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Abstract

A model is developed to describe trace gas uptake and reaction with applications to aerosols and
microdroplets. Gas uptake by the liquid is formulated as a coupled equilibria that links gas, surface
and bulk regions of the droplet or solution. Previously, this framework was used in explicit
stochastic reaction-diffusion simulations to predict the reactive uptake kinetics of ozone with
droplets containing aqueous aconitic acid, maleic acid
3 and sodium nitrite. Using prior data and simulation
Xﬁds) results, a new equation for the uptake coefficient is

derived, which accounts for both surface and bulk

Xpulk)

reactions. Lambert W functions are used to obtain

closed form solutions to the integrated rate laws for the

multiphase kinetics; similar to previous expressions
that describe Michaelis—-Menten enzyme Kkinetics.
Together these equations couple interface and bulk processes over a wide range of conditions and
don’t require many of the limiting assumptions needed to apply resistor model formulations to

explain trace gas uptake and reaction.
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1. Introduction

Multiphase and heterogeneous processes play significant roles within the complex network
of gas phase reactions that control the composition of our atmosphere.' Reactions in and on cloud
droplets and aerosols shuttle molecules between phases, acting both as reactive sources and sinks
for atmospheric trace gases. Unlike purely gas phase reactions, multiphase reaction rates are often
difficult to predict, in large part because of the substantial uncertainty in understanding how key
non-reactive elementary steps govern the transfer and reaction of a gas molecule across an interface
into the droplet or aerosol interior. These non-reactive steps, which include trace gas
adsorption/desorption, solvation/de-solvation and diffusion introduce complex coupling and

feedbacks that are absent for reactions occurring in a single phase.

The reactive uptake coefficient (y) or reaction probability is the fraction of gas-surface
collisions that yield a reaction. y is perhaps the closest analog to a bimolecular rate constant in a
homogeneous phase. However, despite the relative ease with which modern aerosol techniques are
used to determine reaction probabilities, there remains a substantial challenge in connecting y with
a bimolecular reaction rate coefficient of a single elementary step.’ This challenge arises because
vy is an aggregate of many kinetic steps, leading to cases where the observed uptake coefficient and
decay kinetics depend in complex ways on the gas, interface and condensed phase environment of
the aerosol or droplet.® This complexity requires the development and application of models to
interpret y, with the goal of linking the physical properties of the aerosol or droplet with its

multiphase reactivity.

There is a large number of published models and frameworks (see review by Kolb et al.,”
and references therein) to describe gas uptake and reaction by aerosols and droplets. These models

share the same basic elements required for connecting gas phase diffusion, interface



adsorption/desorption with solvation and diffusion in the bulk liquid.® However, many of these
models differ in their starting assumptions and the subsequent approximations needed to achieve
tractable solutions. Danckwerts’ 1 derived equations for the coupling of diffusion and solubility,
which serves as a basis for many subsequent approaches. Schwartz,'! and later Shi and Seinfeld,'?
identified characteristic timescales for limiting cases where aqueous phase uptake by droplets is
limited by either kinetics or mass transport. Hansen et al.'® used a similar approach to describe
stratospheric heterogeneous chemistry. Kinetic resistance models have been developed and refined
by many authors.? '*2¢ These formalisms approximate uptake as set of decoupled and normalized
fluxes expressed as resistances, which can be added in series or in parallel in analogy to electrical
circuits. Resistor models provide simple expressions for estimating uptake coefficients and in some
cases the associated decay kinetics of the trace gas or solute. Analysis of experimental data by
resistor models often requires assuming where the reaction occurs (surface vs. bulk), which as we
will show in this work, is often not straightforward. Despite their widespread use, resistor model
limiting cases may not accurately account for realistic multiphase reactions measured in the

laboratory or that occur in the atmosphere.

To go beyond resistor-type models with simplified closed form expressions for limiting
cases, a number of frameworks'®>2’3% have been implemented in kinetic simulations to account for
more complex multiphase chemistry. Smith et al.?*> examined the uptake and reaction of O3 with
oleic acid, comparing the resistor model with results obtained by numerically solving the coupled

partial differential equations for diffusion and reaction. Kinetic multilayer models®'-*3

employ a
flux-based representation, numerically solving the coupled differential equations for mass

transport and chemical reactions. Many multilayer models require a comprehensive set of variables

for each molecule and so are often employed in inverse modeling studies™** of large data sets,



where they can resolve the fine details of surface and bulk processes as well as the formation of
chemical gradients. Kinetic descriptions of multiphase chemistry, implemented in stochastic
reaction-diffusion simulations by Houle,*® Wilson*! and coworkers,® 2% 447 have been used to
describe multiphase transformations using a set of elementary kinetic and diffusion steps, with the
goal of obtaining physically realistic, albeit simple descriptions, of reactive uptake. Despite the
success of simulations in describing complex multiphase phenomena, there is a need for simple
closed form expressions that go beyond limiting cases to accurately account for the coupling of

surface and bulk processes needed to accurately predict trace gas uptake and reaction.

Here we derive a new set of equations for predicting reactive uptake and multiphase
kinetics. The framework on which these derivations are based was recently implemented*® in a
stochastic reaction-diffusion simulation to explain the multiphase reaction rate of O3 with aqueous
droplets containing aconitic acid,”® maleic acid* and nitrite.”® The framework expresses the
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Henry’s law constant as a product of two equilibria and explicitly includes diffusion and

the coupling of surface and bulk processes, which are neglected in resistor-type models.

This paper is organized as follows. In Section II, we summarize the model framework and
its assumptions, with a brief summary of how it was implemented in previous reaction-diffusion
simulations.*® In Section III prior simulation and experimental results are analyzed to derive an
expression for y and the associated closed-form kinetic equations, which include both surface and
bulk reactions. In Section IV, we further test our model by comparing its predictions to previously
published experimental results. Finally, in Section V, these predictions are extended to the dilute

conditions relevant for the atmosphere.



II. Model Framework

The central elements of the model are shown in Fig. 1. A Henry’s Law constant links the
concentration of X in the gas phase with its liquid phase concentration (i.e. [X()]) as illustrated in

Fig. 1. Unlike other approaches that begin by connecting gas and liquid phase diffusional fluxes,
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Figure 1: Model framework to describe the multiphase reaction of trace gas X (blue) with solute Y (red).
The overall gas-to-bulk (gb) Henry’s law constant is the product of two equilibria connecting gas (g),
adsorbed (ads) and bulk (b) phase species. Each equilibrium is shown with its forward and backward
elementary steps and rate constants. The green boxes show how the presence of a chemical reaction
couples the equilibria of X and Y. 9 is the thickness of the interface.

the overall Henry’s law constant (H fcb) for trace gas, X(g), is formulated as a product of two coupled

equilibria; similar to previous expressions reported by Hansen,'” Remorov and George.?! For

simplicity we use the dimensionless form of the Henry’s Law constant, Hib. Thermodynamically,
the Henry’s law constant depends upon the difference in solvation free energy (AGsor) between a

molecule X in the gas phase (g) and in the bulk (b) liquid.

b —AGg,
HE = exp (—72) Eq. (1)
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AGsol(gb) 1s negative for highly soluble gases and positive for those of low solubility. In reality,

ngcb is a product of two equilibria that describe the partitioning of X from the gas to the surface

(gs) and the surface to the bulk (sb) as shown in Fig. 1,
HE = HE - HE Eq. (2)

