#® ROYAL SOCIETY

Environmental Science: e OF CHEMISTRY

Atmospheres

View Article Online

View Journal | View Issue

Low temperature growth of sub 10 nm particles by

i'.) Check for updates‘
ammohnium nitrate condensation

Cite this: Environ. Sci.: Atmos., 2025, 5,
67
Neil M. Donahue, @ *2 Mao Xiao,? Ruby Marten, ©° Mingyi Wang,®® Weimeng Kong,"

Meredith Schervish, 3¢ Qing Ye,? Victoria Hofbauer,? Lubna Dada, ©°

Jonathan Duplissy, © 9 Henning Finkenzeller,? Hamish Gordon, &2 Jasper Kirkby, © 1
Houssni Lamkaddam,® Vladimir Makhmutov,* Maxim Philippov,@k Birte R('jrup,®g
Rainer Volkamer,' Dongyu Wang,? Stefan K. Weber] Richard C. Flagan,”

Dominik Stolzenburg® and Imad El Hadad ©°

Co-condensation of nitric acid and ammonia vapors to form ammonium nitrate transforms from a fully
semi-volatile behavior when it is relatively warm (273 K and above, typical of the seasonal planetary
boundary layer) into effectively non-volatile and irreversible uptake for the limiting vapor when it is cold
(well below 273 K, typical of the upper troposphere and occasionally the wintertime boundary layer). This
causes the system to switch in character from the one governed by semi-volatile equilibrium (how it is

usually portrayed) to the one governed by irreversible reactive uptake to even the smallest particles.
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and subsequent growth rates can be very high, exceeding 1000 nm h™% In addition to this somewhat
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Environmental significance

context of volatility and saturation ratios.

Ammonium nitrate is a major constituent of submicron aerosol particles, and with rapidly decreasing sulfur emissions, it is likely to become even more

important to submicron aerosol composition in the future. Though it is often treated with equilibrium thermodynamics in chemical transport models, when it

is very cold, the condensation of the less abundant (rate limiting) vapor, either ammonia or nitric acid, becomes irreversible. This can drive growth of extremely

small particles and may be a prominent growth mechanism in the parts of the upper troposphere such as the Asian tropopause aerosol layer, where nitrate is

known to be a major aerosol constituent.

1 Introduction

In atmospheric aerosols, ammonium nitrate (NH,-NO;) is in
many ways a quintessential example of semi-volatile reactive
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uptake, with strong temperature and humidity dependent par-
titioning between the gas-phase acid-base pair and the
condensed-phase (aerosol) crystalline or dissolved salt.*

o

H
NH;(v) + HONO,(v) 2 NH,;-NO;s(a)

The equilibrium and volatility are affected by both water
activity (for an aqueous solution) and of course temperature (for
any aerosol phase). Both ammonia and nitric acid are by
themselves highly volatile; nitric acid has a saturation vapor
pressure of 117 Pa at a triple point of 235 K,*> while ammonia has
a saturation vapor pressure of 6063 Pa at a triple point of 195 K.?
Consequently, by themselves, neither would be found in the
condensed phase under any realistic conditions of Earth's
atmosphere. It is only the proton transfer reaction to make the
ionized salt solution that renders them at least semi volatile.
The system thus serves as a canonical example of a condensed-
phase reaction (proton transfer) that drives volatility.
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Because the individual constituents are so volatile and the
equilibrium partitioning between the vapor and aerosol phases
is so sensitive to temperature, most treatments of nitrate par-
titioning assume that (submicron) particles equilibrate rapidly,*
though supermicron particles (often with different cations)
require a dynamical treatment.” Because of this, ammonium
nitrate has rarely been regarded as important to nucleation and
growth of nanoparticles. However, when it is cold enough and
when there is a sufficient quantity (production or emission rate)
of ammonia and nitric acid, ammonium nitrate will participate
in the growth of extremely small particles and eventually
nucleation itself.*® Our objective here is to explore the transi-
tion of ammonium nitrate partitioning from an essentially
semi-volatile nature to an effectively non-volatile (irreversible in
the limiting vapor) behavior.

2 Setup

We are interested in the transition of ammonium nitrate par-
titioning from being qualitatively “semi volatile” at relatively
high temperature to qualitatively “irreversible” at lower
temperature. In this case the individual constituents remain
volatile under all relevant atmospheric conditions, but the
equilibrium reaction to an effectively non-volatile salt becomes
effectively irreversible and ultimately rate-limited by uptake of
the limiting vapor. Because we are interested in the low
temperature behavior, here we shall consider only the solid,
crystalline phase of ammonium nitrate. We need to consider
three fully reversible processes:

NH3(V) = NH3(S) (R].)
HONO,(v) = HONOA(s) (R2)
NHj(s) + HONO,(s) 2 NHy-NOs(s) (R3)

A full treatment, especially with other ions and for aqueous
solutions, would break reaction R3 into its elementary steps as
well.

HONO,(s) 2 NO;~ + H*
NH;(s) + H" 2 NH,*

NH4+ + NO37 =2 NH4NO§(S)

However, as we are considering pure, solid ammonium
nitrate we omit these reactions here.

