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B
g 7 Abstract
§ 8  The evolution of particle size distribution of secondary organic aerosols (SOA) is influenced by
g 9  condensation and coagulation. Amorphous semisolid and glassy states in SOA cause kinetic
% 10  limitations for condensational growth, but the impact of these phase states on the competition
g 11 between condensation and coagulation has not been evaluated. In this work, we implement
2 12 coagulation into the kinetic multilayer model of gas-particle interactions (KM-GAP) to calculate
E 13 timescales of SOA partitioning and coagulation for liquid, semisolid, and highly viscous particles
‘é 14  for closed and open systems. We find that the phase state may not have major impacts on
g 15  coagulation timescale, with particle size playing a more critical role. The equilibration timescale
é 16  of SOA partitioning is shorter than the coagulation timescale for most conditions in the closed
% 17  system, while coagulation becomes competitive especially for high particle number concentration
2 18  and highly viscous phase state (Dy, < 1015 cm? s°') due to prolonged timescale of partitioning. We
19  also illustrate that coagulation is less significant for the growth of seed particles in chamber
20  experiments even for viscous particles, as the condensation sink of low volatility compounds
&l 21  wouldbe larger than the coagulation sink due to their efficient mass accommodation. Coagulation
22 becomes important during nanoparticle growth and the interplay between condensation and
23 coagulation can result in the emergence of a bimodal size distribution with nanoparticles likely
24 adopting a low viscosity phase state. Coagulation is also important for size distribution dynamics
25  in a smoke plume for highly viscous submicron particles as their evaporation and condensation are
26  inhibited with kinetic limitations.

27  Environmental significance:
28  The competition of condensation and coagulation is important in determining the evolution of
29  particle size distribution and potential of nanoparticles to grow to cloud condensation nuclei. For

30  particles with low viscosity, condensation tends to dominate and grow particles efficiently.
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Coagulation becomes a competitive process for highly viscous particles, modulating particle size
distribution dynamics especially during new particle formation and biomass burning plumes with

high particle number concentrations.

Introduction

Secondary organic aerosols (SOA) are ubiquitous in the atmosphere, accounting for a large
fraction of submicron particles.! They impact climate, air quality, and public health.>* SOA are
generated through oxidation of volatile organic compounds (VOCs) emitted from anthropogenic
and biogenic sources to form semi-volatile and low-volatile organic compounds, which can
subsequently condense into preexisting particles.> ¢ The size of an SOA particle affects how it
scatters and absorbs incoming solar radiation, as well as its ability to form clouds, influencing the
Earth’s radiation and climate.” When the nanoparticles grow to ~100 nm in diameter, they can
potentially serve as cloud condensation nuclei (CCN).® The growth and survival of nanoparticles
to CCN-relevant sizes are governed by the competing dynamic processes of condensation growth
and coagulation loss.” The condensation process involves a series of mass transport processes
including gas-phase diffusion, gas-surface transfer, surface-bulk exchange, and bulk diffusion
within the particle.!® These processes are often represented as fast relative to the timescales of
other atmospheric processes, as SOA particles were traditionally assumed to be homogeneous and
quasi-liquid droplets.!!

Laboratory experiments and atmospheric measurements have demonstrated SOA particles
can adopt liquid (dynamic viscosity 11 < 102 Pa s), semi-solid (102 < n < 10'2 Pas), or glassy (
N = 1012 Pa s) states, depending on chemical composition, relative humidity, and temperature.'?-
14 Global and regional modeling studies suggested that SOA particles exist in an amorphous solid
or glassy state in the free troposphere and over deserts with low relative hudmidity.!>-2° This can
lead to prolonged characteristic bulk diffusion timescales of organic molecules within SOA
particles?!- 22 and facilitate long-range transport of toxic organic compounds in the atmosphere.?3:
24 Modeling studies also demonstrated that partitioning of semi-volatile compounds into highly
viscous aerosols leads to kinetically-limited growth with prolonged equilibration timescales of
SOA partitioning® and particle-particle mixing timescales®® 27 thus affecting the evolution of

particle size distributions upon SOA growth.?8-33
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60 Coagulation is a kinetic process in which two particles collide and stick together to form a
61 larger particle. Coagulation reduces the number of particles while conserving the particle volume
62  concentration.” Chamber and flow tube experiments often reduce the impact of coagulation by
63  keeping the particle concentration low or short residence times;? 343% however, particle
64  concentrations cannot be controlled in new particle formation chamber experiments, so it is
65  important to account for coagulation. This drives the need to better understand how particle phase
66  state impacts the interplay of condensation and coagulation, which determines the evolution of
67  particle size distributions.

