., 2018).

However, to date, few laboratory studies have been investigated on the influence of organic coatings

on the hygroscopic behavior of core-shell seed-particles and the difference of mixing state effects

on the hygroscoeepicity of acrosol particles (Zhang et al., 2008; Pagels et al., 2009; Xue et al., 2009;

Lang-Yona et al., 2010; Ditas et al., 2018). E.g., —A-hygroscopicity tandem differential mobility

analyzer (HTDMA) study on the organic coating effects on the hygroscopicity of core-shell aerosol

particlesAS-eere was studied by Maskey et al. (2014). They observed a shift of DRH of AS to lower

RH for the eore-shelicore-shell particles due to presence of levoglucosan coatings. They further

compared water absorption on AS/levoglucosan eere-shelcore-shell —particles and the AS/succinic

acid eere-shelicore-shell —particles. They suggests that differentee organic coatings lead to changes

in the hygroscopic properties of eere-shelcore-shell particles. Chan et al. (2006) investigated

hygroscopicity of AS coated with different mass fractions of glutaric acid during two continuous

humidification and dehumidification cycles using a Raman spectra and an electrodynamic balance.

They observed different hygroscopic behavior and morphology of aerosol particles between the two

humidification and dehumidification cycles due to the different mixing states. Therefore, to
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investigate organic coating effect on the hygroscopicity of'seed aerosol particles and further to study

on difference of mixing states effects on the hygroscopic behavior of aerosol particles are crucial

for estimation the direct and indirect radiative effect of aerosol particles on the Earth’s climate

(Saxena et al., 1995; Ansari et al., 2000; Maskey et al., 2014).

PA is ubiquitous in rural mountains and marine atmosphere in Asia (Wang et al., 2011). It is mainly

produced by the photo-oxidation of volatile organic compounds (VOCs), such as xylene, and

naphthalene (Kawamura and Ikushima, 1993; Schauer et al., 1996; Zhang et al., 2016). Also, PA has

alse-been identified as a significant contributor to the urban organic compounds (Rogge et al., 1993).

PA particles are generally used as a tracer for the secondary organic aerosol (SOA) in atmospheric

fine particles (Schauer et al., 2000, 2002). Furthermore, these aromatic acids like PA, which are

photo-oxidation products of anthropogenic precursors such as toluene, xylene, and naphthalene, are

initially formed as gaseous products and subsequently condensed onto pre-existing particles. Also

Kleindienst et al. (1999) investigated that hygroscopic particles formed after irradiating toluene, p-

xylene, and 1,3,5-trimethylbenzene in the presence of NOx and AS seed in a chamber. This suggests

the likely existence of PA in atmospheric aerosol particles. Organic coatings on inorganic aerosol

particles in the atmosphere can play an important role in the range of RHs over which particle-bound

water influences aerosol properties, such as the overall density, the light scattering behavior and the

refractive index. Recently, Zhang et al. (2016) reported the importance of atmospheric PA aerosol

particles in the visibility degradation and the formation of CCN. The organic PA can have a profound

effect on light scattering, hygroscopictiy, and phase transition properties of multicomponent

atmospheric aerosols. However, these physico-chemical properties of PA have been little

documented in the literature (Brooks et al., 2004; Liu et al., 2016). Here, we summarized a few
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studies on the hygroscopicity of the PA-containing aerosol particles. Brooks et al. (2004)

investigated continuous hygroscopic growth of PA aerosol particles in the humidification process

using a HTDMA technique. Hori et al. (2003) and Huff Hartz et al. (2006) measured the high CCN

activity of PA in spite of its low solubility. Also, the-liquid-liquid phase separations (LLPS) with

aerosol particles consisting of organic and inorganic components waswere observed by many groups

(Ciobanu et al., 2009; Betram et al., 2011; Song et al. 2012a, 2012b; You et al., 2014). For example,

Song et al. (2012a, 2012b) investigated that LLPS occurs in the mixed dicarboxylic acids containing

5, 6, and 7 carbon using an optical microscopy and micro-Raman spectroscopy, and further

established that occurrence of LLPS of aerosol particles has an average elemental oxygen-to-carbon

(O:C) ratio of the organic fraction of less than 0.8. Subsequently, the occurrence of liquid-liquid

phase separation in the internally mixed aerosols consisting of AS and PA was performed by Zhou

et al. (2014) during the dehumidification processes using athe Raman spectra. You et al. (2014)

further found that the LLPS of aerosol particles with a different O: C ratio of 0.5<0: C<0.8 depends

on the types of organic functional groups and inorganic salts presented. Therefore, these studies

suggest that the LLPS in the mixed organic and inorganic components aerosol particles is influenced

by the amounts of organic and inorganic aerosol components and types.

