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ABSTRACT
We investigate the effect of primary ion diffusion charging on particle wall loss in Teflon
smog chamber experiments. Primary ion losses are balanced between wall deposition and
diffusion charging to larger particles; further, the particle charge distribution evolves toward
a chamber-specific charge steady state, different from the so-called “neutralizer steady state”
attained inside laboratory neutralizers. This chamber charge steady state depends on the
particle size distribution, and the timescale to reach it is often hours. Applying conditions
typical of chamber experiments, we conclude that primary ions play an important role in
particle wall loss and should be taken into consideration when interpreting experiments.

ARTICLE HISTORY
Received 5 December 2019
Accepted 11 April 2020

EDITOR
Jim Smith

1. Introduction

The environmental smog chamber consists of a con-
tainer with inlets and outlets for fluid exchange to
inject contents of interest and to sample them,
respectively, with the goal of isolating aerosols and
studying their chemistry and microphysics (Schwantes
et al. 2017). It is often illuminated with artificial light.
The container can be flexible and insulating as in a
Teflon chamber; rigid and insulating as in a glass
chamber; or rigid and conducting as in a metal cham-
ber. For example, the Carnegie Mellon University
(CMU) chamber is a Teflon bag suspended inside a
temperature-controlled room whose walls have black
lights emitting light in the ultraviolet (UV) spectrum
(Wang et al. 2018).

Illumination initiates photochemical reactions,
eventually yielding low-volatility products that con-
dense onto growing aerosol particles (Sunol, Charan,
and Seinfeld 2018). If the concentration (supersatur-
ation) of the low-volatility products is sufficiently
high, they may nucleate to form new particles (Kirkby
et al. 2016). Production rates of new particle number
(nucleation) and aerosol mass (secondary organic
aerosol, SOA, formation) are the target measurements
of most experiments. However, low-volatility products
can be deposited onto the walls (Matsunaga and
Ziemann 2010; Zhang et al. 2015; Krechmer et al.
2016; Trump et al. 2016), and suspended particles can

be deposited onto the walls (Wang et al. 2018).
Suspended particles also coagulate inside the chamber,
resulting in bigger particles (Sakamoto et al. 2016).

Chamber experiments are intrinsically number and/
or mass balances, and wall deposition must be
addressed to properly interpret experiments (Pierce
et al. 2008). Without proper treatment of both vapor
and particle wall losses, resulting data would be biased
and unrepresentative of atmospheric conditions where
there are no chamber walls. Our purpose is to investi-
gate particle deposition to the chamber walls and the
role of ion diffusion charging on it. We shall explore
the coupled effects of primary ion formation and loss
under conditions typical of chamber experiments.
There, a significant fraction of the primary ion loss
consists of diffusion charging to larger particles, so
that particle charging has a strong effect on the subse-
quent particle loss.

2. Background

In one approach to correct for wall losses, Wang et al.
(2018) determine a deposition rate coefficient profile
sometime during an experiment when only inert par-
ticles, like ammonium sulfate particles, are present.
Using the number distribution evolution in time and
assuming only wall loss is taking place, they determine
a deposition rate coefficient at each size and then
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apply it to the rest of the experiment. While this rou-
tine addresses the experiment-to-experiment variation,
it does not address the variation of the deposition rate
coefficient during the same experiment.

In another approach, Pierce et al. (2008) use an
optimization procedure to determine a fitted depos-
ition rate coefficient. In this, they use a functional
form to constrain the deposition rate coefficient in
size, but not in time, and thus this routine still does
not address the possible variation during the same
experiment. Moreover, deposition is assumed to have
a size-dependent term in addition to a constant
term—effectively, crudely approximating the role of
an electric field near the walls.

