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understanding of the HO2 uptake
coefficient to aerosol particles measured during
laboratory experiments

P. S. J. Lakey, ab T. Berkemeier, c M. T. Baeza-Romero, d U. Pöschl, c

M. Shiraiwa b and D. E. Heard *a

The first measurements of HO2 uptake coefficients (gHO2
) onto suspended aerosol particles as a function of

temperature are reported in the range 314 K to 263 K. For deliquesced ammonium nitrate (AN) particles gHO2

increases from 0.005 ± 0.002 to 0.016 ± 0.005 as the temperature is lowered over this range. For

effloresced sodium chloride and ammonium sulphate particles, gHO2
decreases slightly from 0.004 ±

0.002 to 0.000 ± 0.002 and 0.002 ± 0.003, respectively, between 314 and 263 K. For AN particles

doped with Cu2+ ions, we find gHO2
z aHO2

, the mass accommodation coefficient, which increases very

slightly from aHO2
= 0.62 ± 0.05 to 0.71 ± 0.06 between 292 and 263 K with lowering temperature. New

measurements of gHO2
are also reported for ammonium sulphate particles doped with a range of Fe2+

and Fe3+ concentrations. The dependence of gHO2
on Cu and Fe concentrations are reconciled with

published rate coefficients using the kinetic multi-layer model of aerosol surface and bulk chemistry

(KM-SUB). The model shows that in experimental studies using aerosol flow tubes, a time dependence is

expected for gHO2
onto aerosol particles which do not contain transition metal ions due to a decrease in

the gas-phase concentration of HO2 as a function of time. The model also demonstrates that Fenton-

like chemistry has the potential to decrease gHO2
as a function of time for particles containing transition

metal ions. For atmospherically relevant transition metal ion concentrations in aerosol particles, gHO2
can

take a range of values depending on pH and the particle size from gHO2
< 0.04 to gHO2

= aHO2
. gHO2

for

larger particles (radius $ 0.5 mm) can be significantly reduced by gas-diffusion limitations.
Environmental signicance

HO2 plays a crucial role in the oxidation chemistry of the atmosphere, but the numerical value of its uptake coefficient (gHO2
) that is used in atmospheric

modelling remains uncertain. In this study, experiments indicate that gHO2
for deliquesced and effloresced particles will increase with decreasing temperature.

Literature rate coefficients are included in a kinetic model to better understand measured gHO2
trends as a function of time, gas-phase concentrations of HO2,

and particle-phase concentrations of transition metal ions. The model demonstrates that gHO2
can vary signicantly for different atmospherically relevant

particles, reveals important factors that control gHO2
, and identies further experiments that could be performed to resolve uncertainties.
1. Introduction

OH and HO2 radicals (collectively known as HOx) control the
oxidative capacity of the troposphere and hence the lifetimes
and concentrations of many trace species within the tropo-
sphere, such as NOx (NO and NO2) and volatile organic
compounds (VOCs). The reaction of HO2 with NO is a major
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source of ozone, which can damage vegetation, is a respiratory
irritant and a greenhouse gas.1,2 Gas-phase reactions controlling
HOx concentrations have been extensively studied, and recom-
mendations for rate coefficients, product branching ratios and
photochemical parameters such as absorption cross-sections
and photolysis quantum yields have been made for the wider
community in models by panels of experts.3–5 Although there is
also an IUPAC recommendation for heterogeneous reactions
which includes HO2 uptake to aerosol particles,6 there remain
uncertainties in processes which control the uptake coefficient
gHO2

. Over more than two decades, measurements during eld
campaigns, particularly at lower levels of NOx, have oen shown
lower HO2 concentrations than predicted by box models con-
taining a mechanism for gas-phase reactions and which have
been constrained to other measured species.7–23 The
Environ. Sci.: Atmos., 2024, 4, 813–829 | 813
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overprediction by the models has oen been attributed, at least
in part, to HO2 uptake by aerosol particles, although for some
earlier studies in coastal regions this conclusion was reached
when HO2 loss via reactions with halogen oxides was not rec-
ognised and hence not included in the model.

Parameterisations of gHO2
for use in atmospheric models

have been suggested for a number of modelling studies.24,25

Modelling studies oen use a single value of gHO2
= 0.2 (e.g.