The experimental evidence motivating this analysis is
observations from the CERN CLOUD experiment demonstrating
that systems containing mixtures of sulfuric acid, nitric acid,
and ammonia (and in some cases oxidized organics) show clear
evidence for nucleation followed by activation and very rapid
growth (20-2000 nm h™") of small particles with 1.7 nm < d, <
15 nm. The experiments were designed to mimic conditions of
a wintertime megacity and were thus carried out at 263 K and
278 K, with 1 ppbv < xnp, < 3 ppbv and 10 pptv < Xgono, < 1000
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Fig.1 Activation diameter (top) and activated growth rate (bottom) of
particles via ammonium nitrate condensation observed in the CERN
CLOUD experiment. Both are proportional to the product of nitric acid
and ammonia vapors, and both shift by roughly a factor of 10 at 263 K
(green circles) vs. 278 K (purple squares). Growth rates can exceed
1000 nm h~! with activation diameters as small as 1.5 nm.

pptv. The observed activation diameters and growth rates are
shown in Fig. 1.° Both the activation diameters and the growth
rates showed an empirical relationship to the product xxono,-
xnm,- This is expected for activation as it is fundamentally
related to the saturation ratio of the vapors, and for this second-
order process the saturation ratio involves the product of the
vapor concentrations (activities). However, the quadratic
growth-rate dependence is more of a surprise, as one might
expect the growth rate to depend only on the concentration of
the limiting vapor to an expected stoichiometric uptake.

3 Thermodynamics

For our calculations we need to know the saturation vapor
pressure of ammonia, p;,Hz, the saturation vapor pressure, p;,
of nitric acid, pyoyo,» and the equilibrium constant for
ammonium nitrate formation in a condensed phase containing
pure saturated ammonium nitrate, Kzi. From this we can
determine activities, a, and the reactive activity product in the
vapor (v) and suspended (s) phases. The gas-phase activity at
pressure, p, and temperature, 7, is the saturation ratio with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respect to partial pressure (p;), vapor concentration (cy), or vapor
mole fraction (mixing ratio, x7):
2V v
clkgT _xp
Pi Pi Di
as as _ 1
NH; YHONO, = eq
3 2 K§3

i
a =% =

i =

1)

The condensed-phase (suspended) activity is the product of
a fraction (mole, x;,; mass, w;,, and volume) and the appro-
priate activity coefficient (mole, 7, ,; mass, {;,):

dip = NipXip = CipWip (2)

In practice, values are known for the overall equilibrium
between the condensed phase and the vapor, giving the vapor
activity product,’ but it is informative to separate out the gas-
particle partitioning of the unreacted vapors and the particle-
phase proton-transfer reaction as we have done in order to
illustrate the overall process. All of the processes are “func-
tionally” reversible, making this a true semi-volatile system. We
need to know the physical and thermodynamic properties of all
constituents to describe the dynamics. Ultimately the accuracy
for this system depends on the overall (vapor to salt) equilib-
rium and so we ensure that the individual vapor pressures and
condensed-phase equilibrium constant are consistent with the
more accurate overall equilibrium constant.

3.1 Ammonia

Ammonia is extremely volatile. The molar mass is

Mg, = 17.03026 x 107 kg mol ™'

Its triple point properties are

Tt,NH3 = 19548 K
PiNHy = 6063 Pa
Pixm, = 733.74kgm™

3.1.1 NH; functions. The density and saturation vapor
pressure of ammonia were reported by Haar and Gallagher at
NIST (NBS) in the 1970s.?

Py, = [636 — 1.43(T/°C)lkg m™
1n(p;H3/atm) = A/T + B+ CT + DT* + ET*
A = -3684.7798 K

B = 20.428787

C = —0.02893289

D =3.4798128 x 107
E = -9.2219845 x 107

or since 1 atm = 1.01325 x 10° Pa, B/Pa = 31.9549. This all
gives the vapor pressure plot under atmospheric conditions
shown in Fig. 2. That is such an enormous value it is worth

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Saturation vapor pressure of ammonia over a pure liquid.

considering the gas-phase activity of a reference level of
ammonia. For this we shall consider a mole fraction of 1 ppbv,
meaning a partial pressure of pyy, = 10~ Pa. Fig. 3 shows the
gas-phase activity (aYyy, = Py, /Pnu,) of 1 ppbv of ammonia.
Even at 200 K it is 10~® and at 280 K it is just above 10 '°. The
gas-phase activity of 1 ppbv of ammonia at +5 °C is 2.0 x 10 *°
while at —10 °C it is 3.5 x 10~ '°.

3.2 Nitric acid

Nitric acid is also quite volatile, with a molar mass

Myono, = 63.012 x 107 kg mol ™

Combining values from Mozurkewich' and the saturation
vapor pressure from Duisman.?

T/‘HONOZ = 235 K

PiHoNo, = 117 Pa
p{‘HONO2 = 1513 kgm™
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Fig. 3 Saturation ratio (gas-phase activity) of 1 ppbv of ammonia over
a pure liquid.
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3.2.1 HONO, functions. The density and saturation vapor
pressure of nitric acid were reported by Duisman at Union
Carbide.>

Priono, = 1510 kgm™

In <p;-ION03/t0rr) =A/(T+230°C)+ B

A = —1486.238 °C

B=17.61628

ln<p;-ION03/torr> =A/(T + 230 —273.15) + B

= A/(T—43.15K) + B

1H(P°HON02/Pa> =A/(T —43.15K) + B+4.8928
B =12.5091

Nitric acid has a lower vapor pressure than ammonia but not
by all that much, as we see in Fig. 4. Thus, again for a reference
mixing ratio of 1 ppbv, the gas-phase activities in Fig. 5 are
about 2 x 1077 at 280 K and 4 x 10~° at 200 K (over a super-
cooled liquid solution, not nitric acid trihydrate or anything like
that). The gas-phase activity of 1 ppbv of ammonia at +5 °C is 2.1
x 10”7 while at —10 °C it is 3.2 x 107".

3.3 Ammonium nitrate

Finally, ammonium nitrate has the following properties:

My, o, = 80.044 x 10~ kg mol !
Pxi,No, = 1725 kgm™

Given the density of ammonium nitrate we can easily
calculate the number of NH,-NO; per particle vs. diameter, as
shown in Fig. 6.

