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Multiphase interactions and chemical reactions at indoor surfaces are of particular importance due to their
impact on air quality in indoor environments with high surface to volume ratios. Kinetic multilayer models
are a powerful tool to simulate various gas—surface interactions including partitioning, diffusion and
multiphase chemistry of indoor compounds by treating mass transport and chemical reactions in
a number of model layers in the gas and condensed phases with a flux-based approach. We have
developed a series of kinetic multilayer models that have been applied to describe multiphase chemistry
and interactions indoors. They include the K2-SURF model treating the reversible adsorption of volatile
organic compounds on surfaces, the KM-BL model treating diffusion through an indoor surface
boundary layer, the KM-FILM model treating organic film formation by multi-layer adsorption and film
growth by absorption of indoor compounds, and the KM-SUB-Skin-Clothing model treating reactions of
ozone with skin lipids in skin and clothing. We also developed the effective mass accommodation
coefficient that can treat surface partitioning by effectively taking into account kinetic limitations of bulk
diffusion. In this study we provide detailed instructions and code annotations of these models for the

model user. Example sensitivity simulations that investigate the impact of input parameters are presented
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Accepted 30th October 2024 to help with familiarization to the codes. The user can adapt the codes as required to model

experimental and indoor field campaign measurements, can use the codes to gain insights into
DOI: 10.1039/d4em00549] important reactions and processes, and can extrapolate to new conditions that may not be accessible by

rsc.li/espi measurements.

Environmental significance

Surface processes and reactions indoors are important due to high surface-to-volume ratios, influencing indoor air quality. Kinetic models can help us better
understand how chemicals are generated, transformed and removed indoors. By making multiphase kinetic multilayer models available in this publication,
research groups can apply and adapt them to address scientific questions and improve their understanding of their indoor experimental measurements.

which lead to the generation of a variety of semi-volatile organic

1 Introduction :
compounds (SVOCs) and subsequent gas-phase chemistry leads

The concentrations of many gas-phase compounds indoors are
significantly impacted by partitioning into surfaces and multi-
phase chemical reactions due to the high indoor surface-to-
volume ratios indoors.*™ Consequently, understanding inter-
actions of compounds with surfaces indoors is important as it
impacts human exposure to these compounds.”® Indoor
surfaces consist of different materials such as glass, paint,
wallboard, and fabrics. Organic films ranging from nanometers
to several micrometers can also form on many indoor
surfaces.”™ In the presence of people, human skin is an
important surface due to ozonolysis reactions of skin lipids,****
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to the formation of OH radicals.'® Other reactions which are
known to occur in indoor surfaces include oxidation, hydro-
lysis, acid-base reactions, nitration and halogenation."”
Surfaces can also act as reservoirs for compounds to effectively
extend the lifetime of the compound indoors.***?* The parti-
tioning of indoor compounds to surfaces depends on the vola-
tility or the octanal-air partitioning coefficient (Ky,).*>*** The
phase state and viscosity of the surface film can also impact the
uptake of compounds due to bulk diffusion limitations*>*® and
several studies have shown that indoor surface films can be
viscous semi-solids.>”"*

It is important to be able to model indoor multiphase
chemistry using fundamental kinetic parameters such as
diffusion coefficients, partitioning coefficients, accommodation
coefficients, and reaction rate coefficients rather than empirical
parameterizations.** Important unknown parameters can be

This journal is © The Royal Society of Chemistry 2025
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constrained by model fitting to experimental data. The model
can also be used to test hypotheses of reaction mechanism and
mass transport processes to gain mechanistic and quantitative
interpretation of experimental measurements. If measurements
can be reproduced, then sensitivity tests can determine the
most important processes and reactions in the model to identify
a rate-limiting step. Alternatively, if experimental measure-
ments cannot be reproduced with a reasonable mechanism and
parameters, it indicates that there are missing reactions or
processes which should be included until the cause of the
trends are understood. Additionally, it is important to note that
experiments are often performed under limited conditions and
often with high concentrations to obtain high signal-to-noise
ratios. Once the model has reproduced the measurements,
the concentrations in the model can be reduced and extrapo-
lated to more realistic conditions. The model can subsequently
be used to suggest conditions that would be interesting to
explore experimentally. Lastly, a comprehensive model can be
used as a benchmark for comparison to more simple equations
or parameterizations to understand the validity of these equa-
tions under different conditions.