Finally, Charan et al. (2018) introduce three meth-
ods to ensure that an electric field is not present on or
near the walls of the experimental chamber. The pres-
ence of an electric field on the walls enhances particle
deposition of charged particles. If there is no electric
field, then the deposition rate is only a function of size
and not time, and thus there would be no need to con-
sider the variation within an experiment. The first
method is to measure the number concentration of
particles with and without passing them through a
charge conditioner whose purpose is to establish a
“neutralizer” steady-state charge distribution on the
particles. By monitoring the ratio of the counted
“conditioned” and “unconditioned” particles, it is
established whether or not a field is acting on them.
The second method is to conduct the same experiment
where the only changing variable is humidity; if an
electric field exists, then humidity should decrease it
and thus decrease the deposition rate. The third
method is to use an optimization procedure, like the
one mentioned in the previous paragraph (Pierce et al.
2008), to determine a fitted value for the electric field.
Using these methods, they conclude that a minimal
electric field exists in their chamber.

Yet, a perfectly insulating chamber with no electric
field remains elusive for most laboratories, with the
exception of well-controlled conducting chambers. For
example, simply touching the chamber or brushing
one’s hair on it can introduce electrostatic charge
buildup. Because particles are often charged in the
chamber, any electric field resulting from electrostatic
charge buildup will act on these charged particles.
This leads to a preferential loss of charged particles to
the wall and thus alters the particle charge distribu-
tion. Besides, primary ions due to background cosmic
rays are also constantly formed and lost in any cham-
ber and they change the particle charge distribution
by diffusing to the particles. In this study, we simulate

the dynamics of primary ions as well as the dynamics
of particle deposition.

In previous models (Charan et al. 2018; Pierce
et al. 2008), the relevant dynamics of primary ions are
not considered to have a direct impact on the depos-
ition rate coefficient. Herein, the dynamics of primary
ions are considered directly—because they are con-
stantly produced, and thus present, they change the
charge distribution on the particles. While previously
assumed constant throughout the simulation (Charan
et al. 2018; McMurry and Grosjean 1985; McMurry
and Rader 1985; Sunol, Charan, and Seinfeld 2018),
we consider the concentration of primary ions dynam-
ically, allowing the concentration to vary throughout
the simulation. We demonstrate that, in the presence
of an electric field, the result of considering the effect
of primary ions and particle charge distribution is
twofold: a new modified “chamber steady-state”
charge distribution that depends on the particle size
distribution; and a varying concentration of primary
ions within the chamber depending on the particle
size distribution.

3. Development

3.1. Dynamics of particle deposition

Particle deposition (wall loss) is often represented as
an irreversible, first-order process (Pierce et al. 2008;
Sunol, Charan, and Seinfeld 2018) with respect to the
particle number density or size distribution function,
n, despite the uncertainty (Schwantes et al. 2017;
Trump et al. 2016),

gdepðdpÞ ¼ $kdepðdpÞnðdpÞ, (1)

where kdep is the deposition rate coefficient that
depends on the particle diameter, dp. The deposition
rate coefficient, kdep, has units of inverse time, s$1,
while n has units of cm$3 nm–1, and so gdepðdpÞ has
units of cm$3 nm–1s–1. The functional form of the
deposition rate coefficient has been derived for neutral
and charged spherical particles in spherical chambers
(Crump and Seinfeld 1981; Crump, Flagan, and
Seinfeld 1982; McMurry and Grosjean 1985; McMurry
and Rader 1985).

Figure 1 shows the deposition rate coefficient pro-
file for typical parameters (see Table 1). Smaller par-
ticles are deposited more readily than larger particles
due to the diffusive contribution, but larger particles
can be deposited more readily due to gravitational
sedimentation. In totality, the effective deposition rate
coefficient is influenced by the number of charges on
particles,
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keffdep ¼
X

i

kideppi, (2)

where kidep is the deposition rate coefficient and pi is
the fraction of particles carrying charge i.