In this work, AS is chosen as a test substance because it is a major component of the atmospheric

aerosol and its thermodynamic behavior is well characterized. Most importantly, ammonium sulfate

particles are stable and not volatile, useful features for HTDMA studies. Wwe investigated the effect

of the different thickness of coating PA and the AS core size on the water uptake of eere-shelicore-

shell-generated particles-eentaining-AS, and further studied the effect of the mixing states on the

hygroscopic behavior of PA /AS aerosol particles using a-HTDMA technique, —For example, we
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compared the hygroscopic behavior of initially well-mixed AS/PA particles with that of eere-

sheHcore-shell-generated AS/PA particles with the same PA mass fractions. In addition, we used the

Zdanovskii-Stokes-Robinson (ZSR) relation and—the—Aeroseltnorganie-Organie—Mixtures

the hygroscopic growth factor (GF) of mixed aerosol particles in the different mixing structure.

Moreover, the Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients

(AIOMFAC) model the AJOMFAC-based-meodel(Zuend et al., 2008; 2011) —with a version of the

liquid-liquid equilibrium (LLE) algorithm was employed in our study to predict the phase
compositions of liquid and solid phases for a given composition of a mixture (Zuend and Seinfeld.

2013).

2 Experimental and modeling methods

2.1 HTDMA setup and experimental protocol

A-HTDMA setup is employed to measure the aerosol nanoparticle hygroscopic growth factor (g«
and phase transition in the RH range from 5 % to 90 %. Here, gr _is defined as the ratio of mobility
diameter of aerosol particles after humidification (D,(RH)) to that dry condition (D (<5_% RH)).
Figure 1 shows a schematic diagram of the HTDMA setup. It is comprised of four main components,
including three differential mobility analyzers (DMA), a condensation particle counter (CPC), a
humidification system, and a coating system. The more detailed information on the HTDMA setup,
calibration, and verification have been described elsewhere (Lei et al., 2014; 2018; Jing et al., 2016;
Liu et al., 2016). In our study, the particle-sizing, the acrosol/sheath flow rates, and DMA voltage
supply have been calibrated every month, respectively. The uncertainty of aerosol/sheath flow rates
are kept within +1% around the reference values. The deviations of the measured DMAs voltage
from set-point values is less than +1%. The sizing agreement of DMAs between the measured

diameter of polystyrene latex (PSL) spheres and their nominal diameter (100£3 nm) is within +14%.
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a desired diameter were selected by the first differential mobility analyzer (DMA1) with RH below

5 %. After particle sizing, the acrosol particles were exposed to a humidification mode (5 %—90 %)

in the Nafion conditioner tubes. The number size distributions of humidified aerosol particles were

then measured by a DMA3 coupled with a CPC. To have a precise control of the aerosol RH, the

flow rates of the humid and dry air were adjusted with a proportional-integral-derivative (PID)

system. Also, to ensure the sufficient water equilibrium with aerosol particles, the difference

between RH2 and RH3 (RH in the sheath flow) was within 2 % during the experiment.
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2.1.2 Core-shell-generatedHeterogeneously-internally-mixed AS/PA aerosol aerosols

The-seed AS core aerosol particles were generated from an aqueous solution of AS (0.05 wt %) by

an atomizer. After a passage through a silica gel diffusion dryer and a neutralizer, the AS core seed

aerosol particles with a certain diameter (100, 150, and 200 nm, respectively) were firstly selected

by a DMA1 and then exposed to organic vapors in a coating system. To be specific, the coating

system contains a controlled silicone oil bath vaporizer, a reservoir of organic compound, and a

condenser. The-seed AS core particles passed through a sealed flask immersed in a silicone oil bath.