68 In this study, we apply the kinetic multilayer model of gas-particle interactions in aerosols
69 and clouds (KM-GAP)?® 37 to investigate the timescales of condensation and coagulation of
70  aerosols under the combined impacts of particle phase state and volatility of condensing species.
71  We simulate the evolution of particle size distribution to illustrate the competition of condensation
72 and coagulation in laboratory chamber experiments of growth of SOA and freshly nucleated
73  particles as well as the evolution of particle size distribution in a biomass burning plume. The
74  modeling results are compared with experimental and modeling studies for each scenario to

75  provide a better understanding of the competition between condensation and coagulation.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

76  Method

77 KM-GAP is used to simulate the evolution of particle size distribution by condensation

Open Access Article. Published on 14 nuvembre 2025. Downloaded on 19/11/2025 1:24:40.

78  and coagulation. KM-GAP consists of multiple model compartments and layers: a gas phase, a

(cc)

79  near-surface gas phase, a sorption layer, a near surface bulk layer, and ten bulk layers.?% 37 The
80  processes that are explicitly considered in KM-GAP are gas-phase diffusion, adsorption and
81  desorption, surface-bulk exchange, and bulk diffusion. For size-resolved simulations, the bin
82  method with a fully mobile size structure is used, in which the particle sizes change in each size
83  bin due to condensation.

84 Coagulation has previously not been treated in KM-GAP. In this study, we implemented
85  coagulation in KM-GAP by including Eq. (1), which describes the change in number concentration

86 in particle size bin k (V, in cm™3) due to coagulation:38: 3
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K [k
dNR(t) 1 v+ v
It =§z Z oo fuikKijNiN;
= K
Npin 1

— Ny z KN,
j=1

where N; and N; are the number concentration of particles and v; and v; are the single particle
volume in the size bin i and j (cm™), respectively. K;; is the Brownian coagulation coefficient (cm?
s'1) for collision between particles in the size bin i and j (see Table S1 for calculation). My, is the
number of size bins. The first term in Eq. (1) represents an increase of particle number
concentration in the size bin k£ by coagulation of smaller particles and the second term accounts for
coagulation loss of particles in the size bin k. To conserve mass concentration of particles upon
coagulation, we apply f; s, which is the volume fraction of a coagulated pair i, j partitioned into

bin k as calculated from:4°

<vk+1_vi’j> Uk <V < k<N
|5, v, < P v ; .
Vi+1 — Uk Vi,j k i,j k+1 bin
fijk = 1—fijk—1 ) Vg <Vij <vg; k>1 (2
1 , Vij =V k = Npin
0 , all other cases

where V;; = v; + v; 1s the total volume of coagulated particle from size i and j, having volume v;
and v; respectively. This coagulated particle, which falls between volumes of two model size bins,
k and k+1 with volume v, and vy, respectively, is partitioned in these two bins. We assumed that
particles have the same chemical composition in each size bin, and they do not grow out of the
largest size bin in the distribution after coagulation.

The model simulations are mainly conducted with a closed system, in which condensation
of species would lead to a decrease in its gas phase mass concentration and an increase in its
particle phase mass concentration. The closed system represents chamber experiments in a batch
mode. Additional simulations with an open system with a fixed gas phase concentration were also
conducted to represent chamber experiments with continuous flow and ambient conditions where
the condensing species may be continuously generated. The surface accommodation coefficient is
set to 1 based on molecular dynamics simulations.*!- 4> We simulate different phase states of
particles with typical bulk diffusivities Dy, = 108 cm? s! for a liquid particle, D, = 10-1> cm? s°! for
a semisolid particle, Dy = 10-!7 cm? s7! for a highly viscous particle. These diffusivities are chosen

to represent a range found in atmospherically relevant aerosol particles.?! Dy, is fixed at any given
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110 depth in the particle bulk for each simulation, assuming condensation of semi-volatile compounds
111  would not alter particle viscosity and diffusivity. We did not consider potential
112 viscosity/diffusivity change, which is beyond the scope of this manuscript. The volatility,
113 expressed as the pure compound saturation mass concentration (C°) of condensing species, and the
114  particle number concentration are also varied.

115 To examine how the competition between condensation and coagulation is affected by
116  particle phase state, we evaluate the equilibration timescale of SOA partitioning (z4) and
117 characteristic coagulation timescale (7z..g) by simulating condensation of species Z into pre-
118  existing nonvolatile poly-dispersed particles. 7 is calculated as the e-folding time when the
119  condensing species (Z) achieves equilibrium in the particle phase, which is the first time (¢) at

120  which following condition is satisfied:*

|Cp(t) - Cp,eql < 1 (3)

|Cp,0 - Cp,eql e

121 where C,p, and C, 4 are the mass concentration of Z in the particle phase at initial condition and
122 at equilibrium, respectively.
123 Following common practice, 7., 1 defined as the time necessary for reduction of the

124  initial particle number concentration to half its initial value.’® For monodispersed and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

125  polydispersed particles, 7..,s can be calculated numerically from the decrease of the total particle

126  number concentration in KM-GAP simulations. Additionally, for monodisperse particles with

Open Access Article. Published on 14 nuvembre 2025. Downloaded on 19/11/2025 1:24:40.

