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Introduction: organics & water-driven phase transitions
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Water activity a, (equil. RH)

" Homogeneously mixed
single liquid phase

2) Liquid-liquid phase
separation, core-shell
morphology

%) Liquid-liquid phase
separation, partial
engulfing morphology

) Liquid-liquid-solid phase
separation, partial engulfing
or core-shell morphology

% Liquid-solid phase
separation, partial engulfing
or core-shell morphology

Particle phases and morphologies

® Liquid-solid phase
separation, core-shell
morphology with glassy shell

) Solid-solid phase
separation, partial engulfing
or core-shell morphology

[Shiraiwa, Zuend, Bertram & Seinfeld, 2013, PCCP]




Organic—inorganic aerosol thermodynamics

AIOMFAC-based modeling framework

Gas—particle partitioning at different RH

= Aerosol phases, physical states, viscosity

= Non-ideal mixing, liquid—liquid equilibrium (LLE)

= Aerosol acidity (multiphase; e.g. pye et al, 2020, AcP)

= Hygroscopicity & cloud condensation nucleus
(CCN) properties
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Modeling non-ideal mixing thermodynamics & gas—particle partitioning

Gas-particle equilibrium model:

ey 4
particle phase (PM) : PM phase [ :

gas phase (g) liquid, non-ideal IN L i
ideal gas mixture bulk solution, w UUG n L F

T RIT V2 ng T

1 possibly a LLE

T RH—a,, L PM Phaseﬁ l

PM _y 3 PM
nfM — x My

.V

rM=n Mt LLE case: PM phase m!srnafﬂy divided
into two liguid phases in equilibrium.

P, VE = nfRT P =p, «‘}-?'f"" nt=ns+ ,,Jr.u system boundary

ideal gas law mod. Raoult’s law mass conservation

[e.g., Zuend et al., 2010, ACP]

Volatility: Pure component vapour pressures
as function of T (measured or predicted)

Output: (for specified input system)
e # liquid phases;
(& optionally solid phases)

* chemical compositions of all phases
(bulk prediction)
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LLE algorithm: Liquid-liquid phase separation?

equilibrium

[e.g., Zuend and Seinfeld, 2013, Fluid Phase Equilib.]

AIOMFAC model:

Organic—inorganic mixing in a liquid phase
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solvent mixture)

Pitzer-like | [unIFAC

[Zuend et al., 2008; 2011, ACP; https://aiomfac.lab.mcgill.ca]



http://https/aiomfac.lab.mcgill.ca

Next 3 slides outline examples of applications
of the AIOMFAC model and the AIOMFAC-based
equilibrium framework
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Application of AIOMFAC framework: CCN activation & the role of organics

Kohler theory:

4 oM
0w with HGF = 2

S=a, ex [
w €XP RTp,, Do HGF Do

What is the role of organic aerosol constituents &
liquid—liquid phase separation in affecting CCN
properties?

 Thermodynamic perspective

* Aerosol population / air parcel dynamics
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Field study at Mace Head: effective ultrafine CCN in marine air
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= Proposed explanation: )
evolution of surface tension due to organic-rich shell phase O X
or

[Ovadnevaite et al., 2017, Nature]
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(surface tension lowering), depending on surface coverage;




log,(Viscosity / [Pa s])

AIOMFAC-VISC: Predictive aqueous organic aerosol viscosity

Colours
B sucrose/citric acid 40/60 wt%

M sucrose/citric acid 60/40 wt%
sucrose/citric acid 80/20 wt%
Lines & Symbols
OOA Marsh et al. (2018), T=295 K, DCIC
8V O Rovelli et al. (2019), T=295 K, Aerosol optical tweezers
Rovelli et al. (2019), T=295 K, Poke and flow
— AIOMFAC-VISC

Aqueous sucrose/citric acid mixtures

0 20 40 60 80
Relative Humidity (%)
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log,,(Viscosity / [Pa s])

a - pinene SOA |
T=293K |

Abramson et al. (2013), T= R.T., Tracer particle diffusion 4 =
Bateman et al. (2015), T= R.T., Particle rebound : =
Grayson et al. (2016), T = 293-295 K, Poke flow, (121 pg m*®) Sy I
Grayson et al. (2016), T = 293-295 K, Poke flow, (520 yg m™) B
Kidd et al. (2014), T=R.T., Particle rebound