The sealed flask was filled with the PA powder. The PA vapors were_—enriched into the acrosol flow

by heating. The temperature required for vaporizing PA is between ~100 and ~130°C, which

corresponds to coating thickness between 10 and 50 nm. The resulting organic vapors were

condensed onto the AS coreseed particles after cooling to an ambient environment through a

condenser. Similarly, this system for coating organic components on the particles has been proved

to be efficient by Abo Riziq et al. (2008). The coated particles of a certain sizes were then selected

by the DMA2 to determine the thickness of organic components (Diotat = Deore + coating). After eore-

shellcore-shell-generated particle-sizing, aerosols were pre-humidified in a Nafion tube and flowed

into the second Nafion humidifier at the set RH2 to reach equilibrium—_for growth of aerosol

particlesat-the RH-eondition. Finally, the humidified eenditioning—eere-shelcore-shell-generated

particles wereas detected by a DMA3 and a CPC at ambient temperature. The uncertainty of

thickness of coating PA iswas + 1.0 nm, considering the fluctuation in temperature and uncertainty

of sizing measurements by DMAs. Due to morphology and mixing state of AS/PA aerosol particles

generated by a coating-HTDMA at dry RH. note that aerosol particles generated this way are

referred to as core-shell-generated aerosol particles.
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2.2 Theory and modeling methods
2.2.1 GF data fit

‘We use the following expression to predict the hygroscopic growth factor of individual components.

1

GF=[1+@+bray+crai) 2| )

Here it is assumed that water activity (aw) is equal to the water saturation ratio (aw = RH / 100 %).

The coefficients a, b, and ¢ are determined by fitting Eq. (1), and their values are shown in Table 1

according to the measured GF data against RH. The equation (1) is expected to fit the continuous

water uptake behavior of particles (Brooks et al., 2004; Kreidenweis et al., 2015).

2.2.2 GF predictions by ZSR

We use the Zdanovskii-Stokes-Robinson (ZSR) relation to calculate the hygroscopic growth factor<
of mixed particles, GFuniree. The GF of a mixture can be estimated from the GF; of the pure

components j and their respective volume fractions, &, in the mixture (Malm and Kreidenweis,

1997). Rag s radius of core and R ore-shety 1S radius of core-shell-generated aerosol,
1
GFmix = [ 5 (GF)?]? 2
11'[R3
Eas = A —— ©)

gchore—shell

3 Results and discussion

3.1 Hygroscopic growth of initially well-hemegeneously-internally-mixed aerosol particles

Figure 2 shows the measured hygroscopic growth factors of the AS, PA, and initially well-mixed

AS with different mass fractions of PA particles with dry diameter 100nm against RH, respectively.

During the hydration mode, there is no change in size until a slow increase occurs at 60 % RH in

the case of initially well-mixed AS/PA aerosol particles. This increase may occur because the PA

uptakes a small amount of water. However, an abrupt increase in the hygroscopic growth factor is

10
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observed at 75 % RH for initially well-mixed particles containing 50wt and 75 wt_—% PA, of which

the growth factor is higher than that of pure PA aerosol particles (1.09 + 0.01 nm from measurements

shown in Fig. 2) at the same RH. An interesting, yet contrasting phenomenon is that water uptake

for initially well-mixed particles containing 50 wt % PA components is relatively higher than that

of mixtures containing 75 wt_—% PA at 75% RH. One possible reason is that the full deliquescence

of AS in the initially well-mixed particles with 50 wt % PA components is completed at 75 % RH,

while AS in the mixtures containing 75 wt % PA components is partially deliquescent. A decrease

in the hygroscopic growth factor of initially well-mixed AS/PA particles with increasing mass

fractions of PA is observed at RH above 80 %. For example, the measured growth factors for initially

well-internal mixtares-mixed aerosol particles containing 25w, 50wt, and 75 wt —% PA are 1.36,

1.28, and 1.19 at 80 % RH, respectively, lower than the growth factor of 1.45 for pure deliquesced

AS particles (value from measurements shown in Fig. 2) at the same RH. Also, the measured

hygroscopic growth factors within experimental uncertainty were in good agreement with the results

from the initially well-mixed particles performed by Hameri et al. (2002). In addition, with

increasing mass fractions of PA in the initially well-mixed particles, the smoothing of the

hygroscopic growth factor curves is obvious, indicating that the PA aerosol particles have a

significant effect on the water uptake of initially well-mixed AS/PA particles such as a shift or

suppression of DRH of AS in the mixed particles. For example, in the case of 1:3 mixtures of AS:PA

(by mass), 75 wt % PA in the initially well-mixed particles suppresses the deliquescence of AS, i.e.,

AS in the initially well-mixed particles slowly dissolve into the liquid phase due to continuous water

uptake of PA prior to the deliquescence relative humidity of AS (80_% RH). This similar

phenomenon was observed by previous studies (e.g., Hameri et al., 2002; Qiu and Zhang, 2013).
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For example, Qiu and Zhang (2013) observed that mixture particles consisting of dimethylaminium

sulfate and AS exhibited a moderate growth by water uptake in the RH range of 40 %-70 % RH.