127 particle diameter D,, self-coagulation timescale (7.,) can be calculated analytically as follows:3%

128 #

(cc)

Tscoa = KLNO “

129  where N is initial particle number concentration and K is the coagulation coefficient. K is a
130  function of particle diameter, Brownian diffusivity of a particle, mean thermal velocity of a particle,
131  and coagulation efficiency (see Table S1 for equations). For derivation of Eq. (4), the coagulation
132 coefficient is assumed to be constant for monodispersed particles. K is a function of coagulation
133 efficiency (a), which represents a fraction of collisions that result in coagulation. Coagulation
134  efficiency is size-dependent: it decreases as the particles get smaller and can decrease down to 0.1

135  for nanoparticles.*> 46 Previous modeling studies have shown that coagulation efficiency of soot

136  particles is much lower compared to similarly sized metal nanoparticles due to shallower attractive
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forces upon collision.*’ This suggests that glassy viscous particles might exhibit a lower
coagulation efficiency. Therefore, we calculated 7, for monodisperse particles with coagulation
efficiency of 1 and 0.1 to explore its influence on 7,.

Fig. 1 shows 7., for monodisperse particles as a function of particle diameter (D, = 1 nm
— 10 pum) and particle number concentrations (Ny = 10° — 10® cm™) with a of 1 and 0.1. For both
cases, higher N, leads to shorter 7, as it increases the probability of two particles to collide and
coagulate. For a given N, coagulation is more efficient with shorter 7., for D, in the 10-100 nm
size range due to their relatively high mobility leading to higher coagulation coefficient. When the
coagulation efficiency is decreased to 0.1, 7y, of particles in the 1-10 nm size range increase an
order of magnitude due to their small cross-sectional area, which reduces the probability of
coagulation. 7, of larger particles is slightly increased, but within an order of magnitude
compared to 7., With a of 1. It suggests that 7., of larger particles is less sensitive to the changing
collision efficiency. Nanoparticles (D, <20 nm) were observed to bounce less on an impactor!?
48 and they tend to adopt a less viscous phase state due to the nanosized effect, which suppresses
the glass transition temperature. 4% 3 Thus, the phase state may not have major impacts on the

coagulation timescale, with particle size playing a more dominant role.

a) a=1 b) a=01
10° 107 10° 107
10° 108
T
10
10° 105
s & o 'S
‘?g 10 10";1 104_§
~ o (w]
z 10° 10° 5 10° %
i 102
10*
10" 10"
3 1 L 1 0 3 1 1 L 0
10 10 10 10
10° 10" 10° 10° 104 10° 10’ 102 10° 10*

Diameter (nm) Diameter (nm)
Fig. 1. Characteristic self-coagulation timescale ( 7y,,) for monodisperse particles as a function of
particle diameter (D, = 1 nm — 10 um) and particle number concentrations (N, = 10°> — 108 cm™)

with different coagulation efficiencies: (a) a =1, (b) a =0.1.

In order to compare condensation and coagulation scavenging rates for a specific size of

particles, we calculate the timescales of coagulation ( 7.oq,,;) and condensation ( zong,;). The removal
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timescale of particles in the size bin i due to coagulation with other particles is the inverse of the
coagulation sink for a specific size which determines the amount of time for the particles in size

bin i to be removed through coagulation:>!

1 1
T . = . = i
coag,i CoagSink; Zl;lzbin K;;N; Y

where K;; is the coagulation coefficient between particle size i and j. N; is the particle number

concentration in the size bin j.

The condensation timescale ( 7.,,q) 1S the inverse of the condensation sink, which
determines the loss of vapors onto surfaces of the existing particles:#+ 3!
1 1
CSi 21D 4D, B(Kni,essi )N

(6)

Tcond,i —

where D, is the gas-phase diffusion (cm? s!), D,; and N; is the particle diameter and number

concentration in the size bin i. 8 (K n[,aeff,i) is the transition regime correction factor which is
dependent on particle Knudsen number (Kn) and effective mass accommodation coefficient (0Lgs;).
aefr; 1S the probability of a gas molecule colliding with the surface to effectively enter the particle

bulk, which can be calculated by accounting for kinetic limitations of bulk diffusion:>?
1

Aeffi = Ag aSwCO

aswC”  Tpi —12 (7
Aheps) X 10

1+

where a4 is surface accommodation coefficient assumed to be 1, w is the mean thermal velocity
(cm s), C? is the pure compound saturation mass concentration of condensing species (ug m),
D is the particle bulk diffusivity (cm? s!), p, is the particle density (g cm), and r,; is the radius
of particle size i (cm). o.gr; provides an efficient way of accounting for bulk diffusivity so that z,g
considers the effect of particle phase state and size on SOA partitioning. Note that 7., is different
from 7.4, which represents the e-folding time for condensing species to achieve equilibrium with
the total particle population. z.,,4 represents the timescale of growth of particles with a specific

size via condensation.

Results and discussion
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We conducted KM-GAP simulations to investigate the competition of condensation and

coagulation (7q VS. Zcoag) ON particle number concentrations and the volatility of the condensing

species in the closed and open systems. Then we applied KM-GAP to explore the influence of

particle phase state on the competition between condensation and coagulation by simulating the

growth of particles in chamber experiments and in biomass burning plumes. It is important to note

that the aim of this study is not to reproduce the experimental results, but rather to simulate

exemplary conditions to probe the interplay and competition of condensation and coagulation.