A powerful and useful kinetic model framework was devel-
oped by Poschl, Rudich and Ammann (PRA) by applying a flux-
based approach to describe uptake to a surface.*> Based on the
PRA framework, Shiraiwa et al. developed the kinetic double-
layer model of aerosol surface chemistry and gas-particle
interactions (K2-SURF) to describe reversible adsorption and
reactions at a surface.*® The kinetic multi-layer model of aerosol
surface and bulk chemistry (KM-SUB) was further developed,
which includes a gas phase, near-surface gas phase, sorption
layer, quasistatic layer, and a number of bulk layers to treat gas-
phase diffusion, reversible adsorption, reversible partitioning,
bulk diffusion and chemical reactions.*®* The multi-layer
approach of the model enables concentration gradients in the
bulk to be resolved as a function of time and the effect of phase
state can be determined. Shiraiwa et al. subsequently developed
the kinetic multi-layer model of gas-particle interactions in
aerosols and clouds (KM-GAP) by treating the volume change of
a layer in response to mass transport and chemical reactions so
that particle growth and evaporation can be resolved.** Impor-
tantly, all of these models use fundamental physicochemical
parameters.***® Overall, these multi-layer kinetic models have
many advantages over previous formulations like the resistor
model, which has been widely applied to describe uptake
coefficients. The resistor model has several critical assumptions
including steady-state conditions, homogeneous mixing, first-
order reactions and non-interacting compounds and
processes;*”*® while it can describe limiting cases when the
system is dominated by a certain process, it cannot describe
a system in transition kinetic regimes. Advantages of the kinetic
multilayer models include the ability to treat (1) the dynamic
evolution of the uptake coefficient and chemical composition,
(2) the bulk concentration gradients of all compounds due to
the inclusion of bulk layers, (3) an unlimited number of reac-
tions which can be of any order and (4) interactions between
compounds such as through chemical reactions or a change in
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physical properties such as viscosity as the condensed-phase
composition evolves as products form.

The K2-SURF, KM-SUB and KM-GAP model were primarily
developed for multiphase chemistry of aerosol particles and
how the interplay between chemical reactions, phase state, and
a range of fundamental kinetic parameters influence gas-
particle interactions including gas uptake and secondary
organic aerosol formation.****** Within the Sloan modeling
consortium of chemistry of indoor environments (MOCCIE),**
this approach has now been adopted to investigate indoor
chemistry with kinetic multilayer layer models having been
adapted to describe interactions of indoor gaseous species with
indoor surfaces. For example, K2-SURF has been used to
reproduce measurements for adsorption of organic molecules
on indoor-relevant surfaces, bridging measurements and
molecular dynamics simulations to obtain an understanding of
surface interactions in a molecular level.****¢ Applications of
KM-SUB and KM-GAP have revealed that diffusion limitations
and surface crust formation retard uptake of molecules and
product formation in indoor surface films.?*3%57-

We have recently developed new kinetic multi-layer models
that can specifically describe surface processes relevant in
indoor environments. The kinetic multi-layer model of the
boundary layer (KM-BL) describes mass transport and chemical
reactions occurring in the indoor boundary surface layer.*® We
developed the kinetic multi-layer model of film formation,
growth, and chemistry (KM-FILM) to simulate formation and
growth of indoor surface organic films.”> We then developed
a simple effective mass accommodation coefficient («.g), which
was first formulated for particle uptake,®* and describes uptake
of gaseous species to surface films by effectively accounting for
diffusion limitations without the multilayer treatment.*® This
makes using the equation computationally much more efficient
while good agreement with KM-FILM is obtained under most
conditions. This a.¢ approach and KM-FILM have been used to
better understand the potential of surfaces to act as reservoirs
as a function of K,, and bulk diffusion coefficients.?>** We have
developed the kinetic multilayer model of surface and bulk
chemistry of the skin and clothing (KM-SUB-Skin-Clothing) to
simulate ozone reactions with skin lipids including squalene
and other unsaturated fatty acids in skin and clothing.®* This
model has also been used to understand the impact of relative
humidity on the product yield and to gain a better under-
standing of this chemistry on indoor OH concentrations and
reactivity.'*® Yields and uptake coefficients obtained from the
model have been used as inputs to computational fluid
dynamics (CFD) simulations to obtain a better understanding of
the spatial distribution of ozone and ozonolysis products.'®*>%*

Although kinetic multilayer models are useful in under-
standing the impact of partitioning, diffusion and multiphase
chemistry on the uptake of compounds to surfaces, only a few
codes have been released. We developed and released a user-
friendly interface for K2-SURF and KM-SUB including the
MATLAB codes which can be used for teaching or research
purposes.®® Milsom et al. developed and released MultilayerPy
which is a framework for building and running KM-SUB and
KM-GAP as well as optimizing parameters in them and is
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written in Python.*® The purpose of this work is to continue to
make kinetic multilayer models codes freely available with the
focus here being those which have previously been applied to
multiphase indoor-relevant scientific questions. These models
include K2-SURF, KM-BL, KM-FILM and KM-SUB-Skin-
Clothing.?**%¢%¢263 The . code which simplifies the film
growth part of KM-FILM is also included in this work.”® By
making these codes available, scientific research groups can
apply them, adapt them to their needs and further develop them
as needed to both indoor-relevant and other scientific
questions.