Jacob26), and studies using the GEOS-Chem model suggested
that increases in ozone levels in China were driven by the
decrease in levels of PM2.5 in response to government legisla-
tion, because PM2.5 scavenges HO2 which would otherwise react
with NOx to generate O3.25 Song et al.27 recently developed a new
parameterisation for gHO2

that depends both on measured
concentrations of Cu2+ within eld-sampled aerosol particles
and the aerosol liquid water content, the latter calculated from
the measured relative humidity (RH). The parameterisation was
applied in a multiphase reaction kinetic model, which predicts
values of gHO2

that varied signicantly during a given eld
campaign, suggesting a single value of gHO2

is not appro-
priate.27,28 Moreover, several eld measurements of HO2 in
China together with modelling studies, some of which utilise
this new parameterisation, do not support an important role for
heterogeneous uptake of HO2 except under low concentrations
of NOx.27,29 Guo et al.30 reported a theoretical evaluation of the
roles of several factors which control gHO2

for spherical aerosol
particles containing a range of Cu2+ ion concentrations. The
study also showed that the use of a single value of gHO2

for
aerosol particles of different size, composition or physical state
was not appropriate, and concluded that both careful selection
of the appropriate value of gHO2

should be made for modelling
studies and that further laboratory measurements are needed.
However, this theoretical analysis is based on a modied
resistor model with some limitations; for example, it does not
take into account second-order reactions of HO2 nor the pres-
ence of any pH gradient inside of the aerosol particle due to
reaction. Similarly, Li et al.31 also recently used a resistor model
to investigate the effect of variables such as the HO2, Fe and Cu
concentrations on gHO2

and demonstrated that a wide range of
gHO2

values were expected.
Taketani et al.32 measured values of gHO2

from 0.09–0.40
from regenerated aerosol particles of water extracts from
ambient aerosol particles at twomountain sites in China, which
together with aerosol composition measurements suggested
a key role for transition metals in controlling HO2 uptake.
Recently Zhou et al. reported values of gHO2

using online HO2

reactivity measurements under ambient conditions in two
Japanese cities with a system that enriches ambient aerosol
particles.33–35 Using an auto-switching aerosol lter, Zhou et al.
were able to isolate the loss of HO2 due to heterogeneous
uptake, with an average gHO2

of 0.24, but displaying consider-
able variability, and concluding that a single value of gHO2

should not be used in modelling studies. Using a chemical
transport model, Ivatt et al.36 showed that for some parts of the
world the dominant chain termination reaction was not reac-
tion of OH with NO2 to form nitric acid, nor reaction of RO2 with
HO2 to form peroxides, but rather the reactive removal of HO2
814 | Environ. Sci.: Atmos., 2024, 4, 813–829
onto aerosol surfaces, placing these regions into a new “aerosol
inhibited” photochemical regime.

There are still relatively few laboratory studies that have
investigated the gHO2

for different types of aerosol particles,
with a large variance in the values reported. Small uptake
coefficients are reported in some studies for effloresced (solid,
gHO2

< 0.004) and deliquesced (aqueous, 0.004 < gHO2
< 0.02)

aerosol particles containing organic compounds and inorganic
salts.37–39 However, other studies have measured much larger
gHO2

for these solid (gHO2
< 0.01–0.05) and aqueous (gHO2

=

0.09–0.19) aerosol particles.39–42 Li et al.31 have recently
demonstrated that differences in gHO2

between studies may be
in part due to different experimental HO2 concentrations. Lakey
et al.43 reported a large difference (∼4 orders of magnitude)
between rate coefficients of aqueous phase HO2/O2

− and Cu+/
Cu2+ published in the literature,43,44 and those required to t
gHO2

measurements for aerosol particles containing a range of
copper ion concentrations. Additional measurements of gHO2

as
a function of Cu and Fe concentrations have recently been
published, demonstrating that Cu must be greater than 10−5 M
to signicantly increase gHO2

.27,31,42 By assuming a low pH ∼ 4
and a smaller rate coefficient (1.5 × 107 M−1 s−1) between Cu2+

ions and HO2/O2
− than had previously been used (8 × 109 M−1

s−1), studies have been able to reproduce the increasing uptake
coefficients with an increase of Cu concentrations.27,31 Li et al.31

were also able to reproduce an Fe-doped experiment by similarly
lowering the rate coefficient between Fe3+ and HO2/O2

−. It has
been suggested that the lower rate coefficient between Cu2+ and
HO2/O2

− may reect the overall rate coefficient expected in
more acidic environments.27,31,45

A time dependence and a HO2 concentration dependence of
gHO2

during some experiments38,46 have been observed, raising
the question of which value should be used within an atmo-
spheric model. A larger value of gHO2

was measured at lower
HO2 concentrations, which is inconsistent with the assumption
that the uptake is controlled by HO2 self-reaction within the
aerosol particle.38,47 Thus, there are still uncertainties regarding
gHO2

in terms of discrepancies between eld measurements and
model calculations, different laboratory studies and reported
rate coefficients of HO2/O2

− with Cu+/Cu2+ in the aqueous
phase.