Equilibration timescales of SOA partitioning (7.,) vs. Coagulation timescales (7.oa,)

liquid

—c%= 107" (ugm®
—c%=10% (ugm™)
—_0 1 -3, (1
C"=10" (ugm™)
g %= 107 (ug m™)
~ — %= 10% (ug m™®) 1

10* 10° 108 107
Number Concentration (cm™2)
liquid

10 10° 108 107
Number Concentration (cm's)

108

b)

semi-solid

108

10° 104 10° 108 107 10°
Number Concentration (cm™)
e) = semi-solid
10 T T T T
6
10 E :Cuag E
T, -~
E:
10* ~ 1
B <
L] = e
i
E 10%F - 1
&,
10%F 1
107 F 1
10° 104 10° 108 107 108

Number Concentration (cm's)

c)

highly viscous
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108

10°

10° 10* 10° 108 107
Number Concentration (cm™%)
5 highly viscous
10 T T T
.
10%F & 1
.
7, -~
Coag =~ ~
1(]4 r =~ i A
2 -~
o5 -~
10%F il 1
£
. -~
100k 1
10°F 1

107
Number Concentration (cm's)

Fig. 2. Equilibration timescales of SOA partitioning ( 74, green lines) and coagulation timescales

(7eoag» black dashed line) as a function of particle number concentration (103 — 108 cm) for (a, d)

liquid with bulk diffusivity D, = 10 cm? s7!, (b, €) semisolid with Dy, = 10°15 cm? s7!, and (c, f)

highly viscous particles Dy = 1017 cm? s'!. The top panels represent the closed system, while

bottom panels are for the open system. 7, was calculated for species with different volatilities (C°

= 10" - 10% pg m3), getting lighter in color from low to higher volatilities.
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185 In this section, the competition between condensation and coagulation is investigated for a
186  system consisting of pre-existing seed particles and a condensing vapor. Specifically, the model
187  simulates the condensation of semi-volatile species with pure compound saturation mass
188  concentration of C° = 107! — 10° pg m> into pre-existing non-volatile particles with initially
189  lognormal size distribution with the mean diameter of 100 nm and geometric standard deviation
190  of 0.3. The particle phase state is assumed to be liquid with Dy, = 10-® cm? s°!, semi-solid with D,
191 =10 cm? s'! and highly viscous with D, = 10-17 cm? s-!. We assume instantaneous coalescence
192 with coagulation efficiency of 1 for all cases. The initial gas-phase mass concentration of
193  condensing species is set at 102 ug m=. The condensing species is assumed to have a molar mass
194 0f200 g mol! and density of 1.4 g cm3, which are assumed to be the same for non-volatile species.
195  The particle number concentration varies from 103 to 108 cm-3 which covers particle concentrations
196  from suburban clean environments to heavily polluted areas in megacities.>* >* The simulations
197 are conducted for both closed and open systems at 298K and 1 atm. The parameters are
198  summarized in Table S2.

199 Fig. 2 shows the simulated 74 (solid green lines) and 7., (black dashed lines) as a function
200  of particle number concentration (V). 7o decreases from ~10° s at N, = 10° cm™ to ~10 s at N,

201 =108 cm™ and it is independent of the volatilities of condensing species. 74 varies from seconds

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

202  to months depending on particle concentrations, the volatility of the condensing species, and the

203  particle phase state.*> 3> When the particle is liquid (D, = 10® cm? s*!) in the closed system (Fig.

Open Access Article. Published on 14 nuvembre 2025. Downloaded on 19/11/2025 1:24:40.

204  2a), 1q is < ~100 s, depending mainly on N,. Higher N, means higher surface concentration,

(cc)

205  resulting in higher condensation sink and a shorter z,, When N, > 10° cm™, condensation is
206  limited by gas diffusion and accommodation; hence, ., does not depend on the volatility of the
207  condensing species. When N, < 10 cm?3, r4 is influenced by the volatility of the condensing
208  species: 74 is shorter with higher C° as only small amounts need to partition to reach equilibrium,
209  while 74 is longer with lower C° as more mass needs to be transported from the gas to particle
210  phase. Overall, condensation is a dominant process over coagulation as r.q is always shorter than
211 74 for liquid particles in the closed system.

212 When the particle is semi-solid with Dy = 1015 cm? s°!, 7, is longer compared to liquid
213  particles due to kinetic limitations of bulk diffusion, but still shorter than 7., (Fig. 2b). The

214 opposite trend in volatility is found for 7.4, which is shorter for lower volatility compounds. This
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is consistent with previous work on the effect of volatility on the equilibration timescales in a
closed system.?> 4 For compounds with higher C?, re-evaporation from semi-solid particles is
significant due to slow surface-bulk exchange and bulk diffusion, leading to an increase in zoq. 7
is shorter for compounds with lower C? in absence of re-evaporation due to their low volatility
nature, leading to a faster establishment of local thermodynamic equilibrium between the gas-
phase and near-surface bulk.® 5 As shown in Fig. 2¢, 7, becomes an order of magnitude longer
when the particle is highly viscous with Dy, = 10"'7 cm? s*! compared to semi-solid. For semi-
volatile compounds with C° > 10? ng m=3, zq is longer than 7., indicating that coagulation is a
competitive process with condensation. Nevertheless, condensation is a dominant process over
coagulation for most conditions in the closed system.