2 Description of the models

Fig. 1 shows schematics of K2-SURF,** KM-BL,* KM-FILM,* the
aerr  approach,®® and KM-SUB-Skin-Clothing.®*®* Detailed
descriptions of the models are given in the original publications
with a summary of each model and code provided below with
suggestions for future potential uses and adaptations. All
parameters have been labeled in the codes with a description
and units and the most important parameters are also
summarized in Table S1.7

2.1 K2-SURF

A schematic of the K2-SURF model which was previously used to
understand measurements of reversible adsorption of limonene
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on an SiO, surface is shown in Fig. 1a.”® Processes included in
K2-SURF are adsorption and desorption to the surface and
interconversion of two limonene configurations (C* up and C*
down).* The surface accommodation coefficient of limonene
on an adsorbate-free surface, the desorption lifetime, and the
conversion rate coefficients between the two configurations are
set to be consistent with molecular dynamics simulations.*
Competitive adsorption is treated in the model. The effective
adsorption cross-section of one limonene molecule has previ-
ously been determined by fitting to measurements and is close
to the calculated geometric adsorption cross-section. The gas-
phase limonene concentration is constrained to the measured
limonene pressure in the reaction cell. As the pressure in the
reaction cell is low, gas-phase diffusion to the surface can be
ignored and is not treated in the model. The model code is
included in the folder labeled ‘K2-SURF’ and outputs Fig. 5 from
Fang et al.*® which shows adsorption, equilibrium and desorp-
tion measurements and modeling of adsorbed limonene
surface concentrations for three different limonene reaction
cell pressures.

The model user can adapt this code to investigate any
experimental systems where competitive adsorption is occur-
ring with negligible diffusion into a bulk condensed phase. For
example, we have previously adapted the code to investigate the
temperature dependence of limonene surface concentrations
on SiO, surfaces by varying the desorption lifetime of limonene
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Fig.1 Schematics of the kinetic models: (a) K2-SURF which treats the reversible adsorption of limonene to a surface,* (b) KM-BL which includes
mass transport and chemical reactions in a boundary layer next to a surface,®® (c) film formation through multilayer adsorption as treated in KM-
FILM,?* (d) film growth due to partitioning and mass transport of compounds as treated in KM-FILM,? (e) the ae¢ approach which treats film
growth in a simplified way?® and (f) KM-SUB-Skin-Clothing which treats reactions and mass transport in the gas phase, skin and clothing.®? This

figure is based on previous publications. 2526556062
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as a function of temperature using an Arrhenius equation.*
Additionally, we have previously adapted the code to under-
stand measurements of carvone reversible adsorption on a SiO,
surface and limonene reversible adsorption on a TiO, surface
under different relative humidities.***® For this modification,
two different types of desorption sites were treated (‘pores’ and
‘non-pores’) with longer desorption rates from the pore sites
which could be present between the SiO, or TiO, particles used
in the experiments.

2.2 KM-BL

Fig. 1b shows a schematic of the KM-BL model which was
developed and described in Morrison et al.®® KM-BL treats gas-
phase diffusion and reactions through a boundary layer next to
the surface. The boundary layer is split into layers with those
closer to the surface, where significant concentration gradients
may occur, being thinner than those further from the surface.
Gas-phase diffusion occurs between the layers and reversible
adsorption to the surface is treated from the layer closest to the
surface. Fickian and turbulent diffusion in the boundary layer are
included in the model.>* Gas-phase reactions can also be
included in the boundary layer which can reduce the effective
boundary layer thickness for short-lived species as previously
demonstrated for the OH radical.®® The model currently includes
three gas-phase reactions; the reaction of ozone with limonene
forming OH, the reaction of OH with limonene, and a first-order
loss of OH due to its reaction with other compounds. The model
code is included in a folder labeled ‘KM-BL’ and outputs Fig. 5
from Morrison et al. which shows the impact of changing the O;
uptake coefficient on the OH and O; concentration gradients
above a surface in the presence of limonene for a relatively low
turbulence intensity (K.) of 0.1 s~

The model user can adapt this code to output the expected
concentration gradients of different species above a surface,
and to determine the influence of turbulence and reactions
occurring in the boundary layer on the concentrations reaching
a surface. This model is of particular importance for investi-
gating how short-lived species can be rapidly formed in the
boundary layer, effectively increasing their concentrations
directly above the surface.®® For example, the model could be
used to better understand experimental uptake measurements
of short-lived species where the flux to the surface is larger than
expected.” A more complex reaction scheme can also be
implemented flexibly. The influence of compounds which are
emitted from surfaces and can react with O; forming OH radi-
cals, on the OH concentration gradient in the boundary layer
could also be investigated. These compounds could include
lipid ozonolysis products formed from the reaction of ozone
with skin oils.** The KM-BL model is also included in the KM-
FILM model described below and can be used to investigate
how boundary layer processes can impact film formation and
growth.”

2.3 KM-FILM

The KM-FILM model consists of three parts; gas-phase diffusion
through a boundary layer to the surface, film formation by

This journal is © The Royal Society of Chemistry 2025
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multi-layer adsorption, and film growth by absorption.”® Gas-
phase diffusion through a boundary layer to the surface is
treated using the KM-BL methodology described above. As
shown in Fig. 1c, film formation is treated using multi-layer
reversible adsorption and is an extension of K2-SURF, while
being consistent with the Brunauer-Emmett-Teller (BET)
theory of multi-layer adsorption.” The surface area of molecules
and empty adsorption sites in each layer is calculated over time.
Desorption rates from the first layer, which consists of mole-
cules adsorbed to the impermeable substrate, can be set to
different values from the subsequent layers. Only molecules
which are uncovered by other adsorbed molecules can desorb to
the gas phase. The model can also account for surface rough-
ness by multiplying the area footprint by a roughness factor.
Different compounds can reversibly adsorb at the same time.
The code for film formation is in the folder labeled ‘KM-FILM
film formation’ and outputs Fig. 2a, b, 3 and 4 from Lakey
et al.>® which shows examples of film formation by reproducing
measurements of the mass of compounds increasing on
different substrates over time.®** Note that in this example the
boundary layer length is set to the experimental distance
between the SVOC source and the substrate. The model user
should be able to apply this model to any experimental system
where film formation occurs on impermeable surfaces by multi-
layer adsorption.