The magnitudes of HY and H5? depend upon the difference in solvation energy for X in its gaseous

state relative to its surface-adsorbed (ads) or bulk solvated states,

_AGSO S

HY® = exp (%) Eq. 3)
_AGSO S

HE? = exp (—un) Eq. (4)

Although, chb is a readily measurable quantity, the solvation energies required to compute Ho>
and HS? independently are not. Instead, AGsoi(gsy and AGgyspy can be obtained in molecular

dynamics (MD) simulations from the potential of mean force for transferring a molecule across an
interface into the liquid.*>>* Although, AG;gp) can either be negative or positive, simulations
of the water surface for a range of different gases nearly always predict that AGg,; (g5 18 negative.’>
56 This implies that aqueous interfaces are likely always enriched in X relative to the gas phase
even for species such as N2 and 02.2 Modeling studies that pre-date the wide-spread use of MD
simulation typically assume [X] = [X@dsy].> ' For O3 the case is quite dramatic, with

52-54,57

simulations indicating the O3 is ~10 times enriched at the interface relative to the gas phase

and ~300 times enriched at the surface relative to the bulk liquid.

As shown in Fig. 1, HZ? and HZ? can be expressed kinetically using the rate constants for

forward and backward elementary steps,*®



gs _ [Xaas)l _ (Kads(x)'0) Too(x)

= Eq. (5
ce [X(g)] kdes(X)'6 1 ( )

Hsb — [Xw)] _ Ksolv(x)6
“ [Xas)]  Kdesolwx)Too

Eq. (6)
where [ (xy i1s the maximum surface concentration (molec. cm?) of X and 9§ is the interface

thickness. We assume an interfacial width of 1 nm, which is used to compute volumetric surface
. Too ) . . o
concentrations (7, molec. cm™). Table S1 summarizes the thermodynamic and kinetic

relationships described by Egs. (1-6).

As shown in Fig. 1 and Eq. (5), HS' is controlled by adsorption of X(g) to the surface (Kads,
step [1]) and its desorption from the interface back into the vapor (kdes, step [2]). As described in
Willis and Wilson,* the elementary adsorption step [1] includes a sticking coefficient (), which
is shown explicitly in Eq. (5). This quantity is more uncertain than other terms in the adsorption
rate, such as the collision frequency and mean velocity of X().*® ¢ is different from the mass

accommodation coefficient (o) employed in other studies, which is a ratio of rate constants from

two independent elementary kinetic steps (e.g. % , steps [2] and [3]).!¢
des

HE? depends upon the solvation kinetics (Ksolv, step [3]) of X(ads) into the bulk liquid and a
desolvation step (Kdesolv, step [4]), which brings X(v) to the interface. The kinetic steps of solvation
and desolvation account for the enthalpic and entropic factors, beyond diffusion to/from the
interface that occur when a solute (i.e., X or Y) transitions from the fully solvated liquid

environment to the partially solvated, asymmetric environment of the interface. The critical cluster

158 56, 59-63

nucleation model”® predicts a substantial barrier for solvation. In contrast, MD simulations
indicate a negligible solvation barrier in most cases, suggesting that entropic factors maybe

important. To our knowledge, there remains substantial uncertainty as to the correct molecular



picture of trace gas uptake (MD,¢ 6% 62 63 critical cluster nucleation,®® capillary wave®).
Nevertheless, once solvated Xw), is free to diffuse (step [7], Fig. 1) throughout the liquid. For
simplicity, surface diffusion is neglected. Elementary steps [1]-[4] are described and implemented

in kinetic simulations?® 4% 60

using a Langmuir framework, in which X adsorbs and X
desolvates to specific sites at the interface, similar to the approach adopted by Remorov and

Bardwell.®’

Y is either a species dissolved in the liquid or the solvent itself (in the case of a purely
organic aerosol that reacts with X). The partitioning of Y between the bulk and interface is
governed by an equilibrium constant (Kqu). Here we assume that Y is non-volatile and does not
evaporate from solution. For cases where Y is volatile an additional equilibrium is needed and
formulated in an analogous way as is described above for X. From Langmuir’s equation®® [Y (ads)]

is,

Foo(y) | K& [Y )]

[Y(ads)] = 5 1t Ké’q'[y(b)] Eq. (7)
where,
KY = Kdesowny Eq. (8)
€q ksolv(Y) ’

| S (v) 1s the maximum surface concentration of Y (in molec. cm?) and expressed as a volumetric

concentration using 9. Kqu is governed by two opposing elementary steps and is the ratio of rate

constants for desolvation (step [6]) and solvation (step [5]) as is shown in Eq. (8). and

schematically in Fig. 1.



The X + Y reaction occurs both within the bulk liquid and at its interface. At the surface,

the reaction is assumed to proceed via a Langmuir-Hinshelwood mechanism (i.e. Xads) + Y (ads)).
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Figure 2 Normalized solute concentration vs. reaction time for: (A) aconitic acid, (B) maleic
acid and (C) nitrite. The aconitic experimental conditions, from Willis and Wilson, are: r =
9.23 pm, [AA]o= 3.2 M, RH = 89.7% and [Os¢)] =58.4 ppm. Maleic acid experimental
conditions (Dennis-Smither et al.) are: r = 4.59 pm, [MA]o= 7.4 M, RH = 63% and [O3)] =
38 ppm. The nitrite experimental conditions, from Hunt et al., are: r=5.75 um, [NO>Jo= 0.2
M, RH = 86% and [O3()] = 12 ppm. Simulations are from Willis and Wilson. Bulk, surface
and total (surface + bulk) kinetics are predicted using Eqs. (27) and (42).



As illustrated in Fig. 1 with green boxes, the reaction between X and Y dynamically couple three
equilibria (HZ’, HS?, Keyq) as reactants are consumed and these three equilibria are forced to
respond accordingly. This coupling, in addition to diffusion, produce complex feedbacks since the
kinetic steps that comprise in these equilibria have characteristic response times to the perturbation

of a chemical reaction.

The framework shown in Fig. 1, and described above, was previously implemented*® in
explicit stochastic reaction-diffusion simulations of the ozonolysis (X = O3()) of aqueous
droplets. The simulation used two compartments to represent the two kinetically distinct regions
of the droplet (i.e., gas/surface and surface/bulk shown in Fig. 1). Our framework is intended to be
simple, so it does not resolve the formation of chemical gradients that might emerge, but instead
considers [X] and [Y] as averaged quantities. Using literature validated O3 solvation energies, rate
coefficients, Langmuir and diffusion constants, our simulations*® were able to predict the
multiphase reaction kinetics of ozone with aqueous droplets containing ¢rans-aconitic acid (AA),
maleic acid*® (MA) and nitrite®® (NO2") solutes. A comparison of the simulation results with
experimental observations are replicated in Fig. 2. Key rate coefficients for O3 that were used in
the simulations are shown in Table S2. A full description of the simulation methods, reaction
schemes, rate and diffusion coefficients and the comparison of the simulation results to the
complete experimental data sets for AA (5 multi-droplet experiments), MA (6 single droplets), and

NO> (9 single droplets) can be found in Willis and Wilson.*3

Here we build on our previous work to derive new expressions for the reactive uptake
coefficient as well as closed form expressions for predicting the kinetics of trace gas uptake and
reaction. These equations appear to be widely applicable to reactions occurring at aqueous

surfaces, droplets and aerosols. We test these equations by comparing to an expanded data set,
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which includes previously published ozonolysis studies of aqueous droplets containing ascorbic
acid® and fumarate.”