In the open system, 7, becomes significantly longer as more mass must be transported
from the gas to particle phase, as also demonstrated by previous modeling studies.?> 4357 7 is
longer with higher N, with higher absorbing mass. For liquid particles with D, = 10 cm? 57!, 74
for semi-volatile compounds is still shorter than 7., (Fig. 2d). 74 of low-volatile compounds
become longer than r,, especially at high N,. r, for semi-solid (Fig. 2e) and highly viscous
particles (Fig. 2f) is less sensitive to C? because the timescale to achieve equilibrium is primarily
controlled by bulk diffusion. In these cases, coagulation plays an increasingly significant role when
the timescale for achieving equilibrium is extended due to bulk diffusion limitations. While
condensation of low-volatile organic compounds (LVOCs) continues to occur, the prolonged
equilibration allows coagulation to become competitive, especially for highly viscous phase state

and high particle number concentration.

Growth of SOA in chamber experiments

We simulated the growth of SOA from oxidation products of a-pinene ozonolysis in the
presence of seed particles, which have been widely studied in chamber experiments.>®° The initial
size distribution of non-volatile seed particles was assumed with the mean diameter of 100 nm and
particle number concentration of 4x103 ¢cm= and 2x10* cm, which correspond to seed mass
concentration of 5 pg m= and 20 pg m3, respectively.’® The initial gas-phase concentration of a-
pinene (C° = 107 ug m) was set to be 50 ug m=>, corresponding to 9 ppb at 1 atm and 298 K. For
simplicity, we consider two products with semi-volatile (SVOC; C° = 1 pg m-) and low-volatile

organic compounds (LVOC; C°= 10-2 ug m). The gas-phase yields from a-pinene ozonolysis for
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SVOC and LVOC were assumed as 0.3 and 0.14, respectively, based on a previous study.®® The

second-order rate constant of a-pinene and ozone is set to be 8x10-'7 ¢m3 s°1.! Particle-phase

reactions are not considered as we aim to focus on the particle growth primarily driven by

condensable vapor and coagulation. The effect of phase state is considered with different bulk

diffusivities (Dy = 103, 10-15, 10-18 cm? s!). Losses of particles and vapors on walls are not treated

for simplicity.
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Fig. 3. Modeled evolution of particle number-size distribution in (a, b) contour plots and (c, d)
dN/dlogD, at different times for SOA growth in chamber experiments for semi-solid particles (D
= 1015 cm? s7!') with initial seed mass concentration of (a, ¢) 5 pg m (N, = 4x10* cm) and (b, d)
20 pg m3 (N, = 2x10* cm). Coagulation sink (CoagSnk, dashed lines) and condensation sink
(CS, solid lines) for (¢) SVOC and (f) LVOC calculated for the initial seed concentrations of 5 pug

m™ and bulk diffusivities of 108, 103 and 10-!® cm? s°!.

Fig. 3 shows the evolution of particle number size distribution for semi-solid particles (Dy
= 1015 cm? s'!') with initial seed mass concentration of (a, ¢) 5 pg m= (N, = 4x10° cm™) and (b, d)
20 pg m3 (N, = 2x10* cm3), showing that the particle mean diameter increases from 100 nm to
~240 nm and ~170 nm, respectively, in 12 hours. For seed mass concentrations of 5 ug m3, the
modeled size distribution narrows in the first hours, which is characteristic for gas-phase diffusion
limited condensational growth.%> As the condensable vapor concentration decreases, the size
distribution shifts slightly toward larger sizes with slow condensation after 6 h. This continuous
growth in particle size suggests that condensation is a dominant process over coagulation. In
contrast, at a higher seed concentration of 20 ug m-, the modeled number size distribution initially
narrows in the first hour but subsequently broadens, associated with reduction of particle number
concentration after 6 h. This indicates that coagulation becomes important prominently impacting
the size distribution due to high particle concentrations favoring coagulation. A similar behavior
is observed in the case of liquid particles (Dy, = 10# cm? s7!), as shown in Fig. S1.

To investigate the effect of seed particle diameters, we conducted simulations with initial
seed mean diameter of 200 nm with number concentrations of 5x10° cm™ corresponding to 50 pg
m-3.9 The model simulation in Fig. S2 shows that SOA particles grow to ~300 nm in 6 h with a
narrowing of the characteristic in size distribution, indicating the dominance of condensation.
Afterwards, particles grow only slightly with a broadening of the size distribution and a slight
reduction of N, exhibiting minor contributions from coagulation. The comparison of results of
Fig. 2 and Fig. S2 emphasizes the importance of the particle size and number concentration. The
coagulation coefficient is smaller for large seed particle size, leading to longer coagulation
timescales (e.g., Fig. 1).