3.3.1 Equilibrium. Thermodynamic data are known for
ammonium nitrate equilibrium directly between the vapor and
condensed phase’

NH;(v) + HONO,(v) 2 NH,-NOs(s)
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Fig. 4 Saturation vapor pressure of nitric acid over a pure liquid.
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Fig. 5 Saturation ratio (gas-phase activity) of 1 ppbv of nitric acid over
a pure liquid.

However, we can consider the equilibrium of reaction R3,
where in terms of activity the equilibrium can be written as

S
ANH,-NO; 1

K& — ~
R3 a -a a -as .
NH; “*HONO, NH; **HONO,

Here, we make use of the negligibly small activities of the
undissociated molecules in the suspended particle phase at
equilibrium with the vapor partial pressures we have already
calculated. For our purposes, over a flat surface the gas-particle
system is at equilibrium for 100 pptv of ammonia and about 2
ppbv of nitric acid at +5 °C and about 20 pptv of nitric acid at
—10 °C.

The overall equilibrium between vapor and a saturated
condensed phase of ammonium nitrate can be expressed via
a dissociation constant for

NH,-NO; 2 NH;(v) + HONO,(v)

108 T T T T T — T T T

Molecules per particle

vl

Lol 1

10° 10’ 102
dp (nm)

Fig. 6 Molecules per particle of pure ammonium nitrate.
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B (v o
K, = pxupnno, = (aNH3 aHON02> (pNH3 pNHO3>

K — PNH,PNHO,
p — ch
R3

In(Kg}) = -n(K,) +In (p;H3> +1In (pDI\IH03)

Mozurkewich' gives an overall dissociation constant for
solid-vapor (in nb*> = 10 ® Pa®) of

In(K,/nb’) = 118.87 — w —6.0251In(T)

24 084
In(K,/Pa’) = 100.45 — —— — 6.025In(T)

An effective Arrhenius activation energy for the equilibrium
coefficient is 18 150 K; it is extremely temperature dependent.
It is important to emphasize again that this overall equilib-
rium is well constrained, and the individual condensed-phase
equilibrium coefficient and the vapor pressures only provide

T

o =N (G

cross section: a; speed:s excess conc.:c)d
Sip ip

useful insights. Fig. 7 shows that most of the temperature
dependence comes from the ammonium nitrate dissociation,
which spans 18 orders of magnitude over the atmospheric
temperature range (compared with 2 or 3 decades for the vapor
pressures). This is why the potential for relatively rapid growth
(rather than equilibrium ammonium nitrate formation in
larger particles) is confined to low temperature regions of the
atmosphere.

35
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Fig. 7 Equilibrium constant for ammonium nitrate formation in the
condensed phase.
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4 Microphysics

With the thermodynamics (vapor pressures and equilibrium
coefficients) known, we can now consider the microphysics of
collisions. We will use a microphysical formulation grounded in
the kinetic regime of molecular (and particle) collisions, rather
than the bulk fluid continuum regime of diffusion to and from
particles. This is because we are most interested in condensa-
tion to particles with 2 < d, < 100 nm, where the Knudsen
number Kn = 1 and microphysics are more kinetic than not.

The net condensation flux of a species with vapor concen-
tration ¢ and saturation concentration c¢; =p;/(ksT) to
a suspension of identical particles p with number concentration
N; and (physical) diameter d,, depends fundamentally on the
collision cross section, o;,, the collision speed, s;-?p7 and the
thermodynamic excess concentration,c;;.'* This can also be
expressed in terms of the (effective spherical) particle surface
area, A; and the (effective perpendicular) collision speed of
molecules with that surface, s;5, but with several modifying
factors that we define below.

v S ©
[ci - at"pKﬂPCf]
~—

excess conc.:c}‘;

area: A} .
€ P collision speed: y'ip

flux per unit surface area: ¢:;

Note that the diameter is the physical diameter, not the
mobility diameter (which is typically dpop = dj, + 0.3 nm).**
The flux of the condensing species per unit particle surface
area is
¢V‘S — YLCXS

ip

oLy s :
SipCip = SipCi [a[ ai‘pK,‘p]

S
=8, [1—

a

ip
— Kiﬁp]
a:

i

a
_ oL v. _ ip
= SipYipCis Yip = {1 T~ Ki-p]

i

This depends on the collision speed, the vapor concentra-
tion, and an uptake coefficient, v, ,, that in turn depends on the
activities in both phases as well as a Kelvin term, K;, for
curvature effects over very small particles. The flux is either
number per unit area or mass per unit area depending on the
concentration units.

The collision speed, s,ﬁ,, is the effective line-of-centers
velocity of each vapor toward the particle surface, accounting
for enhancements (i.e. van der Waals, vapor size, reduced mass)
and limitations (i.e. accommodation, gas-phase diffusion near
the particle). It is derived from the average molecular speed,
5 = +/8ksT/(mm;). van der Waals interactions between the
vapor and particle (charge-dipole, dipole-induced dipole, and
induced dipole-induced dipole) can be represented as an

Environ. Sci.. Atmos., 2025, 5, 67-81 | 71
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enhancement over hard-sphere collisions, E}, = E"(4;,), where
A;, is the Hamaker constant in joule.'>** The non-zero size of
the vapor is accounted for by ¢;, = (d;> + d,°)/d,,>, and the non-
infinite mass of small clusters gives a reduced-mass correction
of e;, = \/(m; +mp)/m,."* The mass accommodation coeffi-
cient, «;, is likely 1."* Gas-phase diffusion limitations emerging
for small Knudsen numbers are given by B; ,.'***

The excess concentration, sometimes also known as the

thermodynamic driving force, can be written as

Xs vs _° % S
Cip = F,=c¢ [ai - ai,pKllp} (4)

The Kelvin term K;, scales with a “Kelvin diameter” for
decadal change, dk;0. We use base-10 because it is a little easier
to think in decades; for particles with d, = dk,0, condensed-
phase activity is increased by a factor of 10.