As shown in Fig. 1d, film growth is treated using a similar
approach to the KM-GAP model.>*** Processes included in the
model are reversible adsorption, partitioning into the film and
bulk diffusion. The bulk is split into several layers and the layer
thickness grows and shrinks as molecules diffuse into and out
of them, respectively. When the layer thickness reaches two
monolayers, the layer is split into two layers; when a layer
shrinks to less than half a monolayer, it merges with the next
layer. This allows short diffusion lengths for accurate results
and high film resolution without layers becoming unrealisti-
cally small. The code for film growth is in the folder labeled
‘KM-FILM film growth’ and outputs Fig. 5 from Lakey et al.*®
which shows film growth as a function of time due to
compounds with different log K,,, values in the absence of bulk
diffusion limitations. For this example, the boundary layer
length was set to be consistent with Weschler and Nazaroff,”®
obtaining consistent results. Sensitivity tests showing the
impacts of turbulence in the boundary layer, bulk diffusion
limitations and reactions have previously been performed and
are shown in Lakey et al.>® The model has also previously been
adapted to investigate surfaces acting as reservoirs, where
compounds can rapidly partition into a surface film and are
then released back into the gas-phase over a prolonged period
of time.”® The model user could perform similar sensitivity tests
or apply the model to their own experimental or theoretical
system to investigate film growth or surfaces acting as
reservoirs.

2.4 Effective mass accommodation equation

Fig. 1e shows a schematic of the model with the effective mass
accommodation coefficient (aef).® The aeg is defined in eqn
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(E1) and is the probability that a molecule that collides with
a surface will be taken up into the bulk with effective penetra-
tion depth (x.g) while accounting for the surface mass accom-
modation coefficient (o), partitioning coefficient (K,,), bulk
diffusion coefficient (Dy,), and chemical reactions.”®**
1

AW Xoff
1+ =—=

4DbKoa

Oleff = Oy (El)

where w is the mean thermal velocity and x.¢ is the effective
penetration depth which is equal to a third of the total film
thickness (7) in the absence of reactions:*

T:
Xeft = ?t (E2)

In the presence of reactions the penetration length should be
changed as defined in our previous publication and shown

below:?®
_ 1-0
xar =Tt (q tanh(q)) (3)

where Q = tanh(g)/g and q¢ = Tky./Dy). kb is the first-order
reaction rate coefficient and Dy, is the bulk diffusion coeffi-
cient. The w.¢r equation simplifies the film growth part of KM-
FILM and can output similar results under many scenarios.
The main advantage of using a. is that it is easy to implement
in indoor air models to account for bulk diffusion limitations,
and it is much less computationally expensive to run than KM-
FILM. However, it should be noted that it can only treat first-
order bulk reactions and may output results which differ from
KM-FILM before quasi-steady-state has been reached in the
penetration depth. The bulk accommodation coefficient (as,)
which is the probability that a molecule colliding with a surface
will enter the near-surface bulk should be used rather than the
oegr Whenever oy, < egr.

The equation has been incorporated into a model code that
is included in the folder labeled ‘effective mass accommoda-
tion’ and outputs Fig. 3b from Lakey et al.>® which shows total
film thickness after partitioning of compounds with different
log K., values into a film as a function of the bulk diffusion
coefficient. We have previously adapted this code to investigate
the potential impact of chemical reactions on film growth and
the ability of surfaces to act as reservoirs for compounds with
different log K,, values, bulk diffusion coefficients and for
different film thicknesses.”® The code can be further adapted by
the user to investigate these effects, while a.¢ can be included in
indoor air models to account for reduced uptake to viscous
surfaces.

2.5 KM-SUB-Skin-Clothing

Fig. 1f shows a schematic of the KM-SUB-Skin-Clothing model.**
The model includes a gas phase, boundary layer, clothing, gap
between the clothing and the skin, skin oil, stratum corneum,
viable epidermis and blood vessels. The clothing, skin oil,
stratum corneum and viable epidermis have been split into
several layers to maintain short diffusion distances. Mass
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transport occurs between layers. In the clothing, diffusion is
effectively slowed down by partitioning into skin oils and other
substances which are present on clothing fibers. The model
treats contact transfer of skin oil between the top layer of the
skin and the clothing. Chemical reactions occur in both the gas
phase and clothing and skin. Two model codes have been
included. The original model code is included in the folder ‘KM-
SUB-Skin-Clothing’ and is set up to output the time evolution of
ozone and gas-phase squalene ozonolysis products when two
people enter a room (Fig. 6a in Lakey et al.).*> Parameters are set
to be consistent with the measurements from Wisthaler and
Weschler (2010) and reproduce their measurements well."* In
this version of the code the chemistry has been simplified and
only carbonyl products are formed and a 100% yield is assumed.
The second model code is included in the folder ‘KM-SUB-Skin-
Clothing RH’ and is also set up to be consistent with Wisthaler
and Weschler (2010).**%* The second model code is updated by
having a more complex chemical mechanism where Criegee
intermediates and subsequent reactions are treated. This model
code is set up to output the change in the concentrations of
different squalene ozonolysis products as a function of relative
humidity (solid lines in Fig. 6 of Lakey et al.).*®