The effect of phase state is further investigated by simulating SOA growth with different

bulk diffusivities (10 (liquid), 10-1° (semi-solid) and 10-'® (ultra-viscous) cm? s'') and calculating

12
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275  coagulation sink (CoagSnk) and condensation sink (CS) for SVOC (Fig. 3e) and LVOC (Fig. 3f).
276  Coagulation sink is initially ~2x10-* s-! and decreases slightly to ~10* s*! over 12 hours. It is mostly
277  independent of bulk diffusivity, as coagulation is not affected by particle phase state (coagulation
278  efficiency of 1 is assumed for all cases). In contrast, the condensation sink for SVOC depends
279  strongly on bulk diffusivity, being the highest at ~10-2 s! for liquid, ~2x10- s*! for semisolid, and
280  ~3x10° s! for ultra-viscous phase state. This is because the effective mass accommodation
281  coefficient () 1s reduced due to kinetic limitations in viscous phase states. For LVOCs, the
282  condensation sink is ~10-2 s'! for all phase states, as a.g remains close to unity due to LVOCs
283  ability to condense effectively irrespective of the phase state.>? For liquid and semi-solid states,
284  the condensation sink of SVOC and LVOC are both higher than the coagulation sink, confirming
285  that condensation dominates over coagulation. For the ultra-viscous state, the coagulation sink is
286  larger than the condensation sink of SVOC but lower than that of LVOC, indicating that
287  condensation of SVOC is suppressed but condensation of LVOC is still the dominant process.
288  These simulations suggest at low aerosol number concentrations, it is reasonable to assume
289  coagulation has a negligible impact on the overall size distribution. However, in conditions of high
290  particle concentrations, coagulation should be considered for accurate evaluation of particle size

291  distribution as coagulation loss becomes significant (Fig. S3).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

292 Growth of freshly nucleated particles

Open Access Article. Published on 14 nuvembre 2025. Downloaded on 19/11/2025 1:24:40.

293 Freshly nucleated particles can grow via condensation, but they can be lost via coagulation.

(cc)

294 5164 To investigate this competition in nanoparticle growth, we simulate the growth of freshly
295  nucleated particles in the closed system. We referred to the Cosmics Leaving OUtdoor Droplets
296 (CLOUD) experiments® to inform operating conditions of the experiments. An initial size
297  distribution with the mean diameter of 2 nm was assumed with particle number concentration of
298  10° cm3.% For simplicity, the simulation considers one condensing species, highly oxygenated
299  organic molecules (HOMs) with low volatility (C° = 104 pg m-3) at 263K, which has been shown
300 to facilitate the initial growth of freshly nucleated particles.® ¢7- % The mass concentrations of
301 HOMs are set at 0.3 ug m3.% The effect of phase state is considered with different bulk
302  diffusivities (D, = 108, 10 and 10-'® cm? s!)

13
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Fig. 4. Modeled evolution of particle number size distribution in (a) contour plot, (b) dN/dlogD,
at different times for the growth of freshly nucleated particles with liquid particles (Dy, = 10-% cm?

s1). (c) Ratio of coagulation timescale to condensation timescale (zcoag

). Blue color means 7.gag <

ond
Teonds 1ndicating coagulation is favored; red color means .o, > 7cond, indicating condensation is
favored. (d) Condensation sink (CS, solid lines) and coagulation sink (CoagSnk, dashed lines)

calculated with N, = 10° cm™ and bulk diffusivities ranging from 10-8 to 10-!8 cm? s°..

303 Fig. 4(a, b) shows the evolution of particle number size distribution for a liquid particle
304 (D, = 10 cm? s). In the first ten minutes, particles grow quickly to 10 nm due to rapid
305 condensation of HOMs with the modeled number-size distribution exhibiting the narrowing
306  characteristic of gas-phase diffusion limited growth. The particle diameter reaches ~13 nm after
307 20 min. As the concentration of HOMs decreases further, the peak of the size distribution begins
308  to decrease and stays constant afterwards. There is a local minimum around 14 nm where particles
309  are scavenged efficiently by larger particles, while condensational growth is not yet sufficient to

14
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310  grow this size. After 30 min, a second peak emerges at 16 nm. This bimodal size distribution is
311  indeed observed in continuous flow chamber and CLOUD experiments. %6 7 The formation of
312 a bimodal size distribution requires the interplay between condensation and coagulation, as
313 condensation alone cannot form the observed bimodal distribution (see Fig. S4 for simulation
314  without coagulation).