Previous studies48–50 measured the uptake coefficient of HO2

at low total pressure (1–3 torr in He) on dry surfaces or solid
lms of ammonium nitrate, sodium chloride and bromide, and
magnesium chloride over a range of temperatures between 240–
345 K, with the uptake coefficient decreasing signicantly with
increasing temperature. There have also been several studies of
gHO2

onto sulphuric acid aerosol particles at room tempera-
ture39 as well as onto surfaces coated with sulphuric acid at
lower temperatures.51–53 The gHO2

onto sulphuric acid also
appeared to be temperature dependent with an uptake coeffi-
cient of <0.01 and >0.2 measured at 295 K and 243 K, respec-
tively. Field measurements have shown that a larger gHO2

is
required to explain the difference between measured and pre-
dicted HO2 concentrations at low temperatures.15,47 However, to
the best of our knowledge, currently there is no study
© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigating the temperature dependence of gHO2
onto sus-

pended deliquesced and effloresced aerosol particles.
In this paper we report the rst systematic measurements of

gHO2
for effloresced and deliquesced ammonium nitrate,

sodium chloride and ammonium sulphate aerosol particles as
a function of temperature. Measurements of gHO2

for (NH4)2SO4

particles containing variable concentrations of CuSO4, FeSO4

and (NH4)2Fe(SO4)2 are also made. In addition, a simplied
mechanism for aerosol uptake of HO2 incorporated within the
kinetic multi-layer model of aerosol surface and bulk chemistry
(KM-SUB) is used to examine the chemical and physical
processes that control gHO2

, to rationalize uncertainties and
compare the measurements in this work with earlier
studies.27,31,38–40,42,43
2. Methods
2.1. General description of apparatus

Experiments were performed using the setup rst described by
George et al.38 and used in other studies,37,43,46,54 and only a brief
description is given here. Atomizer solutions used to generate
aerosol particles were prepared by dissolving 5 grams of either
sodium chloride (Fisher, 99.9%) or ammonium nitrate (Fisher,
99.9%) into 500 ml Milli-Q water. For some experiments, copper
sulphate, iron sulphate or ammonium iron sulphate (Fisher
99.8%) was also added to the atomizer solutions. The concen-
tration of copper and iron in the aerosol particles were esti-
mated from the atomizer concentration solutions following the
methodology described in Section 2.2. Aerosol particles were
generated from these solutions in a ow of N2 using an atomizer
(TSI 3076), and passed through a neutralizer (Grimm 5522), an
impactor (TSI 1035900, 0.071 cm pinhole) and a HEPA (High
Efficiency Particulate Air) lter/bypass allowing the particle
concentration to be altered. Subsequently, the particle ow (1.0
± 0.1 slpm) was mixed with a humidied ow of N2 (3.0 ± 0.1
slpm) in a conditioning ow tube for ∼10 seconds before
entering the reaction ow tube. The size-resolved aerosol
particle concentration was measured using a Scanning Mobility
Particle Sizer (SMPS, TSI 3080) aer the ow tube.

HO2 radicals were formed by the photolysis of water vapour
over a mercury lamp (L.O.T. Oriel, model 6035) in the presence
of trace amounts of oxygen as shown below:

H2O + hv (193 nm) / OH + H (R1)

H + O2 + M / HO2 + M (R2)

The mercury lamp was placed at the end of the injector
furthest away from the reaction ow tube to reduce localized
heating within the ow tube. The injector ow (1.32 ± 0.05
slpm), which contained the HO2 radicals, was released
perpendicularly via several small holes into the main ow
within the reaction ow tube. At the end of the ow tube, the
HO2 radicals were sampled by a 1 mm diameter pinhole and
entered a Fluorescence Assay by Gas Expansion (FAGE) detector,
where they reacted with an excess of added NO to form OH
radicals that were then detected by laser induced uorescence
© 2024 The Author(s). Published by the Royal Society of Chemistry
(LIF) spectroscopy using the Q1(2) transition of the A2S+(v0 = 0)
) X2Pi (v00 = 0) band at ∼308 nm.20,55 The FAGE detector was
kept at low pressure (∼0.85 torr) using a combination of a rotary
pump (Edwards, model E1M80) and a roots blower (EH1200).
The relative HO2 LIF signal was converted to an absolute
concentration following a calibration with a known concentra-
tion of HO2. The initial HO2 concentration exiting the moveable
injector was varied by altering the current supplied to the
mercury lamp and aer dilution with the main ow was in the
range ∼2.4 × 108 cm−3 to ∼2.7 × 109 cm−3.