The model user can adapt these codes to investigate reac-
tions between oxidants and lipids in skin and clothing. Model
parameters can be changed to experimental conditions. The
mechanism can be changed as required depending on the
products being investigated and the model complexity and
accuracy that the user requires. For example, we have previously
updated the mechanism to include the formation of OH radi-
cals in the gas phase and calculated OH reactivity to compare it
to measurements.'® We have also previously adapted the code to
reproduce measurements performed on soiled clothing in the
absence of people.®” This can be done by removing the skin
specific layers and processes from the model. The code can also
be adapted to model human skin in the absence of clothing by
removing clothing-specific layers and processes.®* The resulting
model should be similar to our KM-SUB-Skin model but with
the inclusion of a boundary layer next to the skin which was not
included in that model.”

3 Running the models

All models can be run using MATLAB R2023b which can be
downloaded from the MathWorks website. Once the model files
have been opened, the ‘Current Folder’ in MATLAB must be
changed to match the one containing the files. The models can
then be run by viewing the script containing the solver (i.e. not
the one containing the differential equations that ends in _F)
and pressing the ‘Run’ button on the Editor tab. The models will
calculate and output either the concentration or the number of
molecules for each compound in each layer. After the model has
been run, the outputs can be found in the ‘Workspace’. One of
the major considerations and potential limitations when
running the models is the computational time that they require.
Fig. S11 summarizes the typical computational times that the
different models take to run, which vary from less than a second
to more than a day. Computational time increases significantly
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as the number of layers or number of reactions in the model
increases. These times are also likely to be affected by the
processor used and can also be affected by the type and number
of other programs running on the computer at the same time.

There are several technical points which should be noted
before running the models to obtain accurate results. The
models use either the ode23tb or ode23s solvers to perform
calculations and output results. The ode23tb solver is usually
adequate and runs significantly faster than the ode23s solver
but may occasionally produce slightly less accurate results for
stiff calculations and it is therefore important to choose the
solver carefully. When using the KM-BL and KM-SUB-Skin-
Clothing codes, the number of layers must be large enough to
obtain convergence so that the outputs are accurate. This can be
tested by running the model with increasing numbers of layers
until the output does not change. Similarly, for the film
formation part of KM-FILM, the user must set the number of
potential adsorption layers at the start of the simulation to
a large enough number so that the results of the simulation are
not impacted. The number of potential adsorption layers is set
to 101 for outputting the results in Lakey et al.,>* but may need
to be increased if parameters such as gas-phase concentrations,
desorption lifetimes or experimental times increase. For the
film growth part of KM-FILM, the thickness at which a layer
splits or merges can be increased if the simulation is too
computationally expensive, but the user should ensure that the
layers do not become so thick that this impacts the model
outputs. If the boundary layer thickness in KM-BL has not been
specified, the user should test that the total boundary layer
length is thick enough that the concentration of species at the
furthest distances from the surface are constant. Although
excellent agreement has been obtained between the KM-FILM
model and the . approach for many scenarios, the user
should always be aware that deviations may occur if quasi-
equilibrium has not been obtained in the penetration depth.>®
The user may be able to reduce the discrepancy by decreasing
and continuously updating the penetration depth to the
distance that a molecule will have travelled at a given time
(Dpt)®® as previously discussed, but this should be further
validated using KM-FILM.>®

The models can be adapted and changed as required, for
example, by adding additional reactions, processes, species, or
outputs. Parameters such as the initial concentrations should
be changed to reflect the experimental or hypothetical scenario
being investigated. Other parameters such as gas-phase diffu-
sion coefficients, partitioning coefficients, bulk diffusion coef-
ficients, surface mass accommodation coefficients, desorption
rate coefficients or reaction rate coefficients could be estimated
from published values and equations in the literature or
molecular dynamic (MD) simulations.””® If only a few param-
eters exist, it is often possible to vary the values systematically
within a sensible range until the measurements can be repro-
duced. Alternatively, the model can be coupled with a code
which automatically varies parameters until the data has been
fitted. For example, we have previously used the Monte Carlo
Genetic Algorithm (MCGA) to determine unknown and uncer-
tain parameters.”” This code runs the model with many
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different parameter sets and assigns a fitting value to each one.
The parameter sets are then combined using processes such as
survival, recombination, and mutation to improve the fitting
values. The MCGA can also be run multiple times to check the
uncertainty in parameters, whether there are several parameter
sets that exist which can fit the data well, and whether any
codependences may exist between parameters (i.e. where the
same fitting is obtained when two or more parameters are
changed in a systematic way).***>*”7%%° Note that Monte Carlo
codes are freely available online on the MATLAB website and
there are many other ways of optimizing parameters. It is also
important to note that by fitting parameters in the models to
many different experimental data sets, obtained under a wide
range of conditions, parameters become significantly more
constrained. This increases our confidence in using the model
to extrapolate to new scenarios. However, some parameters may
still not be constrained accurately such as in KM-SUB-Skin-
Clothing where natural variability in people and clothing can
impact results and sensitivity tests should be performed using
a range of values for uncertain parameters.