III. Derivation

For the ozonolysis of AA and MA, event analysis revealed*® that the reaction occurs mainly
within the bulk liquid of the aerosol, in contrast with nitrite where the reaction is dominated by
events at the surface. In Section IIIA, we first consider the case where ozonolysis only occurs in
the bulk liquid, followed by Section IIIB where derivations are expanded to incorporate surface

reactions.
IITIA. Bulk Reaction:

Derivation for Bulk Reactions: Neglecting surface reactions, the decay of Y (a solute in the droplet)

is related to the reactive uptake coefficient (y) by,

% = 3[X(f-)r]lc_ly =~k ran " [X] - [Yoo Eq. (9)

where ¢ is the mean speed of X(g), r is the droplet radius and &» v is the bimolecular rate coefficient
for the X + Y reaction. To compute y and to solve Eq. (9) for the time dependence of Y, requires
deeper insight into the factors that control [X®)]. The following derivation and accompanying
discussion is made more concrete by using an example reaction taken from our prior work*® on the

ozonolysis of trans-aconitic acid, where X = O3z and Y = AA.

11



A characteristic feature of the O3 + AA reaction,*® is the depletion of bulk ozone inside the

droplet relative to its Henry’s Law steady state concentration in the absence of a reaction (i.e.,

chb *[O3¢] ). This is shown in Fig. 3 where the average simulated [O3)] at early reaction times
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Figure 3: Simulated [O3)] vs. [AA]o at early reaction times (< 6 ms). Predictions from Eq.
(19). Simulations and predictions are for a droplet ro = 9.1 um. The dashed line shows the
expected Henry’s Law concentration of ozone in the droplet given a [Osgas] = 100 ppb. Details
of the simulations can be found in Willis and Wilson.

is plotted vs. initial AA concentration ([AA]o) in the droplet. When [AA]o is dilute (< 10 M),
[O3m)] resides at or near its Henry’s law value. At larger [AA]o, [O3@)] increasingly deviates from
its Henry’s Law value and becomes ~100X depleted at [AA]Jo=3 M. A quantitative description
of Oz depletion is essential for using Eq. (9) to reliably predict the decay kinetics of AA as well as

to compute y for this system.
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The [AA]o where [O3®)] becomes substantially depleted is ~3 x 102 M (30 mM) and
corresponds to a pseudo first order loss rate (i.e., kb mn’[AAJo) of AA to O3 of 253 s7'. kp s for
AA can be found in Table S3 with accompanying references. When [AA]o is > 30 mM the reaction
consumes O3 more rapidly than it can be replenished from the gas phase. In other words,
Kb rxn'[AAJo > Keransport , Where Keanspore reflects the combined timescales for diffusive and kinetic

transfer of O3 into the droplet, as will be shown below.

The characteristic timescale for liquid phase diffusion is computed using the Einstein-

Smoluchowski equation,’! 72

2

L
Taif fusion = 53 where L = g Eq. (10)

where L is distance and D the diffusion constant for O3 in water (see Table S3). In prior

simulations,® L = g (i.e., the height of the simulated prism geometry) yielded an average timescale

for Os diffusion into a 9.1 radius droplet of 2.6 ms. This corresponds to a rate coefficient for
diffusion of 382 s™! (i.e., kdifusion = Tdiffusion'); @ value on the order of the reactive loss rate of O3 at
[AA]o ~3 x 102 M (253 s). This shows that the depletion observed in Fig. 3 occurs when the

chemical loss of O3 occurs more rapidly than it can be replenished by transport from the gas phase.

In addition to diffusion, the transport rate of O3 is, in some cases, also controlled by the
kinetics of ozone solvation, desolvation, adsorption and desorption at the interface (steps [1]-[4]
in Fig 1). We conducted a series of simulations to better understand how kuanspor: scales with droplet
size, as shown in Fig. 4. To obtain these O3 transport timescales, simulations are run without
reaction, using the same parameters for O3 reported in Willis and Wilson* and shown in Table S2.
Simulations are initialized with ozone only in the gas phase. The simulation output, which consists

of the kinetic rise of [O3w)] vs. time, is then fit to a 1 — e ¥ function to obtain kwansporr. For all

13



sizes the time dependence of [Osw)] is well-represented by an exponential function as illustrated

in Fig. S1. For large droplet sizes (r > 1 micron) in Fig. 4, kvansport = kaiffusion Where,

- 2D
kdiffusion = le%‘fusion = Iz Eq. (1 1)
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Figure 4: kiyunspors vs. particle radius. Points are obtained from exponential fits to simulation
results shown in Fig. S1. Error bars represent fitting errors of the simulation results. Lines
show limiting cases where kuanspor: 18 governed by diffusion and the kinetic steps of O3
desorption and solvation. Also shown is a line computed using Eq. (17).

As the droplet size decreases, kianspors increasingly deviates from Kdigision (1.€., ktransport < kdiffusion).
This can be explained by the increasing importance of the additional kinetic timescales that

compete with purely diffusive transport. These timescales, at the length scales considered here, do

14



not depend upon particle size, unlike kaigusion. Within a Langmuir framework the characteristic

kinetic timescale”® for surface-to-bulk (sb, ksurfuce-buik) transfer of O3(ads) is,

b
Tsurface—bulk = ksurface—bulk = Kgesow * H&gc ' [03(gas)] + Ksorw Eq. (12)

while the characteristic kinetic timescale for ozone to be transferred from the gas to the surface

(g8, keas-surface) 18,
Tg;c}s—surface = kgas—surface =kgags 0" [03(gas)] + Kges Eq. (13)

Using values for kads, kdes, kson and kdesory from Ref. *® and shown in Table S2, kg, Face—bulk= 4.6

x 10° s and kygs—surface= 54 X 10° 8™, kiranspore only weakly depends on [O3(g)] since ks and kdes

are both much larger than the kjqg01p - HC%b . [03(g)] and k4 -0 - [03(9)] terms in Eqgs. (12) and

(13), respectively.

It the surfactant literature’ it is common to identify a critical radius or length-scale to
determine the mode of mass transfer of solutes to a liquid interface (i.e., kinetic vs. diffusive). Here

we borrow this concept and identify a pair of critical radii, 5, and 7. The critical radii, shown

in Fig. 4, denote locations where the diffusion rate of O3 intersects with the kinetic timescales for

gas-surface and surface-bulk transfer. At 1, kdifusion = ksurface-buik, Whereas at 155 Kaiusion = Keas-
surface. For 03, 1, is 263 nm and 77 is 76.3 nm. For r >> 7,07 7 transport of O3 into the droplet
is controlled by diffusion. As r approaches rg,o0r 17 transport is more complex, exhibiting both

kinetic and diffusive contributions. Although mass transport has been studied extensively using
the concept of a single critical radius for the bulk-to-surface transport of surfactants in droplets

and bubbles,”* to our knowledge a solution to the dual critical radius problem has not been reported.