2
log,( K, = (?) + O<%) + ...
P P

dKlO =0.434 dK, dK = (201777;1)
B4 Pi

This relates the bulk properties (o;, p,) to the molecular
properties of clusters via the correspondence principle
(potentially with higher-order terms). It is perhaps not widely
recognized how small dy;, actually is; it is the diameter where
the effective saturation concentration increases by 1 decade,
and for typical surface tensions and densities, dx1o = 4-5 nm.
still, for d, = 1 nm, K;, = 10*-10°, which is why, in classical
nucleation theory, very high supersaturations can be required
to surmount the critical cluster. This is crucial to the activa-
tion behavior observed in ammonium-nitrate condensation in
Fig. 1.

We can express the excess concentration as the product of
the vapor concentration and an uptake coefficient, v;, (the
fraction of collisions resulting in uptake), defined in eqn (3). We
can re-write this in terms of the saturation ratio (including
curvature), S; ,, and the excess saturation ratio, S, = S;,, — 1.

Si,p =

(6)

1 Si,—1 S5
Sip Sip

The uptake coefficient is simply the fractional excess satu-
ration ratio over a small, curved particle: the ratio of the “Kelvin
adjusted” suspended-phase activity, a;K;,, to the equilibrium
suspended-phase activity, which would be a;. For example, for
water vapor during cloud droplet activation, the fractional
excess saturation ratio is typically 0.002-0.01, so between 1%
and 0.2% of water vapor collisions are taken up (assuming
a mass accommodation coefficient, « = 1). If the system is at
equilibrium, v;, = 0, whereas for kinetic uptake on every
collision with the surface, v;, = 1. The uptake coefficient is thus
just the fractional excess saturation ratio (at the surface - we
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neglect any condensed phase diffusion limitations, which in
any event are irrelevant for this pure model system).

The growth rate, R¥,, is proportional to the flux per unit
surface area, ¢7},. Assuming a spherical particle (or a spherical
equivalent d,,), the growth rate due to condensation of a given
species is

. dd, . 3
R = Fra 2Vipi ([ei] = #volume™)
_ 2 V.8 s -3
= —¢,([ci] = mass volume™)

pf./z ’

The factor of 2 is because growth extends the diameter by
extending the radius symmetrically about the sphere. The
molecular volume in the particle is V; , = m; »/p; ,; we retain the
{i, p} “species within particle” designation to account for the
form of the species within the particle. Specifically in the case
we are considering here, one mole of either ammonia or nitric
acid condensation will result in one mole of ammonium nitrate,
and so the appropriate mass and density are those of ammo-
nium nitrate. More generally, we could write ¢V;, as the change
in particle volume arising from condensation of this species;
here we can also treat condensation of water vapor for deli-
quesced and/or aqueous particles.

We can solve eqn (7) for any given parameter, but for the
most part we will either want to know the growth rate for a given
vapor concentration ¢; or mixing ratio x} or conversely find
either of those in terms of a given growth rate:

Ry, = 2Vi.1)sfalp7i.pc}/ = ZI/i,pslﬁy,-J,x,Yci,[ (8)

We also may want to identify the maximum possible growth
rate, when vy, , = 1:

10 ™\T T 11T T T T T TTTT T T T T TTTT T

Kinetic

collision speed (m/s)

Ammonia b
— Nitric Acid
T 1 L 11111 l 1 L 11111 l L
10° 10’ 102
d_(nm
o(nm)

Fig. 8 Collision speed s,-f,; for NHz and HONO: vs. the particle diam-
eter with Ayono, = 6 x 1072 joule and Ay, = O joule. Dashed hori-
zontal lines are asymptotic values equal to one-quarter of the average
gas speed. This is the so-called “kinetic” limit of nominally constant
growth; for d, = 10 nm the NH3 speed exhibits a modest plateau near
the “kinetic” value. For very small particles, the size of the molecule,
(small) mass of the particle, and the interaction potential between
them all enhance the speed in the free-molecular or “collision” limit.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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max v _ 1 vy
Rip™ = 2Vipsipci = 2VipsipXicm )

The concentration of all (air) molecules is ¢y.

Fig. 8 shows the collision speeds for both NH; and HONO,,
including the “kinetic regime” asymptote sf’kin =5;/4. This
assumes Hamaker constants of Apono, = 6 X 1072 joule and
Anp, = 0 joule, because HONO, has a larger dipole moment
than NH;. Values are based on growth rate observations for
H,S0, — (NH,),-SO, (ref. 15) because the dipole moment of
HONO, vapor is similar to the dipole moment of H,SO, vapor
and the relative values appropriate for (NH,)-NO;z vs.
(NH,4),-SO, are not known. The exact values are not overly
important to this example, but the difference between a highly
polar but relatively heavy acid and a non-polar but light base is
interesting and illustrative. As Fig. 8 shows, NH; has a speed
advantage above 5 nm, but for very small particles the van der
Waals effect (as well as the molecular size and reduced mass
effects) give HONO, a speed advantage. Growth by ammonium
nitrate formation ultimately means a 1: 1 uptake frequency for
NH; and HONO,, and this collision speed transition means that
in some circumstances a system can go from being NH; limited
for the smallest particles to HONO, limited for larger particles.

5 Semivolatile condensation

Let us consider a flux balance for ammonium nitrate uptake.
For the sake of simplicity and generality of (mono)acid-base
condensation we shall refer to HONO, as A and NH; as B.