3.2. Dynamics of primary ions

The number of elementary charges is often estimated
using parameterizations, for example, the
Wiedensohler charge distribution approximation
(Wiedensohler 1988). The charge fraction distribution,
pi, on an aerosol population is often assumed to be in
steady state upon entry into the chamber or soon
thereafter (Charan et al. 2018; L!opez-Yglesias and
Flagan 2013a). However, this “neutralizer steady state”
requires that diffusion charging (both increasing and
decreasing the charges on the particles) be the domin-
ant process influencing the charge distribution. In
neutralizers, this is achieved with a very high primary
ion production rate. Yet, it is possible that a
“neutralizer” steady-state charge distribution is not
achieved in a chamber (Charan et al. 2018), resulting
in an undercharged distribution. Primary ions are
constantly produced in the atmosphere and in cham-
bers due to background cosmic rays (Franchin et al.
2015; Kirkby et al. 2016; Wagner et al. 2017). Stable
positive and negative ions interact with aerosol par-
ticles, and thus, change the aerosol population’s
charge distribution. Because charged particles are
deposited more readily to the chamber walls, and
because the deposition rate competes with the

diffusion charging rates, deposition also changes the
charge distribution of the remaining particles. Here,
as a simplification, we assume that the charge distri-
bution does not influence coagulation (we are consid-
ering relatively large particles).

In this work, we use the term “primary ion” to
describe the ensemble of small, stable cluster ions
containing a molecular ion, some water molecules,
and perhaps a few highly polar molecules. These will
govern the subsequent diffusion charging of larger
particles; they may or may not have a similar compos-
ition to corresponding atmospheric ions (for example,
bisulfate dominates small anions during the day in the
atmosphere, but will only appear in a chamber if sul-
furic acid vapor is being produced, and base vapors
such as ammonia may have very different concentra-
tions in a chamber than in the atmosphere). We fol-
low L!opez-Yglesias and Flagan (2013a) and select
single ion mobilities representative of atmospheric
conditions. In reality, chambers and the atmosphere
have (different) ion-mobility distributions, but this
has only a minor quantitative effect on the conclu-
sions we present here.

Primary ion pairs in the chamber are produced at a
rate, q, whose units are cm$3s–1. The primary ions are
lost to the walls, due to recombination with other
ions of opposite charges, and to aerosol particles. The
balance equation is

dC6

dt
¼ q$ k6iwC

6 $ birC6C7

$ C6
ð

dp

X1

i¼$1
b6i ðdpÞnðdpÞpiðdpÞ

 !
ddp,

(3)

where C is the number concentration of primary ions,
kiw is the ion deposition rate coefficient to the wall,
bir is the ion recombination rate coefficient, and the
last term on the right-hand side is the sink rate of pri-
mary ions on aerosol particles (Gonser et al. 2014;
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Figure 1. The deposition rate coefficient: k0dep in dashed (blue)
is of neutral particles and kidep in solid (red) is for charged par-
ticles where i ¼ 61, ±5, and ±10. For i¼ 0, Brownian and tur-
bulent diffusive contributions are dominant for dp % 200 nm;
otherwise gravitational sedimentation is dominant. As particles
have more charges, kdep increases dramatically from i¼ 0 to
i ¼ 61, especially for smaller particles.

Table 1. Chamber parameters used for base-case simulations.
Variable Value

ke 0:1 s$1

R 1.43 m
qp 1.55 g cm–3

g 9.807 m s–2

g 18:27& 10$6 kg m$1 s$1

kB 1:381 m2 kg s$2 K$1

T 298.15 K
e 1:602& 10$19 C
"E 4500 V m$1

kiw 25& 10$3 s$1

bir 1:6& 10$6 cm3 s$1

!0 8:854& 10$12 F m$1

lþion 1:20& 10$4 m2 V$1 s$1

l$ion 1:35& 10$4 m2 V$1 s$1

q 4 cm$3 s$1
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Hoppel and Frick 1986; Horrak et al. 2008). In the
last term, bi is the ion–aerosol attachment coefficient
between ions and particles of charge i at size dp; pi is
the fraction of aerosol particles with charge i as a
function of size, dp; and n is the particle size distribu-
tion function. For bi, whose units are cm3s–1, we use
tabulated coefficients of L!opez-Yglesias and Flagan
(2013a, 2013b) to a power-law expansion of numerical
solutions to the attachment coefficients. This is
because the most up-to-date results are those of
L!opez-Yglesias and Flagan (2013a).