15



Without such a solution, we use approximate expressions to account for the size dependent
behavior of kuanspor: Observed in the simulations (Fig. 4). This corresponds to a pair of equations to

describe transport that includes both diffusive and kinetic contributions,

. -
L - R, OB Eq. (14)

ktrans_SB kdiffusion ksurface—bulk

. L
L Sl Eq. (15)

ktrans_GS kdiffusion kgas—surface

where,

R=—/ Eq. (16)

T+T,+Tgs
R is a weighting function. When r is large compared to the critical radii, R — 1 and 1-R— 0, so

that kaifiusion dominates keransporr. At =15, Or 15,

s> the kinetic and diffusive contributions to Keransport

are equal. As shown in Fig. 4, an average of kirans ss and kirans Gs,

__ Kktrans sBtktrans s
ktransport - 2 Eq~ (17)

replicates kianspore Over the broad range of sizes observed in the simulations. For large droplets (r
> 1 micron) transport occurs mainly by diffusion, while at smaller sizes (r < 500 nm) the transfer
of Os into the droplet is increasingly limited by the kinetics of desorption and solvation; kinetic

steps that occur on gas and liquid sides of the interface.

Using the expression for kuanspore in Eq. (17), we formulate a general expression to describe
the relationship between O3 reaction and transport. At very early reaction times when [AAwp)]t=

d[03p)]

[AAm]o, [O3)] is at quasi-steady state*® (i.e., —

= 0).

@ = ktransport ’ Hcs? ’ [03(ads)] _kb_rxn ' [03(11)] ' [AA(b)]O - ktransport ' [03(b)] =0 Eq- (18)
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kiranspore 1n Eq. (18) accounts for the transfer of O3 into and out of the interior of the particle, whose

rate depends also on [O3(ds)] and [O3w)]. Rearranging Eq. (18) and solving for [O3)] yields,

k 1o
[03b lk] — transport'ficc [ 3(b)] Eq (19)
u kb_rxn'[AA(b)]O"' ktransport

with the following substitutions,
[03¢aa)|= HZ: * [03)] Eq. (20)
b
Hy =HZ -HE Eq. 21)

We plot Eq. (19) as a function of [AA]Jo in Fig. 3. The close correspondence of the explicit
simulation results with Eq. (19) confirms that O3 depletion in the droplet at early reaction times is
quantitatively explained by the competition between reaction and transport of Os. Although Eq.
(19) was derived to explain [O3@)] at early reaction times where [AA]t= [AA]o, we expect that the
relationship articulated in Eq. (19) is general and holds throughout the course of the reaction

provided that [AA]tis known.

Substituting the expression for [O3w)] from Eq. (19) into Eq. (9) yields,

afa4] _ _ 3[03(9)]'E'V _ . ktransport'H‘cgcb'[03(g)] .
at 4T N kb_rxn kb_rxn'[AA(b)]+ ktransport [AA(b)] Eq (22)

which is solved for y» to yield,

Eq. (23)

b
Yy = kb_rxn'[AA(b)]"l"r . [ ktranport'Hcgc ]
p =

3-c kb_rxn'[AA(b)]+ ktransport )

Substituting the expression for y» in Eq. (23) into Eq. (9) to compute the time dependence of the

[AAtotal_b]t, assuming only bulk reactions,

17



dlAA ota b k ranspor
[4Atotarn] _ ~HI®. [03(g)] Ky ran [AA(b)] . [ transport ] Eq. (24)

dt kb_rxn'[AA(b)]+ ktransport

which we integrate,

[AAp)]e (kb_rxn'[AA(b)]+ ktransport)'d[AAtotal_b] _rt gb . . . .
f[AA(b)]o [AA(b)] - fo _Hcc [03(9)] kb_rxn ktransport dt

Eq. (25)
to produce the following expression,

Kb _rxn'[AAp))

kp rxn|AA

°+In[AA)], = HE - [03q)] kb ran-t  Eq.(26)

ktranport ktransport

Eq. (26) is of the type x + In (x) =y, which can be solved for x using a Lambert W function (W {x}).
The Lambert W function,” ’® sometimes known as the omega function, has been used extensively
for obtaining closed formed solutions needed for evaluating Michaelis-Menten enzyme kinetics,
dynamics in continuous flow tank reactors, Lindemann-Christiansen-Hinshelwood unimolecular
dissociation kinetics, pharmacokinetics, H-indices, epidemic dynamics, etc.”’*? Solving Eq. (26)

yields,

ktransport ‘W {kb_rxn'[AA(b)]o . ex (kb_rxn'[AA(b)]o

kb_rxn

[AA(b)]t = — K ron - H, - [03¢9)] - t )} Eq. (27)

ktransport ktransport

for the specific case of the AA + Os reaction. The general solution is,

Ktranspor kb_Txn'[Y b ] kb_Txn'[Y( )] b
[Y(b)]t = —Lransport , W{ @lo. exp (—b" — kp yxn - HE, - [X(g)] - t)} Eq. (27a)

kb_rxn ktransport ktransport

The Lambert W function is easily computed using built-in algorithms in Mathematica®® (i.e
ProductLog function), MATLAB (W function) and Python (lambertw function). There are several

published analytical approximations to the Lambert W functions that could also be used.?* 85 The
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time dependence of [O3w)]t can then be obtained by replacing [AAwm)Jo in Eq. (19) with [AAw)]t

from Eq. (27),

[Og(b)] _ ktransport'Hcgcb'[03(g)] Eq (28)
t

kb_rxn'[AA(b)]t‘" ktransport

or more generally,

Keranspor _H‘chb_ X
K], = zansport e o) Eq. (28b)

kb_rxn' [Y(b)]t+ ktransport

Validation of the Derivation for Bulk Reactions: Using Egs. (23), (27) and (28), yv, [AA]: and

[O3@)]t can now be computed from a small number of physical quantities (i.e., [O3(gas)], Dos, H, fcb,

and k» rn). Importantly, these equations link the bimolecular rate coefficients (k» xn) measured

3

[O3(p)] molecules/cm

—— Simulation

— Eq. (28)

10 IIIIIIIIIIIIIIIIIIIIlIII]IIIIIII

0 2 4 6 8 10 12 14 46 x10°
Time (seconds)

Figure 5: [O3@,)] vs. reaction time for an AA droplet. Experimental conditions (see Willis and
Wilson): r =9.23 pm, [AA]o= 3.2 M, RH = 89.7% and [O3()] =58.4 ppm. Explicit simulations
from Willis and Wilson are compared with predictions from Eq. (28). Stochastic fluctuations are
observed in the simulated [Osw) ). Dashed line indicates the Henry’s law value for [Os,].
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under dilute conditions in beaker-scale experiments to the reaction rate observed in microdroplets

and submicron aerosols.

We use Eq. (27) to predict the decay kinetics of AA and MA shown in Figs. 2A and B.
Rate coefficients are shown in Table S3. Eq. (27) is nearly indistinguishable from the explicit
simulations*® and replicates the experimentally measured decay kinetics of both MA* and AA.#
This is not the case for NO2", where the bulk predictions are too slow to accurately account for the
measured and simulated multiphase kinetics (Fig. 2C). This is because surface reactions are
significant as we have demonstrated with explicit simulations*® and consider further in Section

IIIB.

As an additional check, we compare the time dependence of [Osw)] in the explicit
simulations*®® with Eq. (28) for the experimental conditions of the AA droplet shown in Fig. 2A.
As shown in Fig. 5, Eq. (28) predicts [O3(v)] as a function of reaction time and replicates the explicit
simulations with some deviations near the end of the reaction as ozone approaches its Henry’s law

value.