Pajuncja et al. (2014), T= R.T., Coalescence times from SEM
Renbaum-Wolff et al. (2013}, T=293-295 K, Bead mobility
Renbaum-Wolff et al. (2013), T= 293-295 K, Poke flow
Zhang et al. (2015), T= 293 K, Dynamic shape factor

o -e|scarn

20 40 60 80
Relative Humidity (%)

[Gervasi et al., 2020, ACP]



From process level to 3-D models

Process level 3-D atmospheric models

gas phase

H,0

GEM va = Regonal Operational

£ voc, voc
€ 3 HSO, ;__.‘__. H2594 10-km grid spacing

£
£ SvOC =
~ )

..............

o GEM-MACH v1.5.1 Operational
H*NO3s == HNO; 10-km grid spacing

80 levels, 0.1hPa, ~60km

£ LVOC &=
B /

OH" NH,* === NH;

H*Br==s=HBr

GEM-MACH v2, 581x418
62 levels, ~40-km
2.5«m grid spacing

i e 06Z, 24-hr forecast
primary .-

organics sea salt

Chemical-structure-based models Reduced-complexity models
= for detailed system characterization = processing of field measurement data

= computationally expensive = operating on limited information
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Equilibrium gas—particle partitioning methods

Volatility-based Structure-based models

organic = Inorganic

can use commonly AIOMFAC :

measured (bulk)

properties. E-AIM

2D-VBS
VBS

(volatility bins)

ISORROPIA

2-product

molecular structure inputs,
: (Kp) water considered

no water content considered
assumes y = 1 (ideal mixing)
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Building an intermediate, reduced-complexity mode|

Volatility-based fitting e~ Structure-based models

data
I [
.I.Illllll
can use commonly

ommer PU— AIOMFAC ,
properties. _ E-AIM

organic = Inorganic

2D-VBS
VBS

(volatility bins)

ISORROPIA

2-product

vy variable molecular structure inputs,
: (Kp) water considered

no water content considered
assumes y = 1 (ideal mixing)
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Binary Activity Thermodynamics (BAT) model

=  Organic > water interactions

= Generalized Duhem—Margules activity coefficient model

) Multi-component mixture b) BAT approximation
e* * yorgx 1 : ” yorg} ) ® yW
. * yorg, 2 .
* * yW * yorg} 2 . yw
Non-ideal interactions Non-ideal interactions
among all species with water

[Gorkowski et al., 2019, ACP]
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BAT model — a general parameterization

Generalized Duhem—Margules binary activity coefficient model of BAT:

ge/RT — Cl(p;rg(l - (p;rg) + CZ(pgrg(l - (P;rg)(l - Z(P;rg) _Lln ut
0:C, (H:C)
Porg = scaled volume fraction of organic M
org

Mwater> mole fraction of org./water

C, = aqexp(a, - 0:C) + az exp <a4 T
org

Mwater>

C, = as exp(ag - 0:C) + a, exp (ag o
org

—> Fit parameters a4, a,, ... for a wide class of organics

Output

4 org’ d org’
(equil. RH)

}/W.até’l" aWHtEI‘

BB McGill | A zuend [Gorkowski et al., 2019, ACP]
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Training a BAT v/ — 3 distinct domains

Binary Activity Thermodynamics

Training dataset of 160 molecules
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BAT predictions for non-ideal mixing behavior

1.2

B AT/\’\*.J\/\ prediction of

Binary Activity Thermodynamics \Water a ctivity
* here M, =200 g/mol - scan O:C, x,,
* a, =X, XYy (=bulkequil. RH)

o
o

* BAT reveals range of phase separation
via a simplified LLPS estimation method
(for high efficiency)

O
o

O:C atomic ratio
o
D

phase
separation

/

a >l
w

o
N

0 0.2 0.4 0.6 0.8 1
Water mole fraction (x )

[Gorkowski et al., 2019, ACP] .
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Organic water uptake: iteration vs. neural network

In SOA experiments and chemical transport models
the RH, O:C, (H:C) and M, , are typically provided.