If the ion-pair formation rate, q, is great enough for
the diffusion charging and neutralization rates to be
much larger than any other rates affecting the number
and charge balance of a particle population, nðdpÞ, then
the charge distribution piðdpÞ will reach the
“neutralizer” steady state. This is a requirement for

accurate measurement of number distributions using
mobility classifiers (Charan et al. 2018). We show the
neutralizer steady-state charge distribution for equal
concentrations of primary cations and anions (as found
in a neutralizer where primary ion recombination is the
main primary ion sink) in Figure 2. Like before, to be
accurate and consistent, we also use the updated power-
law coefficients for the steady-state approximation—
also provided by L!opez-Yglesias and Flagan (2013a).

4. Methods

Utilizing the Bridges system (Nystrom et al. 2015;
Towns et al. 2014), we carry out numerical simula-
tions to explore the effects of the primary ion balance
on larger particles in an environmental chamber
(roughly cubical teflon-film bag with 2.15m long
edges). We model the evolution of the concentrations
of primary ions, Cþ and C–, as well as the aerosol size
and charge distribution, nðdpÞ and piðdpÞ, for different
physical parameters of interest like the production
rate and the average electric field in the chamber. We
solve (3) to obtain values for Cþ and C–; similarly, we
update pi according to

d
dt

npið Þ ¼ Cþbþi$1 npi$1ð Þ þ C$b$iþ1 npiþ1ð Þ
$ ðCþbþi þ C$b$i Þ npið Þ:

(4)

We start with q¼ 4 cm–3 s$1, but we vary the pri-
mary ion formation rate between 2 and 20 cm–3 s$1.
We initialize the chamber with the primary ion con-
centrations, Cþ ¼ C$ ¼ 1000 cm–3, without any par-
ticles present. Unless stated otherwise, the values of
the parameters involved in the simulations are listed
in Table 1.

For these simulations, the particles initially have a
lognormal particle distribution with a geometric mean
of 100 nm and a standard deviation of 1.2. For the ini-
tial conditions, we considered three different total par-
ticle number concentrations: N ¼

Ð
nðdpÞddp ¼ 2850,

28500, 285000 cm$3. With a density of 1.55 g cm$3,
this corresponds to a suspended seed mass concentra-
tion ranging from 3.74 to 374lg m$3, which in turn
generously spans the range typically used in seeded
chamber experiments.

We consider two initial charge distributions,
“neutral” and “charged.” Here, “neutral” means
“uncharged” and corresponds to a case where the seed
particles were generated by nucleation following flash
vaporization of a low vapor-pressure oil. Also,
“charged” means the “neutralizer steady state” condi-
tion and corresponds to a case where seed particles
were formed via nebulization followed by passage
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Figure 2. Charge fraction at the neutralizer steady state as a
function of size in a logarithmic scale on top and linear scale
bottom. The fraction of neutral particles, i¼ 0, is shown in dot-
ted (blue) while those for charged particles, jij > 0, are shown
in solid (red) for positive charge and in dashed (red) negative
charge. Most particles are neutral or singly charged when
dp % 100 nm.
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through a high ionization rate neutralizer. We assume
this spans the likely initial conditions in chamber
experiments, though it is possible that an overcharged
population of seeds could be produced by nebuliza-
tion followed by inadequate neutralization.

Besides the diffusion of primary ions to the aerosol
particles, we assume that the deposition of particles to
chamber walls is the only process taking place inside
the chamber according to the equation:

@ nðdpÞpiðdpÞ
# $

@t
¼ gidepðdpÞ, (5)

where gidepðdpÞ ¼ $kideppin: We omit coagulation and
condensation in order to focus exclusively on the role of
diffusion charging on particle wall deposition. In sum-
mary, we solve (3), (4), and (5) to determine the concen-
tration of primary ions, C, the charge fraction, pi, and
the particle size distribution, n, at each time step.
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Figure 3. The evolution of primary ions. In the left plots, the competing rates of primary ions dynamics are shown: condensation
sink, wall loss, recombination loss, and production. In the right plots, the corresponding concentrations of negative and positive
primary ions are shown. In all cases, the production rate of primary ions is 4 cm–3 s$1 for each negative and positive ions, and
thus 8 cm–3 s$1 in total, and the mean diameter of the condensation sink is 100 nm. The total number of aerosol particles in the
condensation sink is 2850, 28,500, and 285,000 cm–3 for the top, middle, and bottom plots, respectively. As the total number of
particles increases from top to bottom, the higher and more prominent the condensation sink is compared to the competing rates
of wall loss and recombination loss. The concentration of positive ions in the right plots is higher than the negative one because
the mobility of negative ions is higher and so more negative ions diffuse to the particles.
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5. Results and discussion