5.1 Setup
Because of the 1:1 stoichiometry enforced by the reactive
uptake, there will be a stoichiometric, molar, flux balance:
Pap = P
sé.[lc‘]/}’)/B.p = S/i.pCVAA/A.[)

1 v
SApCA

’YB_,/; = ’YA‘p

S8,Ch (10)
YBp = 'ABYAp

L v
SA,pcA

o =
AB 1 v
55.,Ch

Here we define a collision ratio of A and B with the surface,
rxg- This is the concentration ratio of the two species scaled by
the collision speed for each molecule seen in Fig. 8. Eqn (10) is
symmetrical, but it is easier to think of the case where rxg = 1 so
that A is in excess and B is the rate-limiting contributor to
condensational growth. In the limit of ryz > 1, there is a large
excess of A and we expect A to be equilibrated (aa ,Ka, — @3), S0
Yap — 0.

When the collision ratio ryp = 1, the system is at the “equi-
collision” point where with stoichiometric uptake we must have
va = vg. For large excess saturation, y = 1. In the real case we
are considering, NH; (B) is about twice as fast as HONO, (A), so
the equi-collision point occurs when cyono, = 2¢nm, (A: B = 2).
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Fig. 9 Maximum growth rates of 10 nm particles at 263 K for
ammonium nitrate formation. Growth rates are shown as contour
labels. The maximum depends sharply on the limiting vapor, with
ammonia limitation causing horizontal contours at relatively high nitric
acid and nitric acid limitation causing vertical contours at relatively
high ammonia. The spine is offset from 1: 1 based on the relative vapor
speeds and depends on particle size.

The maximal growth rates, for v = 1, form a chevron meeting
along this “equi-collision” line, as shown in Fig. 9 for d;, =
10 nm. This shows that a few 100 pptv of either NH; or HONO,
have the potential to drive particle growth at s > 100 nm h™,
provided that there is enough driving force (supersaturation) for
this to actually occur. As a point of reference, growth rates
between 1 and 10 nm h™' are typical of the continental
boundary layer when conditions permit accurate determination
of aerosol growth.'®"”

However, we also have the ammonium nitrate equilibrium to
consider. Here we assume rapid equilibration of the salt with
the undissociated molecules in the suspended particle phase
(slow particle phase kinetics is a completely different limit,
mostly controlled by volatility). This imposes a balance on the
activity product in the particles.

(11)

The overall saturation of vapors toward the particle phase
can be written as
vV oV vV v q v v rcd
) _ ayapKyy gy K
= = 2
KA‘])KB‘[) KAB,p

SaBp = ——
ABP T s ay K, K, (12)

This is the product of the vapor activities (saturation ratios)
and suspended particle phase activities (including curvature)
and it is the fundamental imposed thermodynamic driver for
growth. The two Kelvin terms multiply, which we represent as
the square based on the average of the two Kelvin diameters,
dxi0,a = 0.5 X (d1<10,A + dI(lO,B)-

The overall equilibrium between vapor concentrations and
the salt is what is best constrained by thermodynamic data and
calculations (without the Kelvin effect)." As Fig. 10 shows, for
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Fig. 10 Saturation ratio over a pure ammonium nitrate crystalline
surface at 263 K vs. nitric acid and ammonia mixing ratios. The solid
green diagonal shows S = 1. Regions to the lower left are undersatu-
rated and particles will evaporate; those to the upper right, with
saturation ratios indicated on the dashed contours, are super saturated
and particles will grow. The saturation threshold moves toward the
lower left as temperature falls and towards the upper right as it
increases.

sub-freezing conditions (263 K) the saturation isopleths over
a flat surface cut through typical ambient (urban) mixing ratios
of NH; and HONO,.

We have two constraints on the actual growth rate. One is the
maximum possible growth rate shown in Fig. 9, and the other is
the saturation ratio, Sap », shown in Fig. 10, both at 263 K. These
two combine to give the overall constraints to growth, as shown
in Fig. 11. We expect the actual growth rate to be at the
maximum value for S,p, >> 1, but obviously much lower for
Sasp = 1, where the natural quantity is the excess saturation,
Sapp — 1. Of course, for Sy, < 1 there is no growth, and the
dynamics turn to evaporation.
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Fig. 11 Phase space combining maximum growth rates and the
saturation ratio over an ammonium nitrate surface at 263 K. Only
systems in the saturated region to the upper right of the solid green
saturation contour (S = 1) will grow, and growth near S = 1 will be
(much) slower than the maximum possible values.
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The collision rates and thus the maximum growth rates are
only a weak function of temperature, whereas the saturation
ratios (at a fixed concentration or mixing ratio) are extremely
strong functions of temperature. The saturation limits will thus
sweep from the lower left of Fig. 11 toward the upper right as
temperature increases.

5.2 Activation diameter

Before anything grows, the growth must start. This is activation,
and it is characterized by an activation diameter, d,.. Unac-
tivated particles are made of something, and here we assume
that ammonium nitrate (acid and base) does not interact with
the unactivated particles beyond the Kelvin effect. The activa-
tion diameter simply depends on supersaturation and so strictly
scales with the square of the gas-phase concentrations (and
thus activities) of the acid and base.

Sany — az;g;KZqB _1

ABp
| S

Y A A gy ~<-t |
=K. Sap = dadpKyp
AB.p

(13)
S;B — 10(24K10.A3/t/m)

_ 2dx 10,48
logy, (S/O\B)

act

As stated above we treat the Kelvin diameter(s) as an
adjustable parameter given the very small number of mole-
cules in the activating clusters. However, we expect the values
to lie somewhere between those of water (diqo,u,0 = 1 nm)
and organics (dkio,org = 6 nm). If the growing particle is

a quasi aqueous solution with ¢ = 75 mN m™', we might

1C5 nmrTTTTTY 3 nm—r T 2 Nm=T T T T T TTTTH
N N N 3
N N N -
N N N 7
~ ~ ~ b
N N ~ s
10 nm AN N N
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Fig. 12 Activation diameters at 263 K for solid ammonium nitrate with
dk1o = 3 nm. Diameters are shown with contour labels, and dycc = * at
the saturation line S = 1. To the lower left of this saturation line
particles will not activate. Unlike the growth rates, the activation
diameters depend exponentially on the saturation ratios; for example,
the 5 nm activation diagonal from upper right to lower left corre-
sponds to S = 20, whereas the smallest diameter shown (2 nm)
corresponds to S = 1000.
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expect NH; to have dgionu, = 1 nm and HONO, to have
dx10,1oN0, = 3.7 nm, based solely on mass, with an average of
about 2.4 nm.