We further compare the expression for y in Eq. (23) with results from the explicit
simulations for a fixed droplet size and variable [AA]o (r = 9.1 um droplet with [O3(gas)] = 100
ppb). The simulated*® kinetic decays of [AA] were used to compute an uptake coefficient using

the following expression,

(),

Vsimulation = m Eq. (29)

The decay of [AA] vs. reaction time from the explicit simulations is nearly linear with time (i.e.,

zero order in [AA]) so we use the slope of the decay (i.e. % ) to compute Ysimulation. This
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Figure 6: Reactive uptake coefficient (yp) vs. [AA]o. Uptake coefficient from simulations
compared with predictions from Eq. (23) and resistor model limiting cases (see Egs. (30) and

(31)). Simulations and predictions are for a droplet ro = 9.1 pm and [O3gss] = 100 ppb. Details of
the simulations can be found in Willis and Wilson.

comparison is shown in Fig. 6 along with two expressions for y from resistor model limiting

cases.'® Under dilute [AA]o conditions where reaction is much slower than transport, Eq. (23)

reduces to,

ar-HIP
Vb = 3_C—CC b_rxn’ [AA(b)] Eq. (30)
ince, k [AAw)], « K that Karanporc e ~ HI. This is th
since, kp yxn ®], transport » SO tha PR Py Irwm—— Rl is is the same

expression as resistor case #3 in Worsnop et al.'® and case #1a in Smith et al.?? Eq. (30) describes

the case where reaction is slow relative to O3 transport so that [O3w)] throughout the reaction is
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sustained at its Henry’s Law concentration (i.e., the dilute or “phase-mixed” limit described by

Schwartz'!).

At higher [AA]o ozone is depleted, and the magnitude of the uptake coefficient is smaller
than is predicted by Eq. (30), since the overall reaction rate is now transport controlled, which for
AA is mainly by diffusion. Notably, as shown in Fig. 6, the predictions of Eq. (23) differ
significantly from Danckwerts,'” resistor case #2 (“uptake controlled by a ‘fast’ reaction”) in
Worsnop et al.'® and case #1b (“diffusion-limited”, or “reaction near the surface of the particle”)

in Smith et al.,”

4"H5qcb
Vresistor = Yz \/DX(b) | kb_rxn ) [Y(b)] Eq. 31)

where Dxp) s the diffusion constant of X (i.e., O3) in water. Although, Eq. (31) has been used in
many prior studies to explain experimental uptake measurements under diffusion-controlled
conditions, this expression does not account for the observations presented here and discussed in
Ref. *® Instead, Eq. (23) faithfully captures the full evolution of the reactive uptake coefficient over
a broad range of concentrations and connects, in a single expression, reaction-limited and

diffusion-limited regimes, which has not been possible with resistor limiting cases.

vo in Eq. (23) is a non-monotonic function of r, as shown in Fig. 7A. This behavior arises
from the size dependent interplay of transport (i.e., diffusion) and reaction, with droplet radius
appearing in two locations in Eq. (23). The first term, plotted on the left axis of Fig. 7B, leads to
an increase in yb with r due to the increase in gas phase collision frequency (and therefore reaction
rate) as particle size increases. The second term (right axis of Fig. 7B) is a sigmoidal function of r
scaling as 1/r* due to the kiranspore term. For small sizes, Kiransport >> kb rn “[AA]o so Eq. (23) reduces
to Eq. (30) and y» is expected to increase with r and is only limited by the ozonolysis reaction rate.
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Figure 7: (A) Reactive uptake coefficient (yy) vs. droplet radius for [AA]o =3.2 M. (B)

The two terms in Eq. (23) that lead to the non-monotonic behavior of y, with radius

shown in (A). Resistor model limiting cases are also shown (see Egs. (30) and (31)).
As r continues to increase, the timescales for transport slow and approach those of the reaction so
that the supply of O3 to the droplet becomes limiting. This in turn slows the multiphase reaction
rate, since average diffusion times increases with the square of distance (i.e., radius). It is this size

dependent shift in transport timescales relative to the reaction rates that controls the average [O3 )]

available in the droplet, which leads to the non-monotonic behavior of y» shown in Fig. 7A. The
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shape and absolute magnitude of yv vs. r depends upon k» » and the solute concentration in the

droplet. In contrast, Eq. (31) predicts that y is independent of size.

The AA and MA experiments*® * described above were conducted over a limited range of
droplet sizes, so we are unable to experimentally validate the predicted non-monotonic behavior
of yb in Eq. (23) and shown in Fig. 7. Thus, this prediction requires future experimental validation.
New measurements are particularly important for sizes of around 1 micron. Unfortunately, this a
challenging range for experiments to access, since it lies awkwardly between aerosol flow tube
techniques for submicron particles and levitated droplet experiments that typically access r > 5
micron droplets. Nevertheless, predictions from Eq. (23) provide a seamless way of connecting
multiphase reaction rates measured in super-micron droplets with those in submicron aerosols,
while providing a means to link rate coefficients measured under dilute concentrations with

concentrated aerosol and droplet conditions.
IIIB. Surface Reactions:

Derivation for Surface Reactions: The equations developed above only include bulk reactions.

Expanding Eq. (9) to include surface contributions,

AlYeotall _ _ 3[X(g)]'c_'ytotal _

dar P = —Ks_rxn" [X(ads)] ' [Y(ads)] —Kkprxn [X(b)] ) [Y(b)] Eq. (32)

The total concentration of Y in the droplet ([ Ytotal]) now depends upon the reactive loss at both the
interface and in the bulk. ks ~» and k» n are the surface and bulk rate coefficients, respectively.
Without deeper experimental or theoretical insight into how surface rate coefficients might differ
from their bulk analogs, we simply assume ks »n = kb_rn. The [Y(ow)] in the droplet can be

expressed as a sum of two contributions (i.e., Y(ads) and Y ),
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[Ytotary] = Vaanl¥s + Vplvs Eq. (33)

Vtotal

where Viol, Vs and Vb are the total, surface and bulk volumes, respectively. For the droplets sizes

considered here Vb>> Vs, so Viotal = Vb. For a sphere,

Vs _ r3-(r=8)°
vy B — Eq. (34)

where 9 is the interface thickness. Substituting Egs. (33) and (34) into Eq. (32) yields,

. 3_(1r—8)3
d[Y(;Ottal)] = — 3[X] :.Zwtal = _ks_rxn : [X(ads)] " [Y(ads)] " (M) - kb_rxn [X(b)] ) [Y(b)] Eq (35)

r3

For a Langmuir-Hinshelwood reaction mechanism, [Yads] is computed using Eqs. (7) and (8).
Importantly, Eq. (35) assumes that throughout the reaction [Yads] is solely controlled by the
Langmuir equation (Eq. (7)). For very fast reactions, [Y(ads)] can be depleted when its diffusion
rate and the kinetics of adsorption occur on timescales slower than its reactive loss. This case will
be considered in a forthcoming publication where there is substantial depletion of interfacial iodide
that occurs during multiphase ozonolysis.?¢ Substituting [Yads)], [X®)] and [Xdas)] = HE [ Xg)]
into Eq. (32) yields an expression for the total reactive uptake (yiwotal) that now explicitly includes