5.1. Primary ion evolution

In Figure 3, we show the competing rates and the
concentration of primary ions for the three different
initial particle number concentrations. The particles
start “charged” in this case, though this makes little
difference to the overall behavior of primary ions
within chamber experiments.

On the left, we plot the competing rates of primary
ions dynamics: condensation sink, wall loss, and recom-
bination loss. On the right, we plot the corresponding
concentration of negative and positive primary ions.
From the left column we see that recombination is negli-
gible for these conditions, and even for the lowest seed
concentration, diffusion charging (the condensation
sink) competes with primary ion deposition (wall loss).
In that one case, wall loss eventually becomes dominant
as the total particle number drops over the course of the
two hour simulation; in the higher condensation sink
cases, primary ion wall loss ranges from small to negli-
gible and diffusion charging is the dominant process bal-
ancing ion-pair formation, which reflects the dominance
of the last term in (3).

On the right, we see that the primary ion concen-
tration evolves significantly in all cases. Because we
add a sink (diffusion charging) at t¼ 0, in all three
simulations the ion concentrations at first drop rap-
idly until a chamber steady state is established includ-
ing the diffusion charging. Positive ions are always
slightly more abundant because of their lower mobil-
ity, but the charging rates are identical. In all cases,

the primary ion concentrations evolve significantly
over the course of the simulation; for example, in the
middle case which is most typical of a seeded cham-
ber experiment, the concentrations change by almost
an order of magnitude. This suggests that we may
well find a significant evolution of the particle wall
losses driven by this diffusion charging over the
course of an experiment.

5.2. Charge distribution evolution

The evolving primary ion concentration suggests that
the particle charge distribution, piðdpÞ, will also evolve
in time. Further, the initial condition, piðdp, t ¼ 0Þ, is
likely to matter. In Figure 4, we show the average
absolute charge,

P
i jijpi, for particles of the modal

size, dp ¼ 100 nm, with the smallest value of total par-
ticle number concentration, N¼ 2850 cm–3. The neu-
tral initial condition is a dashed (blue) curve and the
charged initial condition is a solid (red) curve. Both
charge distributions converge to a new chamber
steady-state charge distribution in approximately 3 h,
which also corresponds to where the concentrations
of primary ions reach a steady state in the top left
plot in Figure 3.

The chamber steady state differs significantly from
the steady state within a neutralizer, where diffusion
charging completely dominates the charging and neu-
tralization of particles. Here, while the charged par-
ticles are lost to the walls, depleting the particle
charge state, the primary ions effectively try to rees-
tablish the prescribed steady-state distribution. In
Figure 5, we depict the chamber steady state by
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Figure 4. The average absolute charge,
P

i jijpi, for dp ¼
100 nm as a function of time, t. Both the starting-neutral and
starting-charged particles converge to a value that is lower
than the original steady state in roughly 3 h, indicating the
new chamber particle charge steady state.
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charged particles lose their average charge from t¼ 0
to t¼ 3 h.
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showing the average of the absolute charge for all par-
ticle sizes after 3 h and both initial conditions at t¼ 0,
where the thinner (red) curve refers to the “charged”
steady state found in a neutralizer. The average abso-
lute charge on smaller particles, dp!50 nm, is much
more depleted compared to the “neutralizer steady
state” than on larger particles. This is because charged
smaller particles are lost more readily to chamber
walls as seen in Figure 1.