The calculated growth factors from a model based on the ZSR relation agree well with the

hygroscopic growth factors of initially well-mixed AS/PA particles when accounting for

measurement uncertainty. A possible reason for this good agreement is that the measured growth

factors referring to the water uptake contribution by PA in the ZSR relation are obtained from the

fitted growth curve of pure PA particles (as shown in Fig. 2. Fitted expression, Eq. (1)). Thus, in the

case of initially well-mixed AS/PA, relatively good agreement with the experimental growth factors

of mixtures with 25, 50, and 75_—wt —% PA demonstrates that individual components

independently absorb water in proportion to their volume. However, the discrepancy between

measured growth factor of initially well-mixed AS/PA particles at 75_—% RH and the predicted

growth factors by using the ZSR relation may be due to the molecule interaction between organic

molecular and completely or partially dissolved AS ions. A similar phenomenon was reported for

well-mixed mixtures of AS + levoglucosan in the previous study by Lei et al (2014, 2018). In

addition, the use of the AIOMFAC-LLE model to predict LLPS and RH-dependent water content

of AS/PA particles containing 46 wt % PA under hydration conditions. As shown in Fig. S3. At low

RH. AS forms a crystalline phase prior to its deliquescence. Thus, AS is predominantly partitioned

to the solid phase (8), while PA is found in a separate amorphous/liquid phase that further contains

water (in solid—liquid equilibrium) up to the complete AS deliquescence at ~79 % RH. Two liquid

phases, one AS-rich (o) and one PA-rich (B), are predicted to coexist between 79 % <RH <96 % in

the hydration case. At RH above 96 %. a single liquid phase is the stable state. Although, we note

that AIOMFAC-LLE may have an uncertainty of several % RH in terms of the RH range in which
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LLPS is predicted (Song et al., 2012).

3.2 Hygroscopic growth of eere-shelicore-shell-generated structured aerosol particles

Figure 3 shows the measured hygroscopic growth of eere-shelicore-shell-generated structured

particles as a function of RH. Here, we investigated the hygroscopic behavior of samples of various

AS coreseed particle sizes (AS particle dry diameter of 100, 150, and 200nm) and coating (PA

coating of 10, 20, 30, and 50nm), respectively. The eere-shelcore-shell-generated structured

particles start to absorb a small amount of water at RH lower than the DRH of AS due to the organic

coating. A similar behavior has been observed for eere-shelicore-shell-generated structured particles

containing AS and palmitic acid by Garland et al. (2005), where early water uptake and reduced

hygroscopic growth after deliquescence of AS (compared to pure AS aerosols) were reported. A

reduction of the hygroscopic growth factors of eere-shelicore-shell-generated particles becomes

obvious as the thickness of the PA shell increases after the deliquescence of eere-sheHcore-shell-

generated particles. For example, the measured growth factor value at 80% RH is 1.45, 1.40, 1.32,

and 1.28 for eere-shelicore-shell-generated particles containing 100 nm AS and 10, 20, 30, and 50

nm coating PA shell, respectively. The kinetic limitation on the eere-sheHcore-shell-generated

particles is expected to increase considerably with increasing the thickness of the coating PA shells,

which retards the transport rate of water molecules across eere-sheHcore-shell-generated aerosol

particles/air interface. In addition, the measured hygroscopic growth factor of eere-shelicore-shell-

generated AS/PA mixtures is predicted by the ZSR relation, which is based on the hygroscopic

growth factors of AS and PA derived from the E-AIM predictions for AS and the fitted GF curve

(Eq. 1). The ZSR-based predictions are lower than that of eere-shellcore-shell-generated aerosol

particles at RH in the range of 5 % - 90 %. The underprediction of the ZSR relation was also
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314

observed in the literatures (Chan et al., 2006; Sjogren et al., 2007). Sjogren et al. (2006) observed

an enhancedstrong-higher water uptake of mixtures consisting of AS and adipic acid with different

mass rations (1:2, 1:3, and 1:4) at RH above 80_—% compared with ZSR relation in the hydration

condition. They assumed that adipic acid is more likely to enclose the water-soluble AS in veins and

cavities, which results in easy uptake of water and a negative curvature of the solution meniscus at

the opening of the vein compared to a flat or convex particle surface. Thereforenee, in the case of