Fig. 12 shows the activation diameters at 263 K for dgqo =
3 nm over this broad atmospheric range of HONO, and NH;.
The solid green activation threshold is identical to the satura-
tion line (S = 1), with particles activating only in the supersat-
urated region to the upper right. The smallest activation
diameters sit far from the saturation line because of the expo-
nential dependence; this is in contrast to the regular spacing of
the saturation contours in Fig. 10 and 11.

5.3 Overall flux balance solution

Eqn (8) shows that to find the growth rate we need to determine
the uptake coefficient of the limiting species. We can combine
the constraining expressions to write

v
’YB,/) - rABYA,p

a3 a
Bp v Ap
|:1 — o KB.‘,,:| =TA |:1 — —av KA,17:|
B A

1 Ky
Lo | =y 1= ot
|: SB-P:| AB |: avAa;ipKA(}?:|

= 1— KA‘PKB‘PaE
AT dyagay, Kn K (14)
[ A
=, |1 — —=£_§,
T aapky }
_ Sy
B B
N | SAB,p:|
V rv 2
Spp — 1 =rapSey — S:}f (SBJ’)
P
And so
rV
0= <28 (Sp,)" + (1 —r}s) S, — 1
SAB,p
_ TAap— 1+ \/("XB -1y +4rp/Sas,
Bp ZlﬂXB/SAB‘p (15)

_ Sasy (rVAB— 1) N <r;\B— 1>2+ 4
2 "B AB FABSAB,

We take the positive root because we require a positive
solution. This gives us the uptake coefficient for the limiting
species (B here), from eqn (6). There are two natural variables
here: the collision ratio, 73z, and the saturation ratio, Sap.
These are more or less at 45° to the mixing ratio axes in the
figures, with the origin at the intersection of the equi-collision
diagonal (from the lower left to the upper right) and the satu-
ration (S = 1) diagonal.

There are two important limits. The first is symmetrical
condensation where the collision rates of NH; and HONO; are
identical r,g = 1. Here,
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Fig. 13 Uptake coefficient vs. the collision ratio for different (excess)
saturation ratios, S — 1, shown on the contours near the right-hand x
axis. The uptake coefficient for the limiting vapor is shown as a darker
curve, and for the excess vapor the curve is lighter. Acid (HONO,) is
shown in blue and is limiting (darker) for ryg < 1. Base (NH3) is shown in
orange and is limiting (darker) for rag = 1. For S = 10 the uptake tends
toward ¥y = 0.9 and for S = 1 it tends toward v = 0.5 at the limit of
a very high or very low collision ratio. A transition region lies within
roughly a factor of 10 of equal vapor collision rates.

11m SB‘p =/ SAB,p

"AB—1

The second case is the opposite, with a large asymmetry
(r—=0o0rr — )

rvhm SB‘p = SAB‘p
AB— @

As the collision ratio (asymmetry) increases the saturation
ratio of the limiting species also increases from /Sxg t0 Sag, -
The limiting species will carry the full burden of sustaining the
saturation ratio, as the excess species will be almost perfectly
saturated; at this limit, the uptake coefficient, v, will remain
constant. This is shown in Fig. 13, which also shows y drop
away toward zero dramatically as the collision ratio switches
from acid limited (g < 1) to base limited (rxg > 1), with the
limiting species emphasized by darker (more saturated) curves
over the range of excess saturation ratios, Sig. For large satu-
ration ratios, Sap < 10, the uptake coefficient of the limiting
species v = 1, with the exception of a small downward cusp at
r=1.

5.4 Growth rates

Returning to the growth rate in the “natural” coordinates of
Sap,p and ryg, with 75g > 1 and growth thus limited by conden-
sation of B, driven by a condensation rate of B toward the
particles, RXg ,,,

MaBp 1 Sk

R, =2—"Lsx civp =2
AB, BpBYBp> VBp
v PAB,p ’ S,

(16)
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This applies for either A or B at any rag, but for the limiting
vapor as we have just seen, vy — 1 (in many cases) whereas for
the excess vapor vy — 0 (in all cases). This is sufficient to
determine the growth rate given measured concentrations of A
and B (along with the thermodynamics). However, we would
also like to contour growth rates for a given saturation ratio,
Sas,p, and for this we need cj as a function of Syp, and rxg.

With the ideal gas vapor concentrations from eqn (1), the
gas-particle equilibrium from eqn (12), and the collision ratio
from eqn (10) we can derive the vapor concentration of the
limiting reagent in terms of the natural coordinates.

This gives

& = Kin pDA
AT ayKS RT

AB.p

K/QXB ABp pApB

4K (RT)