surface (ys) and bulk contributions (yb, Eq. (23)),

b
4-T-[Y(b)] ks_rxn'HgS'FZo'qu 7"3—(7'—5)3 kb_rxn'ktransport'Hg

Veotar = Vs + Vp =~ el (e | B ) Eq.(36)
3:C 1+ Keq [Y(b)] r ern[y(b)]‘l' ktransport

where,

— 4-T-[Y(b)] . ks_rxn'Hcgcs'FZo'Ke}\/q . r3—(r-6)3
Vs = 755 < 1+ K¥g [Y ] ( 3 ) Eq. (37)
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Unlike yb, vs does not have a size dependence due to the cancelation of r in the first term (RHS Eq.
(37)) with the final Vs/Vy term. This is consistent, for example, with OH surface reactions on

organic aerosols, which find that vy is independent of size.?* %7

To derive a closed form expression for the time dependence of [ Y totan)] we start with the

following expression,

alY(totan] _ T Keq [Y )] r3—(r-6)3
2 —ks_rxn ) [X(ads)] | [1_,_ Ké’q[Y(b)]:( 73 ) - [Y(b)]t Eq. (38)

where previously we derived an expression for [¥(;)]; in Eq. (27) in Section IIIA. Although the
first term on the RHS of Eq. (38) depends upon [Y )] in order to compute [ Y (ads)], the contribution

alY total)

of the surface reaction (Y (ads) + X(ads)) to ] is decoupled from the reaction occurring in the

bulk droplet (i.e. Y) + Xv). This allows us to separately integrate the surface portion of Eq. (38),

f[Y(b)]t (1+ kg lYm)) |

3_(r_5)3
Y] [Y b)) d[y(wtal)] = fot —ks - [X(ads)] Y - Keyq : (L) -dt Eq. (39)

r3
which yields,
Ko [Ya), + In ([Y(b)]t) =Ky [Ywl, +n ([Y(b)]o) — ks [Xaas)] - T - Koy - (r_(,+5)) -t Eq. (40)

For the ozonolysis reactions considered here, [X(ds)] is not depleted*® due to the much slower speed
of the surface reaction relative to ozone adsorption/desorption kinetics from the interface so that

over the course of the reaction,

[Xaas)] = Hee - [X(g)] Eq. (41)
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Eq. (41) may not be applicable for very fast reactions at the interface that deplete [Xds)] (i.e.,
[X(aas)] < HE - [X(g)])- This case (i.e., Osaas depletion) will be considered in some detail in a

forthcoming publication on the mechanism of I + O3 reaction in droplets.5¢

Eq. (40) is solved using the Lambert W function,

Wieoranle = gz W {ily - V], - ex (K& - [, = s - HE -] 12 - - () )} Ba (42)
where [Y®)]t was previously computed in Eq. (27a) and is,

ktranspor ern'[y ] ern-[y ] b
[ve)], = —emEes ‘*-W{ﬁ-exp (&— Ky yan - Ho: -[X(g)]-t)} Eq. (43)

kb_rxn ktransport ktransport

Eq. (42) includes contributions from both surface and bulk reactions. One can separately compute
[Y (totan) ]t for the cases where the reaction occurs only at the surface or in the bulk (Eq. 43) or the

fully coupled case (Eq. (42)) where the reaction occurs in both locations. For example, substituting

[Y(b)]o into Eq. (42) instead of the expression for [Y(b)]t in Eq. (43) eliminates the contribution

from the bulk reaction, allowing one to see how much the surface reaction contributes to the

kinetics of Y.

Validation of Derivation for Fully Coupled Reactions: Shown in Fig. 2 are predictions using Eq.
(42) for the reaction of AA, MA, and NO2" with ozone. We compare the fully coupled (surface +
bulk reaction) predictions with those predictions assuming the reaction either occurs entirely in the
bulk or at the interface. The fully coupled prediction replicates the AA and MA data as well as the
explicit simulations showing that surface reactions are minor, with the majority reaction occurring
in the interior of the droplet. The surface-only predictions are a factor of 10-20 times too slow
compared to the AA and MA experiments; this is not the case, however, for nitrite. The fully
coupled predictions replicate the [NO2] vs. reaction time observed in experiments by Hunt et al.>°

27



as well as in the explicit simulations. Although surface reactions dominate for NO2’, the
contribution of the bulk reaction is non-negligible (Fig. 2C), which is illustrated below by

computing the surface and bulk contributions to the total uptake coefficient.

For nitrite, at the beginning of the reaction (i.e. [NO2]t = [NO27o), event analysis from the
explicit simulations reported in Willis and Wilson,*® show that ~83% of the reactions occur at the
interface. We use Eq. (36) to compute the overall uptake coefficient (ytotal) for the reaction, which
is 3.04 x 10. Using Eq. (37), the surface contribution to the total uptake coefficient is ys = 2.55 x
10°, whereas from the bulk reaction, y» = 4.88 x 10, Thus, the surface fraction of the total uptake
(‘Vsurface/ Ytotal) 1S 83.9%; in good agreement with the simulation event analysis. In contrast, the
surface (i.e., Ys/Yiotal) contributes only 4.3% for MA and 11.6% for AA in these slower reacting and

more-weakly surface-active systems.*®
IV. Further Model Validation: Ozonolysis of Fumarate and Ascorbic Acid Droplets

We now use these equations to predict the ozonolysis kinetics of fumerate’® (FA) and
ascorbic acid® (AscA), previously reported in the literature, for which we have not performed
explicit kinetic simulations. Predicting the multiphase kinetics of FA and AscA requires knowing
the following quantities: k» rwn, I'w, and Keq in addition to the experimental conditions ([O3(g)],

droplet size and initial solute concentration). Here we assume that ks rxn = ks ran.

Shown in Fig. 8 are kinetic measurements reported by King et al.”® for the ozonolysis of a
droplet containing FA (r=4-5 um, [FA]o=0.086 M, pH = 10, [O3(»] = 1 ppm). Hoigne and Bader®®
reported a lower limit for O3 + FA rate coefficient at pH 8 of k» r» > 1 x 10° L mol™! s™!. Here we
use kb rn =3 x 10° L mol ™! s!. It is likely that FA has a value of ' that is similar to MA, as shown

in Table S3. To our knowledge, Keq for fumarate at pH = 10 has not be measured and is therefore
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an adjusted parameter in Eq. (42). Using values of r = 4.5 pm, and Keq= 5.6 x 10?! cm® molec.!
(ksotv=90 81, kdesotv="5.0 x 10"* cm® molec.” s'!) yields a reasonable representation of the fumarate

measurements reported by King et al.”

in Fig. 8. The value of kdesonv 1s larger than used for MA,
which was previously obtained using the relationships reported by Bleys and Joos.”” This
difference likely reflects differences in surface partitioning kinetics of neutral acids and their
dianions. Nevertheless, given the experimental uncertainty, the predictions of Eq. (42) appear to
capture the correct timescale and overall shape of the kinetic decay reported in Ref.”" Importantly,
the Lambert W function in Eq. (42) captures the observed exponential-like kinetics of FA (i.e.,

first order in [FA]) and the more linear decay for diffusion limited bulk reactions that are zero

order in AA and MA (Fig. 2). As can be seen in Fig. 8§, the ozonolysis reactions occur mainly at
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Figure 8: Normalized [FA] vs. reaction time. Data is from King et al. for r = 4.5um,
[FA]o= 0.086 M, [O3(g)] = | ppm, and pH = 10. Bulk, surface and total (surface + bulk)
kinetics are predicted using Egs. (27) and (42). The kinetic decay of FA was quantified
by King et al., using Raman spectroscopy.
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the surface, although the contribution from the bulk reaction is significant. At [FA]t=[FA]o, ys/Ytotal

is 73%, where Yot = 2.3 x 107, ys = 1.7 x 10 and y» = 6.1 x 10°°.