AS/PA eore-shellcore-shell-generated particles, one potential reason for the underestimation of the

measured growth factor by ZSR relation is the morphology effect on the eere-sheHcore-shell-

generated structured AS/PA particle. To be specific, due to the potential presence of

polycrystalline AS, containing pores, cracks, and veins (Zelenyuk et al., 2006; Sjogren et al., 2007),

when RH approaches 80 %, these pores or veins may fill with aqueous PA solution. Thus, water

molecules may be easier to diffuse to the veins or pores than particle surface. At RH above 80 %

deliquesced AS is more likely to mixed partial aqueous solution PA. The resulting effect of the

arrangement and restructuring of core-shell, structured particles may change the hygroscopicity,

morphology. and mixing state of the core-shell-generated particles (Chan et al., 2006 Sjogren et al.,
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Figure 4 shows that the experimental water absorption of the varying size of AS core coated with

50-nm PA shell in the hydration condition. In the case of 50-nm -PA shell coated with a certain size

of the AS coreseed (100, 150, and 200 nm) with respect to 68w+, 55w+, and 46 wt_—% PA in the

core-shellcore-shell-generated particles, It exhibits an increase in hygroscopic growth factor of eere-

shelicore-shell-generated particles at RH below 80_—% as the size of AS core decreases. However,

a decrease in hygroscopic growth factor of eere-shellcore-shell-generated mixtures is observed at

RH above 80 % with decreasing the size of the AS core. This indicates that the 50-nm_-PA shell in

the eere-shelcore-shell-generated particles have predominantly contributed to the hygroscopic

growth of eere-shellcore-shell-generated particles at low RH. At high RH (e.g., after AS

deliquescence), however, 50-nm PA coating shows a weak kinetic limitations for water uptake by

eore-shelcore-shell-generated particles as the size of AS core increases. For example, the measured

growth factor values areis 1.28, 1.34, and 1.40 at 80 % RH for 100-200 nm AS core in the mixed

particles, respectively. The discrepancy between measured hygroscopic growth factors and

predicted hygroscopic growth factors of eere-shelicore-shell-generated particles by ZSR relation,

as discussed in Sect. 3.2, is due to the morphology effect. For ZSR prediction, it assumes that volume

fraction of AS components is constant according to the ratio of the volume of AS core in the sphere

to the volume of a eere-shellcore-shell-generated sphere based on Eq. (3). Without considering

morphology effect, the ZSR prediction results in an underestimation of hygroscopic growth factors

of eere-shellcore-shell-generated particles.
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3.3 Comparison of core-shell-generated and initially well-heteregeneously-and-homogeneously

internally- mixed AS/PA aerosol particles

Figure 5 shows the hydration curves of different AS cores coated with the different mass fractions

of PA loading (shown in the Supporting Information Table S2) in comparison with those of the

initially well-mixed with the same PA mass fractions particles, pure AS particles, and pure PA

particles in the range of 5 % -— 90 % RH. The effect of the coating PA on eere-shelicore-shell-

generated particles becomes more pronounced than that of PA in the initially well-mixed particles

at RH below 70 % as shown in Fig 5a-b, which leads to higher amounts of water absorption at low

RH. However, compared to Fig 5a-b, Fig. Sc shows the hygroscopic growth factors of wel

mixedinitially well-mixed AS/PA is slightly higher than that of AS/PA eere-shelicore-shell-

generated particles with 46 %-wt % —PA. At 75 % RH, the measured growth factor value of eore-

sheHcore-shell-generated particles is lower than that of —hemegeneeushyinternally well-mixed

mixtures in the PA mass fraction range from 68 8wtto 46 wt_—% due to the mass transfer limitations

of water vapor transport to the AS core in the eere-shetcore-shell-generated particles. For the welt

mixedinitially well-mixed AS/PA particles, however, partial dissolution of AS into the liquid PAAP

phase may lead to more water uptake by wel-mixedinitially well-mixed particles. For example, for

the eere-shelicore-shell-generated mixtures with 68 wt_—% PA loading, the experimental growth

factor value is 1.09 at 75 % RH, relative to the growth factor of 1.17 of initially well-mixed mixtures