4 Model outputs

Fig. 2 and 3 show examples of outputs from the different models
and focus on the impact of changing specific parameters on
model outputs. All results have been obtained by changing the
parameter of interest in the model codes attached to this
publication and should help the model user familiarize them-
selves with important processes included in the model. Fig. 2a
shows the effect of changing the limonene desorption lifetime
on the limonene equilibrium surface concentration for three
different gas-phase limonene pressures which were investigated
in Fang et al. (2019).® As the desorption lifetime decreases,
limonene molecules desorb from the surface at a faster rate
leading to lower limonene surface concentrations. At higher
limonene desorption lifetimes, the adsorption sites become
full, resulting in the surface concentrations no longer being as
dependent on the limonene pressure.

Fig. 2b shows the impact of changing K. and the first-order
rate coefficient for the background loss of OH (kg o) oOn the
OH concentration gradient above the surface. O; reacts with
limonene in the boundary layer forming OH radicals which are
subsequently lost by reaction with limonene and other species.
The O; uptake coefficient to the surface is set to be 5 x 10™*,
which is a typical value for O; uptake to skin oils, while the OH
uptake coefficient is set to be 1 reflecting its high reactivity.®
With higher &, o the bulk gas-phase concentration (i.e. beyond
the boundary layer) of OH is lower. With more turbulence, the
diffusion rate of O; through the boundary layer increases
leading to higher O; concentrations right above the surface,
resulting in higher production rates and concentrations of OH.
Interestingly, by directly comparing a scenario with high
turbulence and high OH background loss (K. = 10 s * and ker.on
=50 s ") to a scenario with low turbulence and low OH back-
ground loss (K. = 0.1 s ' and kg on = 1 s ') we demonstrate
that even with lower OH gas-phase concentrations, greater
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Fig. 2 Exemplary simulations of kinetic models to investigate the impact of (a) limonene desorption lifetimes on limonene surface concen-
trations using the K2-SURF model,*® (b) the turbulence intensity and the background OH decay rate coefficient on the OH concentration gradient
in the boundary layer with an ozone uptake coefficient of 5 x 10~* using the KM-BL model and with K. = 0.1 (black) and 10 (green) and ky o = 1
(dashed) and 50 (solid),%® (c) the boundary layer length on surface film growth using the KM-FILM model?® and (d) the bulk diffusion coefficient on
film growth due to compounds with different log Ko, values using the KM-FILM model?® and the a.¢ equation.?® All figures are produced using the
set up described in the ‘Description of the models’ section and with only the parameters shown in the panels being varied.

turbulence in the boundary layer can cause OH concentrations
right above the surface to be higher (Fig. 2b).

Fig. 2c shows measurements and modeling of mass accu-
mulation of di-2-ethylhexyl phthalate (DEHP) on an aluminum
surface due to multi-layer adsorption and the impact of
changing the boundary layer length. The original fitting and
parameters are provided in Lakey et al. (2021)* and the original
boundary layer length is set to 0.14 cm which is the distance
between the SVOC source and the aluminum surface in the
experiments.*> Additional lines show the impact of increasing
or reducing the boundary layer length by a factor of 4. As the
boundary layer length increases, gas-phase diffusion limita-
tions increase, leading to lower gas-phase concentrations right
above the surface, resulting in less adsorption and a lower

1646 | Environ. Sci.: Processes Impacts, 2025, 27, 1640-1653

surface mass. This demonstrates the importance of the diffu-
sion gap length between the SVOC source and test material on
the amount of phthalate to be adsorbed to a test material. It is
also worth noting that by assuming a typical deposition velocity
of 3 m h™" (0.083 cm s~ ") to indoor surfaces and a gas-phase
diffusion coefficient of 0.06 cm” s™', the boundary layer
length in a room is likely to be approximately 0.7 cm, leading to
a larger gas-phase diffusion limitation than in the original
experiments.” Turbulence is also extremely important as it can
reduce the boundary layer length leading to an increase in the
amount of mass being deposited to a surface.®

Fig. 2d shows film growth as a function of time due to the
partitioning of compounds with different log K,,, values with
film phase state being low viscous liquid with bulk diffusion

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mixing ratios of 6-MHO and 4-OPA as simulated by the KM-SUB-Skin-Clothing model with the simplified reaction mechanism.
Measurements are from Wisthaler and Weschler (2010)** and model parameters can be found in Lakey et al.®? Sensitivity tests were performed to
investigate the impact of (a and b) air-exchange rate, (c and d) the number of people and (e and f) the room size on the gas-phase concentration

of (a, c and e) 6-MHO and (b, d and f) 4-OPA.