Chang and coworkers,” reported an extensive study of the ozonolysis of ascorbic acid in
aqueous microdroplets, using laser tweezers and Raman spectroscopy to quantify the multiphase
kinetics. Shown in Table S4 are a set of 18 droplets measurements and the associated experimental
conditions. This data set was collected at a pH 1.7-1.9 with ionic strengths between 0.5-1.5 M
(NaCl). For the prediction we use the ozonolysis rate coefficient for ascorbic acid measured by

Giamalva et al.* in bulk solutions (kb rn = (6.9 £2.3) x 10° L mol ™! s"' at pH =2). This is reasonably
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Figure 9: Normalized [AscA] vs. reaction time. The experimental data for the 6 droplet
experiments (A-F) is from Chang et al. The reaction kinetics are monitored using Raman
spectroscopy. The experimental conditions can be found in Table S4 and correspond to (A)
expt. #1, (B) expt. #2, (C) expt. #3, (D) expt. #4, (E) expt. #5 and (F) expt. #6. Additional data
for this systems is show in Figs. S2 and S3. Bulk, surface and total (surface + bulk) kinetics are
predicted using Egs. (27) and (42).

consistent with the value reported by Kanofsky and Sima® (ks »» = 5.6 x 10° L mol!' s7'). We
assume that ' is the same as for MA and FA, as described above. We assume kson = 90 s™' and
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kdesor = 2.5 x 1072° cm? molec.”! s7! to yield a value of Keq= 2.8 x 10?2 cm® molec.™ These values
are similar to those used by Willis and Wilson*® for aconitic acid (a highly soluble tri-carboxylic
acid), and are consistent with our intuition that ascorbic acid should be weakly surface active.
Shown in Figs. 9, S3 and S4 are the predictions of Eq. (42) compared with the experimental
measurements reported by Chang and coworkers.* Although, NaCl was added to the droplets, we
have not corrected our Henry’s Law constant for ionic strength, since we lack sufficient

information for how the presence of ions alters the individual elements of the equilibria (i.e. HS>

and H3P) that comprise ngcb.

The agreement between our predictions and measurements is reasonable (Fig. (9)),
especially at high experimental [O3(g)]. For other droplets (see Figs. S2 and S3) the predictions
deviate somewhat from observations, especially for some of the measurements conducted at [O3(g)]
= ~1-2 ppm, where the reaction timescales are much longer (> 2000 seconds). The origin of this
discrepancy is unclear but may arise from neglecting ionic strength effects on the rate coefficient
and Henry’s law constant, or the presence of additional loss channels for ascorbic acid in the
experiments, such as evaporation. Overall, the predictions suggest that for this system, the reaction
occurs mainly at the surface (> 80%) with more minor contributions from reaction in the bulk
droplet. To illustrate, ys/ytotal for droplet A is 89%, where yiota1= 7.2 x 107, ys = 6.4 x 10~ and yp =

8.1x10°,

Using five previous data sets**->% 670 (AA, MA, nitrite, FA, and AscA) we have validated
the model description presented here by showing that it can make reasonable predictions of the
multiphase kinetics and uptake coefficients under both diffusionally and kinetically controlled
conditions, using a single common framework. The model naturally accounts for the varying
contributions of surface and bulk reactions enabling their relative contribution to be quantified.
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Below we extend the model framework to show how experiments conducted at relatively high
[O3(9] and [solute] can be translated to a range of atmospheric conditions (i.e. cloud droplets and

aerosols).

V. Extension to Atmospheric Cloud Droplet and Aerosol Conditions

Here, we examine how the kinetic information obtained under laboratory conditions relate
to those commonly found in the atmosphere by considering two contrasting cases: nitrite and MA.
Shown in Fig. 10 are model predictions of y over a broad range of droplet sizes and solute

concentrations. The ozone reaction with MA is slow and occurs mainly in the bulk of the droplet,
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Figure 10: Predicted uptake coefficient vs. [solute]o for (A) NO,™ (r=5.98 pm) and (B) maleic acid
(r=4 pm). Predicted uptake coefficient vs. droplet radius for (C) NO, and (D) maleic acid. Shown

as dashed lines are predictions from ‘dilute-limit’ resistor model Eq. (30). Predicted uptake
coefficients are shown with contributions from the bulk and surface reactions.
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whereas the nitrite reaction is 200X faster with a large surface contribution. Shown in Fig 10A are
predicted uptake coefficients for nitrite as a function of its concentration for a r = 5.98 pm droplet.
At higher concentrations (0.1-1 M) the uptake coefficient is dominated by surface reactions. At
micromolar concentrations, typical of fog and cloud droplets,”! there is a shift from a surface-
dominated to a bulk reaction mechanism. This is due to the decreasing quantity of NO2 at the
interface, which depends, through the Langmuir equation, on [NO2)]. Below 10~ M the uptake
coefficient approaches the limiting case where the droplet reactivity is well described by Eq. (30)
(‘dilute-limit’ resistor case),'® indicating that the reactive loss of O3 is slower than its transport into
the droplet. This is consistent with extrapolations to atmospheric conditions reported by Hunt et
al.>® As evident in Fig. 10A, there is a cross over region where ys = y» indicating that surface and
bulk reactions contribute equally to the total reactive uptake. For nitrite this occurs ~0.02 M and
is easily computed using Eq. (36). This is a useful reference point to identify when resistor limiting
cases can be reliably used or to predict when surface reactions in droplets might play a large role
or can be safely neglected. For more strongly surface-active molecules (e.g., Cio diacids’?), that
undergo fast reactions with atmospheric trace gases, this cross over region extends into very dilute
concentrations (Fig. S5), suggesting that surface reactions will dominate even under cloud water

conditions.

The same set of predictions are made for maleic acid as shown in Fig. 10B and D. Unlike
nitrite, MA is weakly surface active and reacts more slowing with Os. The total uptake for the
concentrations shown in Fig. 10 is controlled mainly by bulk reactions. At [MA] < 0.3 M the
uptake coefficient is well described by Eq. (30) (‘dilute-limit’ resistor case)!®, indicating that the
reactive loss of O3 is slower than its transport into the droplet. At [MA] > 0.3 M, we observe the

onset of transport limitations, as O3 is consumed faster than it can be re-supplied by the gas phase.
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This is the bulk depletion region where [O3m)] < H chb : [03(9)]. Importantly this transport limited
regime is commonly analyzed using Eq. (31) (‘diffusion-limited’ resistor limiting case)'®.
Although widely used, this resistor limiting case does not appear to make accurate predictions,
likely because it does not account for the kinetic coupling of trace gas adsorption/desorption and
solvation/desolvation with diffusion. Such coupling appears to be important*® to describe

multiphase chemistry in this transport limited regime.