AS/PA. After an abrupt increase in particle diameter of mixed particles, the eore-sheticore-shell-

generated AS/PA particles uptake slightly more water than initially well-mixed AS/PA with the same

mass fractions of PA as RH increases above 80 %. Accordingly, at high RH, the occurrence of

microscopical Cere-shell-particle-morphology-may-experienee-therestructuring and-asseeiate-size
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change-of particlesof core-shell-generated particles may affect their size. A similar hygroscopic

behavior was observed in previous papers (Chan et al., 2006; Sjogren et al., 2007; Maskey et al.,

2014). Chan et al. (2006) investigatedebserved for-hygroscopicity of 49 wt_—% glutaric acid coated

on AS core during two continuous hydration cycles: the experimental growth factor of the fresh

eore-shelcore-shell —of AS and glutaric acid in the first hydration cycle is slightly —a-bit-higher

than those in the second hydration cycle with the same mass fractions of glutaric acid. They

suggested that the mixing state has changed from eere-shelcore-shell to well-mixed state during

the humidification process. Also, a slightly higher growth factor of eere-sheticore-shell —particles

than that of well-mixed particles was found when comparing the hygroscopic growth factors of 49

wt_—% glutaric acid coated on AS core with that of well-mixed mixtures of AS with the same mass

fractions of glutaric acid from different papers (Choi et al., 2002; Chan et al., 2006). However, a

contrasting phenomenonebservation was observed in the previous study (Maskey et al., 2014).

Maskey et al. (2014) investigated the hygroscopic behavior of the internal mixtures consisting AS

coated with either succinic acid or levoglucosan in the different mixing state with the same volume

fractions of organic compounds. The growth factor of eere-shelicore-shell —particles consisting of

AS and succinic acid is lower than that of the well-mixed particles, while experimental values for

eore-shellcore-shell —of AS/levoglucosan particles are close to those of the well-mixed mixtures.

The possible reasons for the difference between our study and results from Maskey et al. (2014) are

physical properties of the organic components, such as hygrosocpicity, viscosity, volatility;

, and water uptake coefficients. Thereforenee,

different kinds of organic compounds have a different effect in the hygroscopic growth of mixtures,

including the eere-shelcore-shell —and the well-mixed state. For example, no hygroscopic growth
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was observed up to 99_—% RH for pure succinic acid particles (shown in Fig. S1a). Peng et al. (2001)
measured the DRH of succinic acid at 99 % RH using a bulk solution at 24 °C. Also, Henning et al.
(2002) observed no hygroscopic growth faeters-of soot/succinic acid eere-shelicore-shell particles
in the hydration mode using a-HTDMA. In the case of AS/succinic acid eere-shellcore-shell
particles, No water uptake by AS coated succinic acid shell was observed before 80 % RH, while
there is a gradual increase in water absorption of eere-shelicore-shell-generated particles prior to
the deliquescence of AS with different mass fraction of PA components as shown in Fig Sa-c. This
suggested the physical state of shell is solid and liquid for Maskey et al. (2014) and our
measurements, respectively. At RH above 80_%, the kinetic limitation on the water vapor uptake
through solid shell into the core is more obvious than that through liquid shell into the core (i.e.,

1

liquid diffusion coefficient of water vapor is the range of 10-1° to 10° m? g', solid diffusion

coefficient of water vapor is the range of 103-10'% m? s”! at 25°C). This can lead to different
hygroscopic behavior of eere-shelicore-shell —particles. In the case of AS/levoglucosan measured
by Maskey et al. (2014), they found that the slightly higher growth factors for the-well-mixed
particles areis than eere-shelicore-shell aerosol particles (88-nm AS core coated by ing-12-nm
levoglucosan). The mass fraction of levoglucosan in the eere-shellcore-shell-generated particles is
~29 wt —%. In our study, AS coated with PA with mass fraction range is between 466w+t to 68 wt

+%. Next, ubsing the lower mass fraction of PA (e.g., 29 wt_—%) in core-shell-generated aerosol

particles is to

of PA-will be explored-in—futareinvestigated. In addition, for the AS/PA mixture aerosol particles

containing 46-68 wt % PA., by
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compeounds,—the measured growth factors of initially well-mixed AS/PA particles are in good

agreement with agree—wel-with—the—caleulatedgrowth—factors—by-the ZSR relation prediction

comparing with that of eere-shelcore-shell-generated AS/PA particles.