Two experimental methodologies were used to measure the
HO2 uptake coefficient, gHO2

,38 referred to as the ‘moving
injector’ method and the ‘xed injector’ method. For ‘moving
injector’ experiments, the injector that released the HO2 radi-
cals was moved backwards and forwards along the reaction ow
tube and the decay of HO2 measured both in the absence of and
presence of different aerosol particle number concentrations.
The decays were performed for reaction times between 10 to 20
seconds, with time zero dened as when HO2 is injected into
the main ow, allowing time for full mixing. For ‘xed injector’
experiments the injector was placed in 6 different positions
along the ow tube (equivalent to reaction times of∼5, 8, 11, 14,
17 and 20 seconds) and the HO2 signal was measured as the
aerosol particle concentration in the ow tube was changed.
The main difference between these two methodologies is that
for the ‘moving injector’ experiments the measured gHO2

is
equivalent to the average gHO2

for a reaction time between 10–20
seconds, whereas for the ‘xed injector’ experiments gHO2

is
equivalent to the average gHO2

between 0 seconds (point of
mixing of HO2 and aerosol particles) and the reaction time
corresponding to the xed position of the injector.
2.2. Moving injector experiments

For ‘moving injector’ experiments (which is the methodology
used for the majority of HO2 aerosol uptake experiments), the
HO2 decay along the ow tube in the absence and presence of
different aerosol particle concentrations was assumed to follow
rst-order kinetics as follows:

ln[HO2]t = ln[HO2]0 − kobst (E1)

where [HO2]t is the HO2 concentration at time t, [HO2]0 is the
initial HO2 concentration and kobs is the observed pseudo-rst
order rate coefficient. In the absence of aerosol particles kobs
= kwall. The kobs − kwall rate coefficients were corrected to k0 in
order to take into account non-plug ow conditions within the
ow tube using the method described by Brown.56 The Brown
correction meant that on average k0 was 35% larger than kobs −
kwall. The k0 values were related to gHO2

by:

k
0 ¼ gHO2

uHO2

4
S (E2)

where wHO2
is the molecular velocity of HO2 and S is the total

aerosol particle surface area. Finally, gHO2
was corrected for gas-

phase diffusion limitations using the methodology described by
Fuchs and Sutugin57 and this correction changed gHO2

by less
than 1%.
Environ. Sci.: Atmos., 2024, 4, 813–829 | 815
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Fig. 1 Temperature gradients along the flow tubewhen the chiller was
set to −10 °C and 40 °C (the two extreme temperatures). The injector
tip was radially centered and placed at 75 cm from the end of the flow
tube, which was open to the atmosphere at 0 cm. The flows were the
same as the flows used during experiments.
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2.3. Fixed injector experiments

For ‘xed injector’ experiments the injector was placed in one
position at a time and the HO2 signal was recorded whilst the
aerosol particle concentration was varied. The HO2 signal when
aerosol particles were present could be described by the
following equation:

ln½HO2�t;aerosol � ln½HO2�0
t

¼ �kaerosol � kwall (E3)

where [HO2]0 and [HO2]t,aerosol are the HO2 concentration at
time zero and at time t for a given aerosol particle concentra-
tion, respectively. Similarly, the signal without any aerosol
particles present can be described as:

ln½HO2�t;aerosol¼0 � ln½HO2�0
t

¼ �kwall (E4)

Subtraction of (E3) and (E4) gives:

ln½HO2�t;aerosol � ln½HO2�t;aerosol¼0

t
¼ �kaerosol (E5)

Therefore, for a given injector position, dividing ln[HO2]-

t,aerosol=0 − ln[HO2]t,aerosol by t gives a value of kaerosol for each
aerosol particle surface area concentration. The Brown correc-
tion was then applied to obtain k0 and eqn (E2) was used to
obtain gHO2

, which was then corrected for gas phase diffusion
limitations, but as for the moving injector experiments this
changed the values by less than 1%.

A range of moving and xed injector experiments were per-
formed for a range of experimental conditions.

2.4. Temperature-dependent experiments of gHO2

For some experiments the temperature was varied between
−10 °C (263 K) and 40 °C (313 K) by owing a 50 : 50 mixture of
water and ethylene glycol, which had been cooled or heated
using a refrigerated circulator (Thermo Scientic Haake, DC50-
K35), through the jackets of both the conditioning ow tube
and the main ow tube. Any axial or radial temperature gradi-
ents were measured within the ow tube, both along the top
edge next to the jacket and along the centre of the ow tube
using moveable thermocouples. As shown in Fig. 1, the
temperature gradients are small, within 1 °C for almost the
whole ow tube.

Initially, attempts were made to place the entire Differential
Mobility Analyser (DMA) in a freezer to maintain its tempera-
ture and relative humidity to be same as in the aerosol ow
tube. However, temperature gradients developed in the freezer
leading to convection within the DMA and no aerosol particles
were measured. Therefore, the DMA was always kept at room
temperature whilst the temperature in the conditioning and
reaction ow tubes was varied. When the ow tube was not at
room temperature, the relative humidity within it was different
to the relative humidity in the DMA that was always kept at
room temperature. When the ow tube was at a temperature
that was lower than room temperature, the relative humidity in
the ow tube would be greater than in the DMA, and therefore
816 | Environ. Sci.: Atmos., 2024, 4, 813–829
the total aerosol particle surface area would be larger in the ow
tube than the surface area measured by the SMPS. Alternatively,
when the ow tube was at a temperature that was higher than
room temperature, the humidity in the ow tube was lower than
in the DMA, which meant that the total aerosol particle surface
area in the ow tube was smaller than the surface area
measured by the SMPS. Therefore, when experiments were
performed with aqueous aerosol particles at temperatures
different to room temperature, a correction in the total aerosol
particle surface area had to be made.