315 This is further demonstrated in Fig. 4c, showing the ratio of coagulation timescale to

ag

316  condensation timescale (?(’ ) for liquid particles (D = 108 cm? s7). Initially, zong is longer than

nd
317 7eoaq for ultrafine particles (D, < 5 nm) as shown in blue color (Fig. 4c), indicating that coagulation
318  proceeds faster than condensation. The condensation of LVOC:s to tiny particles is suppressed due
319  to the Kelvin effect. These particles are highly vulnerable to self-coagulation and coagulation
320  scavenging with larger particles. As a result, many freshly nucleated particles are likely lost before
321  condensation can accelerate their growth, reducing the overall number concentrations of these
322  particles. Once the particles increase in size, the Kelvin effect is reduced thus facilitating
323 condensation of LVOCs. The appearance of a second mode is caused by coagulation growth of
324  larger particles by scavenging smaller particles. Afterwards, condensation becomes increasingly
325  important, as g becomes shorter than 7., (red area in Fig. 4c). Note that another possible

326  explanation for the observed bimodal distribution for the CLOUD experiments is the rapid co-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

327  condensation of nitric acid and ammonia only after the particles reached D, =~ 4.6 nm,”® which was

Open Access Article. Published on 14 nuvembre 2025. Downloaded on 19/11/2025 1:24:40.

328  notconsidered in our model simulations. Rapid growth from nitric acid and ammonia condensation

329  could be fast enough to make the freshly nucleated particles less vulnerable to scavenging, thereby

(cc)

330  increasing their survival probability.

331 Fig. 4(d) shows condensation sink (CS) and coagulation sink (CoagSnk) for simulations
332 with different bulk diffusivities (10® (liquid), 10-!° (semi-solid) and 10-'® (ultra-viscous) cm? s!).
333 Forall cases, CoagSnk is larger than CS, indicating that coagulation dominates over condensation.
334  This is especially the case during early times, when CS is more than two orders of magnitude lower
335  than CoagSnk. This gap becomes smaller upon growth of nanoparticles to larger sizes allowing
336 CS to become larger; then condensation becomes a competitive process with coagulation. It is
337  important to note that CS and CoagSnk are calculated for the total particle size distribution, rather
338 than for specific particle sizes. Condensation and coagulation may not impact all particles with
339  different size equally; particles with certain size ranges may experience more significant grow via

340  condensation, while others may be vulnerable to coagulation.
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CS and CoagSnk behave almost the same for liquid and semisolid particles. For ultra-
viscous particles, CoagSnk stays high, and CS increases more slowly due to strong kinetic
limitations. In this case, nanoparticles grow slowly, and the formation of bimodal distribution was
not observed in the simulations. These results are not consistent with laboratory observations,
implying that freshly formed nucleated particles are more likely to adopt liquid or less-viscous
phase state. This behavior is consistent with previous experimental findings, which demonstrated
that freshly nucleated in sub 30 nm size range do not exhibit bounce properties due to differences
in chemical composition and phase state compared to larger particles.*® Cheng et al. (2015) has
suggested that SOA particles at room temperature are expected to be always liquid at diameters
below 20 nm due to the nanosized effect.”! Recent studies have shown that the glass transition
temperature can be suppressed substantially upon a decrease of the particle size.*>-3° These implied
very small particles (D, < 20 nm) maintain a low viscous phase state, facilitating the interplay
between condensation and coagulation that results in the formation of bimodal size distribution
observed in CLOUD chamber experiments. These results emphasize the importance of considering

particle phase state when modeling nucleation and its subsequent growth.

Growth of biomass burning aerosol

To investigate the effect of phase state on the growth of biomass burning organic aerosols
(BBOA), we simulate the temporal evolution of particle number size distribution in fresh smoke
in biomass burning plumes with high particle number concentrations. Polydisperse particles with
a mean diameter of 130 nm are modeled with N, = 3x10* cm™ to represent fresh smoke biomass-
burning observations.”?”> BBOA contains semi-volatile organic compounds (SVOCs), which may
evaporate and cause a reduction in particle mass.’®’® We consider particle population containing
SVOC with C° =1 ug m3. The model assumes an open system in which the SVOC concentration
in the gas phase is fixed at 0.1, 1, or 10 pg m= at 298 K to represent a range of concentrations of
condensing species, respectively. BBOA can have a wide range of viscosity over a range of relative
humidity, so we simulate with different bulk diffusivities (D, = 103, 1015, 10!8 cm? s71).7%-80 These
simulations allow the evaluation of the influence of particle phase state on growth dynamics of
BBOA. Note that we do not attempt to simulate any specific previously observed biomass burning
plumes; instead, we simulate exemplary plume cases that undergo competition among

condensation, evaporation and coagulation.
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Fig. 5. Modeled number size distribution for the growth of biomass burning organic aerosols with

(a) liquid particles (D, = 10-8 cm? s7!) and (b) ultra-viscous particles (D, = 10"'® cm? s1) with SVOC

Open Access Article. Published on 14 nuvembre 2025. Downloaded on 19/11/2025 1:24:40.

concentration of 0.1 pg m=. (¢) Temporal evolution of particle mass concentration (solid lines, left

(cc)

axis) and particle number concentration (dashed lines, right axis). (d) Condensation sink (CS, solid
lines) and coagulation sink (CoagSnk, dashed lines) calculated with bulk diffusivities of 108, 10-

15 and 10718 ¢cm? s7!.