coefficients (D) of 107" em” s™' and being highly viscous
(semi-)solid with Dy, of 107> em® s™*. The film growth results
for D, = 10 '° cm® s~ ! are consistent with previous work where
bulk diffusion limitations are negligible.”>”® The KM-FILM
model and a.¢ equation agree well. When Dy, is decreased to
107*° em?® s, bulk diffusion limitations become important,
causing the film to grow at a slower rate and significantly
reducing the total thickness after 500 days (~9 nm compared to
~14 nm). There are small deviations between the film thick-
nesses outputted by the KM-FILM model and the a.¢ equation
which are due to equilibrium taking longer to be established in
the penetration depth for smaller diffusion coefficients. The
differences are also enhanced by less overall partitioning
occurring into the slightly thinner films outputted by the acg
equation.

This journal is © The Royal Society of Chemistry 2025

Fig. 3 shows the gas-phase concentrations of two squalene
ozonolysis products, 6-MHO (monocarbonyl, primary product)
and 4-OPA (dicarbonyl, secondary product) as a function of air
exchange rate, number of people in the room and room size. The
original fittings to the data and parameters are provided in
previous publications®*”* and the effect of these parameters have
previously been investigated using the KM-SUB-Skin model with
similar trends being observed. For clarity, Fig. 3 only shows
results from the original KM-SUB-Skin-Clothing model. For
comparison purposes, Fig. S21 shows these same results as well
as outputs from the model with the more complex mechanism
involving Criegee intermediates. The trends outputted by the two
model versions are the same and differences between the results
of the two models are mainly caused by variations in the fitting of
the original experimental data.
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Fig. 3a and b show that, as air exchange increases, molecules
are removed by indoor-to-outdoor transport at a faster rate
leading to lower indoor gas-phase concentrations. The absolute
concentrations of these products are also impacted by ozone
concentrations which will increase as outdoor-to-indoor trans-
port increases. Fig. 3c and d demonstrate that as the number of
people in a room increases the concentration of 6-MHO
increases, while changes in 4-OPA concentrations are small.
Increasing the number of people leads to a greater skin and
clothing surface area in the room, resulting in more squalene
reacting with ozone and an increased formation of primary
products such as 6-MHO as well as a decrease in ozone
concentrations. Secondary products such as 4-OPA are formed
from primary products reacting with ozone. The overall effect of
the changes in primary product and ozone concentrations
causes only small changes in 4-OPA concentrations over the
range of people investigated here. Fig. 3e and f shows the
impact of room size on the gas-phase concentrations of 6-MHO
and 4-OPA. As the room size increases, primary products
become diluted leading to lower gas-phase concentrations.
However, ozone concentrations in the room increase with
increasing room size as the surface area of people to the volume
of the room decreases. The 4-OPA concentration is impacted by
dilution as well as the concentrations of primary products and
ozone resulting in only small changes over the room sizes that
are investigated here.

5 Connections to other indoor
models

The connection between different types of indoor models was
originally discussed in the modelling consortium for chemistry
in indoor environments (MOCCIE) overview paper.*" Below we
will discuss specific recent examples of how our multilayer
kinetic models have connected with other indoor models as well
as the potential for future connections.

MD simulations can estimate many fundamental parameters
that are used as inputs to kinetic multilayer models such as
surface accommodation coefficients («;), desorption lifetimes
(ta), partitioning coefficients (K), and bulk diffusion coefficients
(Dp). MD simulations have determined these parameters for
ozone and important squalene ozonolysis products interacting
with skin o0il.®»”® A range of sensitivity tests using KM-SUB-Skin-
Clothing indicated that gas-phase concentrations of ozone and
the carbonyl products were insensitive to the changes in o, 74
and Dy, but were significantly impacted by changing K, which
were subsequently updated in the next version of KM-SUB-Skin-
Clothing.**”* The KM-SUB-Skin-Clothing and MD simulations
were cross-validated by outputting the bulk accommodation
coefficients, yielding consistent results.”® Additional parame-
ters, such as Dy, in the stratum corneum which is a very sensitive
parameter, could be updated in KM-SUB-Skin-Clothing in the
future as MD simulation results become available.

MD simulations have also been used to constrain «y, 74, K
and D, of ozone for triolein films in the KM-GAP model and
experimental measurements were reproduced well.*® MD
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simulations of ag and 74 for limonene on SiO, surfaces were
used to constrain these parameters in K2-SURF and good
agreement with measurements were obtained.>® The adsorption
enthalpy estimated from K2-SURF was also in agreement with
the value obtained from MD simulations.*® In contrast, initial
K2-SURF simulations of carvone adsorbing on SiO, with a5 and
74 values constrained by MD simulations, were not able to
reproduce the rapid adsorption and slow desorption kinetics
observed in experiments.* This indicated that there was likely
to be a missing process in K2-SURF, which was speculated to be
the trapping of molecules in pores retarding the desorption. By
including this process, measurements were able to be repro-
duced using K2-SURF while maintaining consistency with MD
simulations.> Overall, MD simulations are very useful to
constrain parameters for a wide range of different indoor
surfaces and compounds, reducing uncertainties in kinetic
multiphase models.