5.2.1. Particle wall loss evolution
In Figure 6, we show the effective deposition rate
coefficient as a function of particle size, as per (2).
We show the initial values for the starting-charged
and starting-neutral distributions, which bound the
values; between them are the effective coefficients as
they evolve in time. As with the mean absolute charge
in Figure 4, the effective coefficients decrease in time
for initially charged particles and increase in time for
initially neutral particles. They converge in roughly
3 h on the chamber steady state. For these conditions,
most of the deposition coefficients change by up to an
order of magnitude over time, suggesting that this
may play a significant role in chamber experiments. It
is important to note, however, that the chamber
steady state is not stationary; rather, it continues to
evolve as a result of the continuous diffusion charging
and the changing particle size distribution within the
chamber. We probe this effect next.

5.3. Effect of the total particle number

As we showed in Figure 3, the condensation sink—the
last term in (3)—has a greater effect on the primary
ion balance as the total particle number increases. The
absolute rate of particle deposition should increase as
the total particle number increases due to the first-
order dependence shown in (1); however, to the
extent that particle loss is controlled by diffusion
charging and thus ultimately the ion-pair formation
rate, q, the total particle deposition rate could be
effectively constant and thus zeroth order.

In Figure 7, we show the average charge vs in time
at dp ¼ 100 nm. The time to achieve the chamber
steady-state charge distribution increases as the num-
ber increases. Moreover, the average absolute charge
decreases as the total particle number increases. This
is because the more particles there are, the higher the
rate of particle deposition to the walls—but, instead of
having a more robust effect of primary ions, their
effect is diminished relative to the deposition rate
because as the number of particle increase, it takes
longer to effectively change the particle charge state.
This is especially true for the smallest particles; how-
ever, for the largest total number, particles of all sizes
are significantly depleted in charge, even after 8 h.

Finally, the total particle number influences the
effective particle deposition because it influences the
charge distribution. In Figure 8, we show the effective
deposition rate coefficients at 3 h for the starting-
charged (that is, with a “neutralizer steady state”)
cases. As the total particle number increases, the
effective coefficient decreases due to the depletion of
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depletion can be seen as the effective coefficient is reduced.
For the starting-neutral ones, the effective coefficient is
enhanced as more particles gain charge. The two converge
after approximately 3 h, consistent with Figures 4 and 5.
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100 nm for different total particle numbers in the condensation
sink. As the total particle number increases, the more the
charge is depleted.
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charge on particles. The effective deposition coeffi-
cient will continue to decrease until the chamber
steady state is achieved and then it will reverse course
and slowly increase with decreasing particle number.
Notably, when the total number is largest in Figure 8,
the effective deposition rate coefficient follows the
neutral coefficient in the limit of smaller particles and
the charged one in the limit of larger particles.

5.4. Effect of the of primary ion production rate

The primary ion production rate will directly affect
the chamber steady-state charge distribution; the
charge distribution is depleted under the conditions
we have modeled, and so we expect it to rise toward
the neutralizer steady state (initially charged) distribu-
tion at a sufficiently high primary ion production rate.
We study this effect for N¼ 28,500 cm–3, which is
most typical of seeded chamber experiments. As the
production rate is increased from q ¼ 2 to 20 cm–3s–1,
the diffusion charging of particles increases as well. In
Figure 9, we show the average absolute charge vs in
time at dp ¼ 100 nm for varying production rates, q.
The value of the production rate is indicated by curve
thickness: the thicker, the higher. We note that as the
production is increased, the shorter time is required to
achieve a higher chamber charge steady state.

The effective deposition rate coefficient also
increases as the production rate is increased. This can
be seen in Figure 10. For smaller particles (dp!
100 nm) the effect is almost linear—the effective
deposition coefficient nearly doubles as the primary
ion production rate doubles. This indicates a nearly
zeroth order particle loss for these smaller particles.