4 Summary and conclusion

In this study, we focused on PA to represent common organic compounds produced by various+

sources, (e.g., vehicles, biomass burning, photo-oxidation). It is found that PA aerosol particles

uptake water continuously as RH increases. We further investigated the effect of PA coating on the

hygroscopicity of core-shell-generated aerosol particles. As PA coating thickness increases, the

hygroscopic growth factor of AS/PA core-shell-generated particles increases prior to the

deliquescence of AS, but the water uptake decreases at RH above 80 %. Furthermore, we compared

the hygroscopic behavior of AS/PA core-shell-generated particles with that of AS/PA initially well-

mixed particles. Due to mixing state effects, higher hygroscopic growth factors of AS/PA core-shell-

generated particles, compared to that of initially well-mixed particles, were observed in this study

at RH above 80 %. In addition, the ZSR relation prediction is in good agreement with measured

results of AS/PA initially well-mixed particles, but leads to the underestimation of the hygroscopic

growth factor of AS/PA core-shell-generated particles at RH above 80 %. We attribute these

discrepancies to the morphology effect when AS deliquesces in the core-shell-generated particles.

There are a vast number of internally mixed organic-inorganic aerosol particles existing in the

atmosphere. The hygroscopicity behavior of mixture particles exhibits variability during RH cycles
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depending on the chemical composition, size, and mixing state. Humidity cycles may lead to liquid-

liquid phase separation, e.g., in the form of core-shell aerosol particles, including at higher RH or

in the salt-supersaturated concentration range. Also, due to the different physicochemical properties

of organic compounds (e.g., viscosity, solubility, physical state, and morphology), the equilibrium

time varies for these organic coated with inorganic aerosol particles. Therefore, potential kinetic

limitations in the HTDMA-measured hygroscopicity of core-shell aerosol particles is to be

investigated in both humidification and dehumidification conditions.
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Data availability

Readers who are interested in the data should contact Ting Lei (ting.lei@mpic.de)
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Figure 1. Schematic diagram of the coating--hygroscopicity tandem differential mobility analyzer. Here,

CO: critical orifice; DMA: differential mobility analyzer; RH1 and RH2 (measured RH sensor) represent

the RH of aerosol and humidified flow in the inlet of DMA1 and humidifier, respectively. RH3 (measured

by dew point mirror) represent the RH of excess air. Valve B is open and valve A is closed to the

homogeneous internally mixed--mode experiment. Valve A is open and Valve B is closed to the coating-

-mode experiment. Black line: aerosol line; Blue line: sheath line; Green line: MilliQ water.
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Figure 2. Hygroscopic growth factor for 100 nm (dry diameter, RH < 5 %) aerosol particles containing:
ammonium sulfate (AS), phthalic acid (PA), and initially well--mixed mixtures of PA and AS with
different mass ratio of AS to PA. In comparison, the E--AIM model, the Fitted expression Eq. (1), and
the ZSR relation predicted growth factors of AS, PA, and well-mixedinitially well-mixed particles with

different mass fractions of PA, respectively.
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generated aerosol particles with different AS cores.