2SAB,p

. (17)
& = & K’Z\BP PAPB Sas,
’ SBp R Kis (RT FxB

o= ABp PAPB YAp SABp
B eq
KAB SBp

Fig. 14 shows the growth rates (in nm h™") at 263 K versus
these natural coordinates for a range of excess saturation ratios.
Combining with Fig. 13 we find, somewhat paradoxically, that,
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Fig. 14 Growth rate at 10 nm vs. the collision ratio for different excess
saturation ratios (on contour labels) at 263 K (with no Kelvin term, i.e.
dkio = 1). At modest Siz < 10, the depression in vy for rig = 1 rounds
the growth rate curve in the center, whereas for greater saturation it
remains sharp.
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for any given saturation ratio, the limiting uptake coefficient, v,
reaches a (cusped) minimum at the equi-collision point, 7,z =1,
but the growth rate reaches a maximum at this same value. This
is because both species are contributing to growth for r,5 = 1.
These natural coordinates of collision ratio and saturation ratio
are roughly 45° from the concentration axes in Fig. 9-11.
Because of this, for a constant total saturation ratio, the activity
and thus concentration of the limiting gas-phase species will
decrease as the collision ratio increases, and so the growth rate
(as opposed to the uptake coefficient) will decrease, and for r,g
= 1 the growth rate has a maximum even though the uptake
coefficients have a minimum. Simply following the saturation
ratio contours in Fig. 11 shows this clearly; the r\p = 1 equi-
collision spine is the diagonal running from lower left to
upper right, and following a saturation ratio contour away from
this spine shows steadily declining maximum growth rates. At
very low excess saturation, the growth-rate curve in Fig. 14 is
quite smooth, whereas at high excess saturation the curve takes
on the sharp-peaked nature given by the sudden transition as
the excess vapor changes identity at rxg = 1 as shown in Fig. 11
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Fig. 15 Growth rate at 10 nm at 278 K (top, with dashed purple
saturation ratio diagonal lines) and 263 K (bottom, with dashed green
saturation ratio diagonal lines). These are the two temperatures shown
for CLOUD data in Fig. 1. As with the "natural” growth coordinates, near
the 1:1 equi-collision spine the growth rate is rounded compared to
the sharp limiting values, with contours converging toward no growth
at the S = 1 saturation diagonal line.
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and the growth rate is always very near its maximum value. The
smooth curve for S < 3 leads to the quadratic growth-rate
dependence as shown in Fig. 1.

Fig. 15 combines these elements to show the growth rates of
10 nm particles in the ammonium nitrate phase space at 278 K
and at 263 K. The black contours are at regular intervals of the
growth rate (in nm h™") and, as expected, they bunch up near
the Syg = 1 saturation line. Above (to the upper right) that
saturation line, with saturation ratios shown as dashed diago-
nals, the growth-rate contours ultimately approach the limiting
maximum growth rates (in gray). For large S,g, the contours
even retain a sharp transition along the equi-collision spine,
consistent with the near cusp in Fig. 14.

5.5 Temperature dependence

Almost all the temperature dependence in the system is caused
by ammonium nitrate decomposition. Progressive cooling from
278 K to 223 K is shown in Fig. 15 (for warmer conditions) and
Fig. 16 (for colder conditions). The colder axes in Fig. 16 are
shifted by a factor of 100 toward low mixing ratios. The colored
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Fig. 16 Growth rate of 10 nm particles at 243 K (top) and 223 K
(bottom). Note the axes shift by a factor of 100 compared to the
warmer Fig. 15. At 223 K (i.e. in the upper troposphere), the only sign of
reversible (semi-volatile) condensation by the limiting reagent is
curvature near the equi-collision spine with both vapors below a 1 pptv
mixing ratio and almost imperceptible growth of 0.1 nm h™%,
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contours in each figure are the growth rate, and the color of the
saturation ratio diagonals indicates the temperature (as in
Fig. 1, purple is 278 K and green is 263 K). Starting at 223 K and
warming, the progressive volatilization of the HN,-NO; drives
the saturation (S = 1) line, which sweeps from the lower left up
along the equi-collision spine like a plow, gathering “isotachs”
of constant growth rate as it moves toward the upper right.
Fig. 16 reflects free-tropospheric conditions whereas Fig. 15
reflects lower tropospheric and wintertime boundary layer
conditions, where the actual mixing ratios of NH; and HONO,
can be much higher. At 223 K the system is almost non-volatile,
except that the constituents are still very volatile and so any
excess will remain in the gas phase; however, growth by the
limiting constituent is essentially kinetic. Conversely, by 278 K,
any disequilibrium implies very rapid growth (or evaporation) -
the saturation line is a stable attractor, and so in practice this
means the system will equilibrate very rapidly. This is why air-
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Fig. 17 Uptake speed (y,,ps,-jj, black curves) vs. the diameter for flat-
surface saturation ratios S° = {3, 10, 30, 100} and dxi0 =2 nm. The $° =
o limit is shown as a dashed curve. (Top) Base-limited (NHs) limited
uptake assuming no van der Waals enhancement (A = O joule).
(Bottom) Acid-limited (HONO,) uptake with significant van der Waals
enhancement (A = 6 x 10729 joule). The collision speed (and thus
growth rates) increases rapidly after activation, reaches a maximum
and then declines again. The maximum is especially sharp when the
van der Waals enhancement is large (i.e. for acid limited conditions in
the lower panel).
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quality models often assume that ammonium nitrate is in
equilibrium.?

5.6 Size dependent growth rates

We have been presenting growth rates as a semi-constant value
(specified at a reference diameter, d, = 10 nm but only
considering the saturation ratio over a flat surface, S,p).
However, we can define an uptake speed as the product of the
collision speed and the uptake coefficient, s{5 = si,y;,. The
uptake speed (and thus the growth rate) is anything but
a constant, as shown in Fig. 8. Some of those collisions do not
result in uptake, even for the limiting vapor; as shown above
this is especially pronounced for low saturation ratios. Once we
know the uptake coefficient of the limiting species, jim, we can
consider the effective collision speed of that species as a func-
tion of size, which will be affected by the Kelvin term and thus
incorporates the activation diameter (where the speed drops to
zero). This is s = ys*, which we show in Fig. 17 for a collision
asymmetry rxg = 10 (so limited by ammonia) on top and rxg =
0.1 (so limited by nitric acid) on bottom. For the purposes of
illustration we assume negligible van der Waals enhancement
for NH; and a large enhancement for HONO,. For S° = 10,
activation is quite rapid and the speed reaches its maximum
value quite quickly, but for less saturated cases the size
dependence has a broad maximum. This is especially dramatic
for HONO,-limited uptake, where the van der Waals term drops
off sharply with a size difference between the colliding species
(vapor and particle) and so the dipole - induced-dipole
enhancement as mostly manifest below 10 nm. For cases near
1:1, the system will even switch between being acid limited for
small size to being base limited for larger particles as the rela-
tive collision speeds of the two vapors change with particle size
(as in Fig. 8).