Kinetic multilayer models assume a well-mixed gas phase
indoors, while computational fluid dynamics (CFD) simulations
resolve indoor air flow to simulate spatial distributions of
indoor air constituents.®® Spatial gradients can have conse-
quences with regards to human exposure and may also impact
the validity of indoor measurements which are usually only
performed in one position. Kinetic multilayer models can be
used to output near surface concentrations, yields and uptake
coefficients of compounds which can be used as inputs to CFD
models. By performing a range of sensitivity tests, the kinetic
multilayer models can also determine the most important gas-
phase reactions which can also be implemented in CFD models.
The KM-SUB-Skin-Clothing model has been used to generate
inputs to CFD simulations for several studies.'®**** The CFD
simulations have concluded that primary squalene ozonolysis
products will be more concentrated near soiled clothing and in
the breathing zone compared to the room air, while secondary
ozonolysis products are more evenly distributed.* Additionally,
OH reactivity is elevated close to the human body and OH
concentrations are depleted which may have consequences with
regards to the oxidation level of compounds reaching the
breathing zone through the thermal plume around the human
body.® In the future, the combination of the KM-SUB-Skin-
Clothing model with the CFD model could be used to investi-
gate the spatial distribution of additional compounds as
a function of relative humidity and the impact of using
fragrances and lotions. Adaptations to the codes could enable
spatial distributions of particles, formed from the reaction of
ozone with skin oils, to be investigated.**** The CFD model
could also be combined with other indoor multilayer models,
such as KM-FILM. A kinetic box model has also been combined
with CFD simulations to estimate the spatial distribution and
temporal evolution of bleach products and general equations
for estimating whether spatial concentration gradients are ex-
pected are presented in that study.*

Currently, indoor chemistry models such as the Indoor
CHEMical model in Python (INCHEM-Py) and the Indoor Model
of Aerosols, Gases, Emissions, and Surfaces (IMAGES) do not
explicitly treat the impact of surface film viscosity on surface
deposition.*””* While the KM-FILM model would be too
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computationally expensive to couple with these models, the
effective mass accommodation equation can easily be imple-
mented. By including this equation, the potential effect of film
viscosity on indoor chemical compound concentrations can be
investigated for a range of scenarios. A similar equation that
was developed for partitioning into particles of different
viscosities has already been successfully implemented in
IMAGES,**** demonstrating that gas-particle partitioning can be
retarded due to diffusion limitations.*”

6 Summary and future developments

In this study, the annotated codes for kinetic multilayer models
for indoor multiphase adsorption, partitioning, diffusion and
chemistry are made publicly available. These codes allow the
temporal evolution of compound concentrations in different
phases to be determined and can explicitly treat bulk concen-
tration gradients. They use fundamental parameters such as the
surface accommodation coefficient (), desorption lifetime
(ta), bulk diffusion coefficient (D), gas-phase diffusion coeffi-
cient (D), bulk and surface reaction rate coefficients (k. and
ksr), and partitioning coefficients (K) which can be determined
from literature values, MD simulations or from fitting to
experimental measurements. The KM-SUB-Skin-Clothing
model treats the ozonolysis of skin lipids and their products,
the K2-SURF model treats reversible adsorption from indoor
relevant surfaces, the KM-BL model treats mass transport and
reactions in the boundary layer, and the KM-FILM codes treat
film formation and growth. The code for the a.¢ equation is also
published in this work to effectively treat film growth.

The published codes have a wide range of possible future
uses and can be further developed as follows. By making these
codes publicly available, scientific research groups can apply
them to a range of multiphase laboratory experiments and
indoor field campaigns to test hypotheses and subsequently
extrapolate to different conditions. The codes can be used to
identify the rate-limiting processes and reactions. Codes can be
adapted as required to reflect experimental conditions and the
user can also change, add, or remove compounds, reactions,
and outputs as required. Near-surface concentrations, yields
and uptake coefficients have previously been outputted and can
be used as inputs to CFD simulations to investigate spatial
distributions. The a.y equation can be included in indoor
models to reflect the impact of surface viscosity on surface
deposition.

Further developments of the model may be able to address
important research questions and more accurately represent
indoor multiphase chemistry. For example, the film thickness at
which absorption can occur and becomes more important than
adsorption remains unclear and could be investigated and
included in KM-FILM when relevant experimental measure-
ments become available. Chemical reactions and species have
been generalized in KM-FILM and future developments could
treat specific classes of chemical compounds and the specific
reactions that they can undergo in indoor surfaces. Models
could also be set up to include different types of surface in
a single indoor space (e.g. with different viscosities) to
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investigate how partitioning into one surface type would influ-
ence partitioning into a different type of surface. Additionally,
the ozonolysis of skin lipids on non-human indoor surfaces can
be treated in future studies as measurements have indicated
that off-body skin lipids have a large influence on indoor ozone
chemistry.* Reversible partitioning of lipid ozonolysis products
into non-human indoor surfaces could also be included in the
future. The code could also be adapted to include the nucle-
ation and formation of nanocluster particles.***® Additionally,
the impact of personal care products such as fragrances and
lotions could be investigated.
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