The Extended Aerosol Inorganic Model (E-AIM)58–60 can
calculate the molar volume of an aqueous salt solution as
a function of temperature and humidity at thermodynamic
equilibrium. This model was run for the conditions in both the
aerosol ow tube and the DMA. The following methodology was
then used to correct the measured surface area in the SMPS to
what it would have been within the aerosol ow tube.

Aqueous aerosol particles were assumed to be spherical and
by using E-AIM to obtain the molar volume of an aqueous salt
solution at different humidities the fractional change in volume
is given by:

V1

V2

¼ r1
3

r23
(E6)

where V1 is the volume for one mole of salt per cubic centimetre
at the ow tube temperature and humidity, V2 is the volume for
one mole of salt per cubic centimetre at the DMA temperature
and humidity. The fractional change in surface area can simi-
larly be given by:

S1

S2

¼ r21
r22

(E7)

where S1 is the aerosol particle surface area in the ow tube and
S2 is the aerosol particle surface area measured in the DMA.

Therefore, by combining eqn (E6) and (E7), gives:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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S1 ¼ S2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
V1

V2

�2
3

s
(E8)

Eqn (E8) enables a correction for the total surface area of the
aerosol particles whenmeasured at a different humidity to that in
the ow tube. For example, for a specic experiment performed
using NaCl aerosol particles with the ow tube at 0 °C and the
DMA at 20 °C, the relative humidity in the DMA was 18%
compared to a relative humidity of 48% in the ow tube. This led
to a 15% increase in the aerosol particle surface areameasured by
the SMPS. The ow rate and volume of the gas within the ow
tube was also corrected to take into account the temperature.

It should be noted that the correction to the aerosol particle
surface area limited the range of aqueous (deliquesced) aerosol
particles that could be investigated to ammonium nitrate, as it
does not effloresce over the range of temperatures and relative
humidities studied. Deliquesced copper-doped ammonium
nitrate aerosol particles appeared to grow or shrink in a similar
way to pure ammonium nitrate aerosol particles for a given
temperature, so it is assumed that the same growth curve can be
applied for doped and non-doped AN. However, this method-
ology could not be used to apply a correction between efflo-
resced and deliquesced aerosol particles for sodium chloride
and ammonium nitrate aerosol particles. Even at 10 °C, to keep
the RH in the DMA over the efflorescence humidity of sodium
chloride and ammonium nitrate, the RH in the ow tube reactor
would have to exceed 100% RH. If the relative humidity in the
ow tube exceeded 100% RH there would be condensation on
the ow tube walls leading to high wall losses and the aerosol
particles would grow to form droplets which would be likely to
be deposited and would be too large to be measured by the
SMPS. Note that a high relative humidity in the ow tube at an
elevated temperature could potentially lead to condensation in
the DMA and therefore inaccurate measurements. Below the
deliquescence point the aerosol particle surface area does not
change with relative humidity for effloresced salts, the surface
area remains constant as there is no aqueous phase which can
increase or decrease in volume as the humidity changes, and so
no surface area correction was required. However, when efflo-
resced salt experiments were performed at different tempera-
tures (ammonium sulphate and sodium chloride), it had to be
ensured that the effloresced aerosol particles were never
exposed to humidities above their deliquescence point.

The temperature range that was investigated in this work (263–
314 K) is relevant for the atmosphere. Measurements have not
been made at lower temperatures due to lack of HO2 sensitivity
(due to higher wall losses), larger temperature gradients along the
ow tube and droplet formation (since the RH exceeds 100%).
2.5. Description of the KM-SUB model

The kinetic multi-layer model of aerosol surface and bulk chem-
istry (KM-SUB) has previously been described in detail by Shiraiwa
et al.61 and the adaptations for HO2 have also previously been
outlined.54 Therefore, the model is only briey described below.
The KM-SUB model for HO2 uptake consists of different layers:
© 2024 The Author(s). Published by the Royal Society of Chemistry
a gas phase, a near-surface gas phase, a sorption layer and 100
bulk layers. Processes included within the model are gas-phase
diffusion, adsorption and desorption to and from the surface of
the aerosol particle, surface-bulk exchange, diffusion between the
bulk layers of the aerosol particle as well as chemical reaction in
the gas phase, the particle bulk, and on the walls of the ow tube.
Each of these processes have been described in detail else-
where.61,62 We assumed that the aqueous chemistry shown by
reactions (R3)–(R17) below occurred within the aerosol particles.
In themodel, a gas-phase loss of HO2 via its self-reaction (reaction
(R18)) and an uptake ofHO2 andH2O2 to the walls of the ow tube
(Table 1) were included. For simplicity the pH in the aerosol
particles was assumed to be constant without being inuenced by
the following reactions.