6 CLOUD results

We can now compare our theoretical values for the activation
diameter and growth rate to those observed at CLOUD. The
CLOUD observations are shown in Fig. 1. We compare these to
the theory in Fig. 18 and 19. Here we use a reference diameter d,
= 30 nm, more or less in the middle of the observed growth
range for activated particles; however, especially for high growth
rates, the absolute values are quite uncertain. The experiments
were carried out with nucleation by ammonia and sulfuric acid.
In some cases oxidized (aromatic) organic vapors may have
contributed some growth but the experiments in this dataset
had very low organic growth compared to the activated ammo-
nium nitrate growth.® However, the composition and interac-
tions below or near the activation diameter are not known
precisely. For this reason, we treat the Kelvin diameter as an
unknown parameter.

Fig. 18 shows that the activation at 278 K is consistent with
theory for a small dx,o = 1 nm. This is similar to water and
somewhat smaller than the expected 2.5 nm or so; the experi-
ment did include oxidized aromatic organic compounds as well,
and it is possible that some co-condensing HOMs were surface
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Fig. 18 Activation diameter (top) and activated growth rate at dp =
30 nm (bottom) for 278 K comparing theory and CLOUD observations,
with dkio = 1 nm. Observed values are indicated with a number within
each symbol. One case, with the open circle, did not activate and sits
below (to the lower left) of the saturation line. The activation diameters
show the expected exponential dependence with an increasing
saturation ratio, and the growth rates increase sharply away from the
saturation line as well.

active and able to drop the surface tension from a water-like 75
mN m™ ' to a more organic-like 30 mN m™ ", which would
quantitatively explain the observations. The predicted and
observed growth rates in Fig. 18 are consistent, including the
experiment in undersaturated conditions. These data are all
near the equi-collision spine and most of the variation in both
the activation diameter and growth rate appears to be due to
variation in NH;.

Fig. 19 shows that the activation at 263 K is reasonably
consistent with theory for di;o = 2.5 nm. This suggests a more
aqueous-like activating particle, perhaps with less surfactant.
However, these activating particles contain between 10 and 100
NH,-NOj3, and so bulk behavior is far from assured. The growth
rates are now well into the HONO,-limited regime, and while
they qualitatively agree well with theory, observed growth above
100 nm h™" is significantly faster than predicted (by about
a factor of 5). Overall the agreement is good, though the fastest
growth rates are not perfectly reproduced, and the Kelvin
diameter remains a free (ish) parameter.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Activation diameter (top) and activated growth rate at d, =
30 nm (bottom) for 263 K comparing theory and CLOUD observations,
with dkio = 2.5 nm. Observed values are indicated with a number
within each symbol. Wintertime megacity conditions with 2-20 pptv
HONO, and 2 ppb NHs will sustain growth at 3-30 nm h~* well below
10 nm.

7 Atmospheric significance

Any unified aerosol system (such as the atmosphere) will move
toward the equilibrium S, = 1 line without a cause sustaining
any supersaturation. If it is supersaturated, condensation will
deplete the excess vapor (after driving particle growth), and if it
is undersaturated, evaporation will be a source of vapors. The
timescale for reaching a steady state will be the collision
frequency of vapors with the particles (the condensation sink).*®
If there is a source of vapors (i.e. photochemical production of
HONO, or uniform emission of NHj;), the system will relax
toward a steady state with that production balancing the
condensational loss. However, transient events may also be
important, because rapid growth for only a few minutes can
carry nucleated particles through the “valley of death” between
2 and 10 nm where coagulation loss is high and survival prob-
ability is low. These transients can be driven by chemical
production, transport, or steady temperature change.

A box model based on the microphysics presented here and
simulating the CLOUD conditions for these experiments
reproduces the observed behavior in CLOUD. Simulations show

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the survival probability of nucleated particles is greatly
increased with the rapid growth driven by ammonium nitrate
condensation.” Further simulations show that transient
increases in the saturation ratio simulating turbulent vertical
transport in the boundary layer can drive brief pulses of growth
from the smallest sizes, thus enhancing the average survival
probability.® In the real world, ambient observations of size
distributions evolving over hours at a fixed surface site within
spatially inhomogeneous conditions may well render these
pulses difficult to discern. However, the nearly irreversible
condensational growth described here will occur whenever it is
cold enough for substantial saturation ratios to be sustained,
either via temperature changes (specifically uplift) or chemical
production (of nitric acid vapor). We thus expect it to be
important for particle growth well below 10 nm in both the
wintertime boundary layer® (even for modest 3-10 nm h™'
growth rates limited by HONO, production) and throughout the
upper troposphere.*'® To address this, chemical transport
models will need to either treat the condensation dynamics
directly or implement a hybrid solution to condense ammo-
nium nitrate in proportion to the aerosol volume under equi-
librium conditions and in proportion to the aerosol surface area
under dynamic steady state conditions.*

8 Conclusions

The theory of semi-volatile reactive uptake is straightforward for
a simple system with well constrained thermodynamics, such as
ammonium nitrate. Considering the dual constraints of
dynamics (condensation speeds) and thermodynamics (satura-
tion ratios), and especially how saturation ratios change with
temperature, we are able to develop a framework for visualizing
the transition from semi-volatile equilibration to irreversible
uptake that predicts both activation diameters and growth
rates. This framework reproduces observations from the CERN
CLOUD experiment.
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