Shown in Fig. 10C and 10D is the predicted size dependence of y at a single solute
concentration. For [NO2w)] = 0.2 M, the surface reaction dominates and, as expected is
independent of droplet size. The bulk contribution however, which does depend upon r, is non-
negligible leading to a predicted size dependence of Yyiotal that is non-monotonic and peaks around
~700 nm. As described above, future experiments are needed to validate this prediction. For MA
(Fig. 10D) the size dependence is dominated by yb with a maximum ~1.7 um. Atr> 1.7 um, uptake
decreases with size as transport timescales lengthen relative to reaction so that the overall reaction

rate is controlled by the depleted [O3w)] in the droplet. Below 1.7 pum transport of O3 into the
droplet is fast relative to its chemical loss such that [O3w)] = chb . [03(g)], yielding an uptake

dependence on size that is consistent with Eq. (30) (‘dilute-limit’ resistor case).

These two examples nicely illustrate that reactive uptake is an emergent phenomenon,
which depends in complex ways on droplet size and reactant concentrations. For example, despite
a common bimolecular rate coefficient for ozonolysis, laboratory experiments may be governed
by surface reactions but then shift under atmospheric conditions towards a transformation
governed entirely by aqueous phase chemistry occurring inside the droplet. Given that there are a

broad range of particle sizes and solute concentrations (dilute cloud droplets vs. supersaturated
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aerosols) found in our atmosphere, the equations presented here appear to be able to accurately

predict the multiphase kinetics occurring under these vastly different conditions.

VI. Discussion and Implications

Here we present a new kinetic framework to explain trace gas (X) uptake and reaction. We
validate predictions from this framework against five independent literature data sets. Our
framework describes the Henry’s Law constant as a product of two coupled equilibria linking trace
gas adsorption/desorption at the interface with its solvation/desolvation in the bulk liquid. We
describe solute (Y) partitioning to the surface with a third equilibrium and a Langmuir constant.
The X+Y reaction, occurring at the interface, in the bulk, or in both locations, perturb these three
coupled equilibria in complex ways, producing feedbacks and behavior that depend upon solute
concentration and droplet size. Notably, we find that the behavior of these multiphase systems

cannot be captured using simple resistor model limiting cases.

We derive a new expression to predict reactive uptake coefficients; explicitly accounting

for surface and bulk reactions. This single expression,

b
4-7‘-[}’(1,)] ([ks rxn'HCgCS'FZo'Kgq (r3—(r—6)3 ] [kb rxn'ktransport'Hcgc ])
= + = — . = . ) + = E . 44
Ytotal Vs Vo 3¢ 1+ Kgq'[y(b)] T3 ern[y(b)]+ Ktransport q ( )

can be used for predictions over a wide range of aerosol or droplet sizes and solute concentrations,
from transport-limited reactive uptake in the bulk to surface-dominated reactions. This expression
is particularly useful to predict how the multiphase kinetics, measured under laboratory conditions,
can be reliably extrapolated to predict reaction rates in the atmosphere. While this framework was
validated against experiment, there are some predictions and assumptions that require further
experimental testing, such as the non-monotonic size dependence of y for transport limited bulk

reactions. Another assumption that requires testing is the approximation that the overall multiphase
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transformation can be accurately described using only two kinetically active regions (gas/surface
and surface/bulk), which neglects the formation of subsurface chemical gradients that extend into

the droplet or aerosol interior.

The kinetics of X and Y are described by the following set of expressions,

b
ktransport'Hcgc '[X(g)]
¥ _ Eq. (45
[ (b)]t kb,rxn'[y(b)]t-l_ Ktransport & )
_ ktranspore | kb_rxn'[y(b)]o . kb—”‘n'[y(b)]o _ .g9b. .
[Y(b)]t = Moo W{ el e e— Ky ran Hoe " [X)] -t Eq. (46)

3_ —85 3
Wiy [l e (K [V ], ks en B EE T ) Tl (52 ) )|
Kl

Yole = Eq. (47)

3_ -5 3
Wil V) exp (Kb [¥ 0], s men HEE (X o)} kb (=25 ) )}
K&

[Y(total_s+b)]t = Eq. (48)

which are obtained by solving the integrated rate laws using Lambert W functions. Application of

. . e b S
these expressions requires only a small number of quantities (e.g. Hy, , Hay , kryn, Kig,

FOO' D X )
for X and Y to be known. These quantities can be obtained in MD simulations or simply measured

using other experimental techniques.

The solute decay kinetics across five different experimental systems are well replicated
using the Lambert function shown Eq. (48). The properties of these equations (and Lambert W
functions in general) naturally yield a variety of functional forms for the kinetics (e.g. zero order
vs. first order in [solute]) as has been previously observed in studies of enzyme-substrate binding
kinetics.” 81> 82 Here, these different functional forms reflect changes in the multiphase reaction
mechanism: surface vs. bulk dominated reactions, or kinetic vs. diffusional limited reactive uptake.

Significant insight can therefore be gained by simply examining the decay kinetics. For example,
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surface dominated reactions yield “exponential-like” kinetics (e.g. first order) as shown for nitrite,
ascorbic acid and fumerate. The decay kinetics for transport limited bulk reactions (e.g., MA and
AA) are zero order and appear linear in time. Under dilute solute conditions, dominated by bulk
reactions, the decay kinetics shift from linear to exponential. In many previous studies, the
functional form of the decay kinetics, interpreted under diffusion limited conditions (applying Eq
31), often yield a linear decay vs. time when plotted as the square-root of the normalized solute
concentration. This kind of data analysis is often used to extract a bulk bimolecular rate coefficient
for a reaction. Given the clear limitations of Eq. (31), as presented above, it appears that such a
kinetic analysis, while simple, does not include key kinetic steps needed to accurately describe the

multiphase transformation under diffusion-limited conditions.

While these equations account for a broad range of reaction conditions, they do not account
for extremely fast reactions where [Xds)] is depleted at the interface such that [X (ads)] <HZ-
[X (g)]. They also do not account for the case where the surface reaction consumes Y (ads) at rates
that are faster than can be maintained through partitioning from the bulk. For ozonolysis, unlike
OH reactions, these cases appear somewhat rare, with one notable exception. The reaction of ozone
with aqueous iodide is ~1000x faster than the fastest reaction considered here and requires
accounting for both trace gas and solute depletion at the interface, which will be addressed in a

forthcoming publication.®

One central element of our model framework is the difference in solvation energy between
gas phase and adsorbed X, which is needed to compute H5- . This information is readily available
from MD simulations and has been used by a number of authors.*> %> °® While there are many MD
studies of pure water interfaces, there are comparably fewer studies examining how interface

hydration energies of trace gases change in the presence of ions or other solutes. While it is well
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documented that chb decreases with ionic strength, it is less clear how ionic strength might impact
solvation of a trace gas at an interface. To the extent that higher ionic strengths “salt out” trace
gases, this could produce further enrichment of X at the interface, thus enhancing the importance
of surface reactions. Lastly, fewer studies of interface solvation energies in organic solvents exist,
which would be needed to apply these equations to understand multiphase transformations in

purely organic aerosols.

The equations we present are derived from a model that explicitly accounts for the coupling
of surface and bulk elementary steps and therefore avoids many of the assumptions inherent in
resistor formulations of reactive uptake. These equations don’t require making a priori
assumptions about where the reaction occurs and/or under what limiting conditions. The
framework provides a simple, yet physically realistic, way of connecting rate coefficients
measured under dilute conditions in lab-scale reactors with the multiphase chemistry occurring in

nanometer-sized aerosol and microdroplets present in our atmosphere.
Supplementary Material:

Tables S1- S4. Figures S1-S4
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