HO2(aq) # H+
(aq) + O2

−
(aq) Keq (R3)

HO2(aq) + HO2(aq) / H2O2(aq) + O2(aq) kBR,4 (R4)

HO2(aq) + O2
−
(aq) + H2O(l) /

H2O2(aq) + O2(aq) + OH−
(aq) kBR,5 (R5)

CuSO4(aq) + HO2(aq) / O2(aq) + Cu+(aq) + HSO4
−
(aq) kBR,6

(R6)

CuSO4(aq) + O2
−
(aq) / O2(aq) + Cu+(aq) + SO4

2−
(aq) kBR,7 (R7)

Cu2+(aq) + HO2(aq) / O2(aq) + Cu+(aq) + H+
(aq) kBR,8 (R8)

Cu2+(aq) + O2
−
(aq) / O2(aq) + Cu+(aq) kBR,9 (R9)

Cu+(aq) + HO2(aq) + H2O(l) /

H2O2(aq) + Cu2+(aq) + OH−
(aq) kBR,10

(R10)

Cu+(aq) + O2
−
(aq) + 2H2O(l) /

H2O2(aq) + Cu2+(aq) + 2OH−
(aq) kBR,11 (R11)

H2O2(aq) + Cu+(aq) / OH(aq) + OH−
(aq) + Cu2+(aq) kBR,12

(R12)

H2O2(aq) + CuSO4(aq) /

HO2(aq) + HSO4
−
(aq) + Cu+(aq) kBR,13 (R13)

Fe(SO4)
+
(aq) + HO2 (aq) /

O2 (aq) + Fe2+(aq) + SO4
2−

(aq) + H+
(aq) kBR,14 (R14)

Fe(SO4)
+
(aq) + O2

−
(aq) /

O2(aq) + Fe2+(aq) + SO4
2−

(aq) kBR,15 (R15)

Fe2+(aq) + HO2(aq) + H2O(l) /

H2O2(aq) + Fe3+(aq) + OH−
(aq) kBR,16

(R16)

Fe2+(aq) + O2
−
(aq) + 2H2O(l) /

H2O2(aq) + Fe3+(aq) + 2OH−
(aq) kBR,17 (R17)

HO2(g) + HO2(g) / H2O2(g) + O2(g) kGP (R18)
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Table 1 The parameters used within the KM-SUB model when fitting all experimental data at 293 K

Parameter Description Value Reference or comment

Keq Equilibrium constant for reaction
(R3)

2.1 × 10−5 Thornton et al.47

kBR,4 Rate coefficient for reaction (R4) 1.3 × 10−15 cm3 s−1 Thornton et al.47

kBR,5 Rate coefficient for reaction (R5) 1.5 × 10−13 cm3 s−1 Thornton et al.47

kBR,6
a Rate coefficient for reaction (R6) 1.7 × 10−14 cm3 s−1 Mao et al.63

kBR,7
a Rate coefficient for reaction (R7) 1.7 × 10−13 cm3 s−1 Mao et al.63

kBR,8
b Rate coefficient for reaction (R8) 1.7 × 10−13 cm3 s−1 Jacob26

kBR,9
b Rate coefficient for reaction (R9) 1.3 × 10−11 cm3 s−1 Jacob26

kBR,10 Rate coefficient for reaction (R10) 2.5 × 10−12 cm3 s−1 Jacob26

kBR,11 Rate coefficient for reaction (R11) 1.6 × 10−11 cm3 s−1 Jacob26

kBR,12 Rate coefficient for reaction (R12) 1.2 × 10−17 cm3 s−1 Deguillaume et al.64 only included
in Fig. 4(d)

kBR,13 Rate coefficient for reaction (R13) 7.6 × 10−19 cm3 s−1 Pham et al.65 only included in
Fig. 4(d) same rate coefficient as for
Cu2+ is assumed

kBR,14 Rate coefficient for reaction (R14) 1.7 × 10−18 cm3 s−1 Rush and Bielski66

kBR,15 Rate coefficient for reaction (R15) 2.5 × 10−13 cm3 s−1 Rush and Bielski66