Iteration: find aerosol water content for given RH

Inputs
0:C, (H:C), Morg
mole fraction of water
(guess for given RH)

Outputs
)/org/ aorgl
(bulk equil. RH)

}/Wélt(i'l" awater

iterative = time consuming
" McGill | A Zuend

Inputs
0:C, (H:C)
M

org

equil. RH

15°Layer
Artificial

Outputs
}/org/ aorgl
(bulk equil. RH)

)/Wéltel" awater

with trained NN, non-iterative = substantially faster
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VBS + BAT: including water, Y and phase separation

BAT \w
VBS + .
Binary Activity Thermodynamics

sums include water

activity coeff.
(in phase a)

Organic + water PM mass:

Coaag = 2k Cr + ch;

§j =

Liquid-liquid phase
partitioning (0 to 1)

1

149
COA,aq

™~
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[Gorkowski et al., 2019, ACP]

Inputs are @, C/.g*z“, C/.S"”, and chemical information.

Low fidelity High fidelity
average molecule functionality, ™ molecule functionality,
M _,0:.C_ ,(HC. ) M, 0:C, (H:C)
avg avg avg J J /
l v l
BAT

neural network

BAT evaluation VT
with optional a In: M, 0:C, HC, andxorg Yy 058ms
refinement loop. | OUt:Vorgt Vi Qg Ay, sepr 8
' L,
+
B, . . 9+2n sat /
VBS In.ll_4/, Usle. au,(,‘j ,Cj ,ij!
neural network (Out. é‘,g”e!s \J 28ms
|
VBS+BAT evaluation [In: 5% C, 3. M,
with equilibrium a wess | T 10mg
Sglver. W 9; (awlsep)’érjges ¢
Out:¢, C",C? 1
L. T
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VBS + BAT vs. AIOMFAC predictions: RH-dependent aerosol mass
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Notes: organic PM mass concentration increases with
RH due to hygroscopic growth and associated feedback
on gas—particle partitioning of SVOCs; a-pinene SOA
mass conc. increase is rel. abrupt at high RH due to
step-like switch from low to high water content; 0.2

Both AIOMFAC and VBS+BAT capture this behavior... :
=0+ T T T T
0 20 40 60 80 100
Relative humidity (%) 0

0.4

Kiar

o-Pinene SOA

—_—
0 20 40 60 80 100
[Gorkowski et al., 2019, ACP] Relative humidity (%) "
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BAT predictions: O:C-dependent CCN activation

Particle of 100 nm dry diameter and M, = 200 g/mol [Gorkowski et al., 2019, ACP]
(a) 1.008 - (b) 0.12 K. o phase
| Koo S Phase OC 0.5 CCN
| <+ Miscibilit 010 25
naMisc a .c 0.
1.006 - ISCIDIITY gap 0:.C 020
9 . 0.08
O "
1 Kooy @ Phase o
S 1.004 - o 2 0.06
= 4 3 @)
o =
= - 0.04
3 1002 - Miscibility gap==»
0.02 Koop S Phase
1 —_— —
0 0.5 1 0.99 0.995 1
Diameter (um) Water activity (a,)

Notes: BAT model allows for predictions of Kéhler curves (left) and associated effective kappa values (right)
in the context of scanning the O:C/ M, Parameter space;
- High-RH behavior and CCN activation point can be predicted for (generic) organic aerosols.
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summary

gas phase

Prediction of water uptake and related effects on |

aerosol and CCN properties with different tools: - oo Y

= AIOMFAC & AIOMFAC-based thermodynamic - O
equilibrium framework B S0t

organics sea salt

= QOrganic aerosol viscosity prediction
(AIOMFAC-VISC)

= Binary Activity Thermodynamics (BAT)
reduced-complexity model

= VBS + BAT

o organic PM water content (hygroscopicity)

o organic co-condensation effects with increasing RH

o can account for liquid—liquid phase separation.
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