5.5. Effect of the electric field

Particle charging only influences particle losses when
there is an electric field near the chamber surface. The
length scale is small, as for typical conditions turbu-
lent transport carries particles to within 1mm of the
wall, and so fluctuations in the surface charge density
on this length scale will influence the field above the
wall even for a chamber that is free of static charge
overall. Of course, in conducting chambers with con-
trolled electric fields, for example, CLOUD chamber
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Figure 8. The effective deposition rate after 3 h for different
total particle concentrations. The charge depletion is reflected
in the lower coefficient for higher concentrations.
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the neutralizer steady state. The thicker the curve, the more
the production rate. We note that the higher the production
rate of primary ions, the higher the achieved chamber charge
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(Kirkby et al. 2016), the field can be large and con-
stant. It is the average of the absolute value of the
field within the nominally laminar boundary layer, "E,
that we care about.

Figure 11 shows the effective deposition rate coeffi-
cient profiles for both values of the electric field. We
see that even with the lesser field, the coefficient
varies by five-fold for particles less than dp ¼ 100 nm.
In both cases the deposition deviates significantly
from the neutral deposition, which is the limit for
either an uncharged particle distribution or a zero-
field chamber. For a chamber constructed with insu-
lating materials, there is a minimum average field due
to thermal fluctuations in the charge density even at
equilibrium, whereas for a conducting chamber with
very careful management of any surfaces that might
sustain a static charge the zero-field limit is possible.

5.6. Including coagulation dynamics

We conducted these simulations considering only par-
ticle charging and deposition in order to isolate these
effects. However, for the sake of completeness, we
show the effect of including particle coagulation in
Figure 12 after 3 h. We follow the coagulation formu-
lation of Seinfeld and Pandis (2016) without consider-
ing the effect of charges. Here, along with particle
deposition and primary ions dynamics, we added
coagulation dynamics for the the largest total particle
number 285,000 cm–3, where coagulation is most sig-
nificant. While coagulation significantly influences the
size distribution, decreasing the total number and
increasing the diameter mean, the maximal influence

on the deposition rate coefficient profile or the par-
ticle charge distribution is roughly 20%.

6. Measurement of particle wall losses

To test our model of charging and particle wall loss,
we analyze a wall-loss calibration experiment first
reported by Wang et al. (2018). In this experiment,
the CMU chamber is cleaned and then filled with
ammonium sulfate seeds with a modal diameter near
100 nm and an initial concentration of 28,500 cm–3.
The chamber is a roughly cubical teflon-film bag with
2.15m long edges. The seeds are formed from a nebu-
lized aqueous solution and passed through a diffusion
drier and a neutralizer before entering the chamber,
held at roughly 5% RH. The distribution is then meas-
ured using a scanning mobility particle sizer (SMPS,
TSI Inc.) over the next 8 h.

In order to reduce noise associated with differ-
encing data, we fit the raw distributions for each
SMPS scan to a tailing Gaussian function. The func-
tion reproduces the number, surface area and vol-
ume distributions with high fidelity and without
bias. We then smooth the time evolution of the
total number and scale the amplitude of each fitted
distribution by the ratio aðtÞ ¼ ~N=N to give the
best estimate of the time dependence of the number
distribution ~n

(

NðtÞ,
With the distributions fitted and smoothed, we

find the rate of change of the particle size distribu-
tion, corrected for coagulation and ventilation, and
then estimate a pseudo first-order deposition coeffi-
cient kIðdpÞ based on the residual observed loss
rates.

Figure 11. The effective deposition rate coefficient after 3 h
for two different values of the electric field near the chamber
surface, "E: The effective coefficient is decreased due to the
decrease in the electrostatic deposition velocity of particles.

Figure 12. Including coagulation along particle deposition and
primary ions dynamics. The deposition rate coefficient after 3 h
profile is not changed significantly when considered coagula-
tion (solid) besides deposition and primary ions (dashed).
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d
dt

~n
(

NðdpÞ ¼ RcoagðdpÞ þ RventðdpÞ $ kIðdpÞ~n
(

NðdpÞ (6)

For all of these calculations, we calculate uncer-
tainty from the confidence intervals of the two distri-
butions, added in quadrature.