kBR,16 Rate coefficient for reaction (R16) 2.0 × 10−15 cm3 s−1 Jacob26

kBR,17 Rate coefficient for reaction (R17) 1.7 × 10−14 cm3 s−1 Jacob26

gwall Uptake coefficient of HO2 and H2O2

onto the walls of the ow tube
6.50 × 10−6 HO2 uptake is consistent with the

data. An assumption of no products
is made

kGP Rate coefficient for HO2 self-
reaction in the gas phase

3 × 10−12 cm3 s−1 Sander et al.67

HHO2
Henry's law coefficient for HO2 5600 M atm−1 Thornton et al.47

HH2O2
Henry's law coefficient for H2O2 1.65 × 105 M atm−1 Staffelbach and Kok68

Db,all Diffusion coefficient for all species
within the aerosol particle bulk

1 × 10−5 cm2 s−1 Thornton et al.47

as,0 Surface accommodation coefficientc

of HO2 and H2O2

0.5 These values are used unless
otherwise stated

rp Particle radius 50 nm
[HO2] Initial HO2 concentration 1 × 109 cm−3

sd Desorption lifetime 1.0 × 10−11 s
Dg Gas phase diffusion coefficient of

HO2 and H2O2 in the gas phase
0.25 cm2 s−1 Thornton et al.47

a Note that the rate coefficients for CuSO4 with O2
−/HO2 have not been directly measured and uncertainty remains with regards to their values.

b The rate coefficients with free Cu2+ are only used in Fig. 4(c) and for comparison with CuSO4 in Fig. 5(a). c The experimentally measured mass
accommodation coefficients may be different from the surface accommodation coefficients if there are signicant gas-phase diffusion
limitations or if HO2 diffusing into the bulk becomes a limiting process but should otherwise equal the surface mass accommodation.
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The rate coefficients for these reactions as well as other
parameters that were included in the model are summarized in
Table 1. It should be noted that most published Cu-doped
experiments have been performed in ammonium sulphate
particles, where sulphate concentrations are expected to be
greater than 3 M for all relative humidities that have been
investigated.27,31,39,40,42,43 Such high sulphate concentrations may
cause Cu2+ to form a CuSO4 complex, following a published
equilibrium constant for this complex formation of 230.63,69

Accordingly, at >3 M sulphate, CuSO4 concentrations should be
signicantly higher than Cu2+ concentrations. Thus, we assume
that all Cu is present in the form of CuSO4 in the model for
ammonium sulphate particles and that CuSO4 can participate
in Fenton-like reactions (reaction (R13)). However, additional
measurements are required to conrm that CuSO4 is the
dominant species in the Cu-doped ammonium sulphate parti-
cles modeled in this work and that the equilibrium constant of
230 is valid under the experimental conditions. For the high
818 | Environ. Sci.: Atmos., 2024, 4, 813–829
sulphate concentrations in the experiments, most Fe3+ should
form the Fe(SO4)

+ and Fe(OH)2+ complexes.63 Both complexes
are reported to have the same rate coefficient for their reaction
with O2

− and, for simplicity, the rate coefficient for the reaction
of Fe(SO4)

+ with HO2 is used.63,66 Sensitivity studies indicate that
using the higher rate coefficient of kBR,14 = 2.2 × 10−16 cm3 s−1

for the reaction of Fe(OH)2+ with HO2 makes a negligible
difference for the simulations performed in this work.63 Other
parameters in Table 1 include the Henry's law constants of HO2

and H2O2 (HHO2
and HH2O2

, respectively), the bulk diffusion
coefficient of all species (Db), the desorption lifetime of HO2 and
H2O2 (sd), the surface accommodation coefficient of HO2 and
H2O2 onto an adsorbate-free surface (aS,0), the gas-phase
diffusion coefficient of HO2 and H2O2 (Dg), and the radius (rp)
and pH of the aerosol particles. Although the model is only
applied to liquid particles in this work, it has the potential to be
used for solid particles in the future by setting the partitioning
coefficient into the bulk to zero. Transition metal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrations in Cu or Fe doped ammonium nitrate or
ammonium sulphate particles were calculated using the
following equation:

½Cu� or ½Fe� in the particles ¼

½AN or AS�in the particles� ½Cu� or ½Fe� in the atomizer

½AN or AS� in the atomizer
(E9)

The concentration of ammonium nitrate (AN) or ammonium
sulphate (AS) in the particles was calculated for the ow tube
relative humidity and temperature using the E-AIM.58–60 For
simplicity we have not included activity coefficients in the
model, but it is worth noting that their inclusion has the
potential to decrease uptake coefficients. Concentrations were
approximately 180 times higher in the particles than in the
atomizer solutions.