37



789

790

791

792

793

a b
2.0 w w w 2.0 : : : :
68 w% PA 55 wt% PA
= measured 150nm AS, hydral!on = measured 200nm AS, hydration
1.84 = measured 150nm PA' hydration 184 « measured 200nm PA, hydration
S N 100nm AS caned with Sonm PA o = 150nm AS coated wwl’h 50nm PA
o = initially well-mixed 150nm AS+PA - « initially well-mixed 200nm AS+PA
21.6 E-AIM, hydration £ 164 E-AIM, hydration
Q — Fitted expression, Eq. (1) Q - hy/ :
& ! © —— Fitted expression, Eq. (1)
= ——— ZSR relation, hydration e 7SR
= — relation, hydration
< 1.4+ 2 1.4
2 3
] ]
o o
1.24 1.2
1.04 o : ; ; 104 ‘ ‘ ; :
0 20 40 60 80 100 0 20 40 60 80 100
Relative humidity, RH (%) Relative humidity, RH (%)
C
2.0 T T T T
46 wt% PA
= 250nm AS, hydration
184" 250nm PA, hydration
- = 200nm AS coated with 50nm PA, hydration
53 = initially well-mixed 250nm AS+PA, hydratiol
o E-AIM, hydration
g 164 Fied expression, Eq. (1)
5_5 {—— ZSR relation, hydration
< 144
H
<
O 121
1.0
T T T T
0 20 40 60 80 100
Relative humidity, RH (%)
a
20 , ‘ ‘ ; 202 — ‘ ; ;
68 wt% PA 55 wt% PA
= measured 150nm AS, hydration = measured 200nm AS, hydration
“_1-8’ = measured 150nm PA, hydration 1.84 = measured 200nm PA: hidraliun
o = 100nm AS coated with 50nm PA o = 150nm AS coated with 50nm PA
5 " internal 150nm AS+PA IS = internal mixed 200nm AS+PA
216 E-AIM, hydration 2 16 E-AIM, hydration
8 — Fitted expression, Eq. (1) & —— Fitted expression, Eq. (1) .
= —— ZSR relation, hydration 1y hal ot N
s 1.4+ = 1.4 ' -
5 - : I}
IS} ‘ 5 !
124 - 121 - ]
o & e e '
1.04 T g v T S 1.04 T y T T >
0 20 40 60 80 100 0 20 40 60 80 100

Relative humidity, RH (%)

C
2.0 T T T T
46 Wt% PA
= 250nm AS, hydration
1.84 ® 250nm PA, hydration
& ® 200nm AS coated with 50nm PA, hydration
~ = well mixed 250nm AS+PA, hydration
] 164 E-AIM, hydration
o —— Fitted expression, Eq. (1) -
8 —— ZSR relation, hydration .
= 1.4 uy
2
< b
O 12 - 4
1.04 e q
T T T T
0 20 40 60 80 100

Relative humidity, RH (%)

38

Relative humidity, RH (%)

[ Field Code Changed

| Field Code Changed

[ Field Code Changed




794

795

796

797

798

799

800

801

802

803

Figure 5. Hygroscopic growth factor for eere-shelcore-shell-generated and initially well--mixed aerosol

particles with the same dry mass fractions of phthalic acid (PA) containing: (a): 68 wt % PA, (b): 55 wt %

PA, (c): 46 wt % PA. In comparison, the E--AIM model, the Fitted expression Eq. (1), and the ZSR

relation predicted growth factors of ammonium sulfate (AS), PA, and internally well-mixed particles

with different mass fractions of PA, respectively.
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1  Table S1. Chemical substance and their physical properties used in this work.
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Molar Density
Chemical Chemical Solubility Solution Surface
Mass Solid
Compounds Formular ¢/100 cm® H,O  Tension [J m?]
[gmol']  [gem?]

Manufacture

Ammonium
(NH4)2S04 132.140 1.770° 74.400( 293K) 0.072
Sulfate

Phthalic Acid CsHgO4 166.140 1.593b 0.600 0.064(293K)

Alfa Aesar

99.95%

Alfa Aesar

99.5%
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Table S2. Mass fraction of PA in the core-shell particles at dry RH (< 5 % RH)

Core Size Coating Mass Fraction of PA (%)
10nm PA coating 23
20nm PA coating 39
100nm AS core
30nm PA coating 52
50nm PA coating 68
10nm PA coating 16
20nm PA coating 29
150nm AS core
30nm PA coating 40
50nm PA coating 55
10nm PA coating 12
20nm PA coating 23
200nm AS core
30nm PA coating 32
50nm PA coating 46
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Figure S1. Hygroscopic diameter growth factor for 100 nm (dry diameter, RH < 5 %) (a) succinic acid and (b)

levoglucosan aerosol particles during a hydration mode from 5 % RH to 90 % RH at 298 K (Lei et al., 2014; Jing et

al., 2016).
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Figure S2. TEM images of well-mixed particles containing AS and 46 wt% PA at RH below 5%.
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Figure S3. Predicted equilibrium state phase compositions in mass fractions for agueous mixtures of AS and PA as a

function of water activity (equilibrium RH) at 298 K. Hydration case: a solid—liquid equilibrium is predicted between

a solid AS phase (3; lowest panel) and an aqueous, PA-rich phase (B; middle panel) up to ~96% RH, followed by

liquid—liquid phase separation (coexisting phases o and ) and merging into a single liquid phase at 96% RH and

above.
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