In Figure 13, we show the integrated rate, d ~N =dt:
This shows an overall loss of a bit less than 1 s–1,
dropping slowly as the total number declines as well.
These integrated number loss rates are notably similar
to typical ion-pair formation rates of 2 cm–3 s$1

reported by Kirkby et al. (2016), which suggests that
particle charging plays a major role in the overall par-
ticle deposition. In Figure 14, we show the time evolu-
tion of the pseudo-first order deposition coefficients,
kIðdp, tÞ, for particles near the volume mode. This is

representative; all of the pseudo first-order deposition
coefficients increase with time. To capture this, we
perform linear fits in time at each size; the fits, with
68% confidence intervals, yield our final best estimate
of kIðdp, tÞ:

In Figure 15, we show kIðdpÞ obtained from those
linear fits at four selected times spanning the experi-
ment. We superimpose model results for the corre-
sponding times of particle that started neutral with "E ¼
30V/cm and q ¼ 1 cm–3s–1. The figure also shows loss
constants for sulfuric acid (red) and a series of SVOCs
(green) obtained and reported earlier with similar
chamber operating conditions (Ye et al. 2016). The
vapor losses constrain the chamber turbulence fre-
quency, ke, and so the neutral deposition coefficient,
which we show with a dashed blue curve over the size
range measured by the SMPS. In dashed red, we show
the effective wall loss coefficient for particles at the neu-
tralizer steady state charge distribution.

Based on the increasing pseudo first order depos-
ition coefficients, we conclude that in this experiment
the seed particles entered the chamber undercharged,
most notably near the number mode at 100 nm. Over
the next several hours the charge distribution likely
grew toward the chamber steady state discussed above.
However, the correspondence between the measured
and modeled deposition coefficients is modest, and
the relative paucity of measured parameters makes the
model under constrained. Specifically, ke is not dir-
ectly estimated by measuring vapor wall loss during
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Figure 13. Total particle loss rates over time, based on fitted
and smoothed size distributions for successive scans,
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Figure 14. Pseudo-first order deposition coefficient for
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ent curve for particle deposition based on the ke turbulence
value given by those vapor loss coefficients. The dashed red
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10 N. G. A. MAHFOUZ AND N. M. DONAHUE



these experiments, but rather we show values for simi-
lar conditions obtained several years earlier. Further,
the actual charge distribution or even the particle
mobility distribution (without passing sampled
particles through a neutralizer) are not measured and
the ion-pair formation rate is also unknown. Finally,
the average absolute value of the electric field in the
chamber is not measured, and, as discussed, the
relevant property is this value very close to the walls
(1mm or less). Thus, while the results are consistent
with an increasing particle charge distribution over
time, a full model-measurement comparison will
require a more complete set of experimental
constraints.

Finally, in Figure 16, we show the total volume of
particles inside the chamber as a function in time. For
this, we only consider particle wall loss to show the
effect of taking into account different processes on the
amount of loss for a typical chamber experiment. We
see a clear decrease of the volume between the case of
no electric field (black) and the cases with an electric
field present (red and blue). Further, while both
decrease similarly in the present of primary ion charg-
ing, the volume loss of charged particles is higher due
to the presence of the electric field. In the case where
there is no ion charging (dashed red), we see the loss
is lesser than the equivalent loss with primary ion
charging (continuous red).

7. Conclusion

Primary ion formation and loss significantly influence
suspended particle deposition (wall loss) in environ-
mental chambers constructed from insulating material
(i.e., Teflon). The effects are coupled, and the conse-
quence is effective particle deposition that is not first
order but rather intermediate between zeroth and first
order, and that also evolves in time. The effects are
most pronounced for particles smaller than 100 nm,
where the suspended particle charge distribution is
significantly depleted compared to the steady-state
charge distribution found in a high ionization rate
particle neutralizer. However, the effects span the full
sub-micron range and depend on all of the relevant
parameters: primary ion formation rate, average elec-
tric field near the chamber walls, the suspended par-
ticle concentration, and the initial particle size
distribution. In many cases typical of chamber experi-
ments, the effective wall loss coefficients evolve sig-
nificantly for multiple hours. This strongly suggests
that all of these quantities need to be measured, or in
the very least controlled, in order to avoid uncon-
trolled errors in analysis of chamber data.
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