371 Figure 5 shows the modeled number size distribution for (a) liquid (D, = 10 cm? s!) and
372  (b) ultra-viscous particles (D, = 10-'® cm? s!). For liquid particles, the particle mean diameter
373  decreases from 130 nm to ~100 nm within the first hour driven by the evaporation of SVOC and
374  then increases to ~140 nm over 12 hours. Similar behavior is observed for semi-solid particles
375  (Fig. S5). Fig. 5c shows the particle growth associated with a reduction of the particle number
376  concentration, indicating the major contribution of coagulation. Fig. 5d depicts coagulation

377  (CoagSnk) and condensation sink (CS), showing that CS is larger than CoagSnk for liquid
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particles. This indicates that condensation still plays an important role in particle growth, which is
especially the case with a higher gas-phase SVOC concentration (C, = 1 ng m) (Fig. S6). For
ultra-viscous particles, the particle mean diameter increases from 130 nm to ~170 nm over 12
hours. Evaporation and condensation of SVOC are both strongly suppressed in viscous particles
due to bulk diffusion limitations. CS becomes much smaller than CoagSnk, resulting in primary
growth from coagulation. Even with high gas phase SVOC concentration of 10 pg m- (Fig. S7) or
higher particle number concentration of 4x10° ¢m™ (Fig. S8), the particle growth is driven
primarily by coagulation. These simulations are consistent with previous studies,’> 737581 showing
that coagulation is the dominant growth mechanism with evaporation and condensation having a
relatively minor impact in the smoke plume for highly viscous particles.

These simulations provide useful insights into the competing processes in particle growth
under different conditions. Biomass burning plumes are highly variable in term of the composition,
particle properties, atmospheric condition which can significantly influence the relative
importance of condensation, evaporation, and coagulation in particle growth. So, the conclusions
drawn from these simulations are specific to the conditions modeled and may not fully capture the

complexity of real-world biomass burning plumes.

Discussion and Outlook

We have made a few assumptions that may represent limitations of this study. When two
particles coagulate, the resulting particle’s composition is assumed to match the composition of
the larger particle, even though the composition of two particles may be different. This may lead
to an overestimation or underestimation of semi-volatile species in coagulated particles, potentially
affecting .4 especially for highly viscous particles when coagulation is significant. Another
assumption is instantaneous coagulation, even though coalescence of some particles can take
longer time.8?-% Molecular dynamic simulations have shown that the deformation of the smaller
particle dominates the coalescence process in liquid particles, while diffusion processes dominate
coalescence process for solid particles,® leading to the longer timescales for the coalescence
process. In addition, theoretical calculations and experimental studies showed that viscous effects
can retard coagulation rate by an order of magnitude.?®- % Indeed, Power et al. (2013) observed the
coalescence timescale of two aerosol particles that combine to form a spherical particle from 1077

to 103 s, depending on viscosity.®® Bell et al. (2017) also observed that solid semi-volatile coating
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408  can inhibit the coalescence of coagulating particles for over two days.®® These studies suggest
409  prolonged coalescence can delay coagulation timescale in highly viscous particles. Further model
410  development is required to incorporate the coalescence process to provide more accurate
411  representations of particle size evolution of highly viscous particles.

412 Nevertheless, our study demonstrates that the competition of condensation and coagulation
413  is affected by the particle phase state. While the coagulation timescale may not be heavily
414  influenced by the phase state, semisolid and ultra-viscous phase states can prolong equilibration
415  timescales of semi-volatile species substantially. Our results show that condensation plays a
416  dominant role in particle growth at low particle number concentrations for liquid and semi-solid
417  particles, while coagulation can have a significant impact on the evolution of particle size
418  distribution of highly viscous particles at high particle number concentrations. The interplay
419  between condensation and coagulation becomes particularly critical in the growth of freshly
420  nucleated particles, which can lead to the emergence of bimodal size distribution as observed in
421  chamber experiments. This underlines the significant role of coagulation growth in the evolution
422  of particle number size distributions during nanoparticle growth. Additionally, coagulation is the
423  primary cause of growth of highly viscous biomass burning aerosols, where significant particle

424  concentrations can favor coagulation over condensation.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

425 Chamber, flow tube, and modeling studies often simplify the role of coagulation and

426  neglect the competing timescales of condensation and coagulation. We show that this assumption

Open Access Article. Published on 14 nuvembre 2025. Downloaded on 19/11/2025 1:24:40.

427  is justified in the cases where the particle phase adopts a low viscous state with low particle

(cc)

428  concentrations. If the particle is highly viscous or solid, the diffusion of condensing species
429  significantly hinders mass transport to the bulk, constraining condensation growth and shifting the
430  growth dynamics to favor coagulation. In such cases, ignoring coagulation may lead to inaccurate
431  prediction of the evolution of particle size distributions especially for new particle formation and
432  biomass burning plumes. Proper consideration of the particle phase state is critical for accurate
433  representation of particle size distributions.

434

435  Supporting Information:

436  The Supporting Information is available.

437
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