KM-SUB outputs two different uptake coefficients. The true
uptake coefficient (gHO2

) is calculated using the near surface gas-
phase concentration of a HO2 molecule, whereas the effective
uptake coefficient (gHO2,eff

) is calculated using the (far-surface) gas-
phase concentration to derive the collision ux of HO2 onto the
particle surface.62 Hence, gHO2,eff

implicitly considers gas-diffusion
effects and is typically the observable in measurements and an
important variable in atmospheric models when no other form of
gas-diffusion correction is performed. The near surface-gas phase
concentration can be signicantly smaller than the gas-phase
concentration if there are gas-diffusion limitations, which can
be the case for large particles and fast uptake.62 For most of the
modelling performed in this work, the differences between gHO2

and gHO2,eff
were negligible and we only report gHO2

for simplicity.
Table 2 A summary of gHO2
measured using an atmospheric pressure aer

analysis methodology was used (see Section 2.2)

Temperature/K Aerosol particle type
Effloresced or
deliquesced Rel

314 Sodium chloride Effloresced 9
304 Effloresced 25
292 Effloresced 36
284 Effloresced 39
274 Effloresced 57
263 Effloresced 40
314 Ammonium sulphate Effloresced 10
304 Effloresced 13
292 Effloresced 21
284 Effloresced 39
274 Effloresced 67
263 Effloresced 46
292 Copper doped ammonium nitrate Deliquesced 33
284 Deliquesced 33
275 Deliquesced 42
263 Deliquesced 43
312 Ammonium nitrate Deliquesced 18
302 Deliquesced 36
292 Deliquesced 45
284 Deliquesced 50
275 Deliquesced 52
263 Deliquesced 53

© 2024 The Author(s). Published by the Royal Society of Chemistry
In sensitivity tests that used large particles, a difference was
observed and separate values for gHO2

and gHO2,eff
reported (see the

Results section).
3. Results
3.1. Temperature-dependent experiments of gHO2

The HO2 uptake coefficients as a function of temperature are
summarized in Table 2, which also provides more information
about the specic conditions of the experiments.

Several studies have measured markedly different HO2

uptake coefficients onto solid ammonium sulfate surfaces
compared to sodium chloride surfaces, which is indicative of
different surface interactions with HO2.38,40,52 It is therefore
important to make measurements for both compounds which
are commonly found in atmospheric particles. For deliquesced
aerosol particles, ammonium nitrate (AN) aerosol particles were
chosen because they do not effloresce down to humidities of 0%
and therefore a correction could be made for their surface area
between the ow tube and the DMA (as described in Section
2.4), which will exhibit different relative humidities. Fig. 2(a)
shows an example of the pseudo-rst order rate coefficients for
loss of HO2, k0, onto deliquesced ammonium nitrate aerosol
particles as a function of aerosol particle surface area for the two
temperatures, at 263 K (RH = 53%, [HO2]0 = 2.8 × 108 cm−3)
and at 312 K (RH = 18%, [HO2]0 = 4.7 × 108 cm−3). Fig. 2(b)
shows measurements of gHO2

as a function of temperature for
deliquesced ammonium nitrate and effloresced ammonium
sulphate and sodium chloride aerosol particles.

The gHO2
measurements shown in Fig. 2 and summarized in

Table 2, are the rst measurements of gHO2
for suspended
osol flow tube over a range of temperatures. The ‘moving injector’ data

ative humidity/% Initial HO2 concentration/10
8 cm−3 gHO2

8.9 0.004 � 0.002
6.6 0.002 � 0.003
9.8 0.004 � 0.003

17 0.001 � 0.002
6.0 0.001 � 0.002
5.3 0.000 � 0.002

10 0.002 � 0.003
12 0.003 � 0.002
6.9 0.001 � 0.002
8.0 0.001 � 0.001
2.4 0.000 � 0.002
3.0 0.000 � 0.001

12 0.62 � 0.05
13 0.71 � 0.03
9.7 0.65 � 0.03
6.1 0.71 � 0.06
4.7 0.005 � 0.002
9.7 0.007 � 0.002

13 0.005 � 0.001
12 0.007 � 0.003
6.1 0.010 � 0.002
3.8 0.016 � 0.005
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Fig. 2 Panel (a) k0 as a function of the surface area per unit concentration of ammonium nitrate aerosol particles at two different temperatures (T
= 312 K, RH= 18%, initial [HO2] = 4.7 × 108 cm−3; T = 263 K, RH= 53%; initial [HO2] = 3.8 × 108 cm−3) and linear fits to experimental data; panel
(b) measured gHO2

as a function of temperature for deliquesced ammonium nitrate, effloresced sodium chloride and effloresced ammonium
sulphate aerosol particles. See Table 2 for conditions of these experiments. The errors represent two standard deviations of between 2 and 8
replicate experiments.
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deliquesced or effloresced aerosol particles as a function of
temperature. The gHO2

increases signicantly as the tempera-
ture decreases for deliquesced ammonium nitrate particles,
which is consistent with the trend in the work by Thornton
et al.47 Although the rate coefficients (R4) and (R5) are likely to
increase with increasing temperatures, the Thornton et al.47

model demonstrated that the effect of the Henry's law constant
dominates over the rate coefficients to decrease gHO2

as the
temperature increases. Therefore, with increasing temperature,
the decrease in the gHO2

is the expected behaviour in deli-
quesced particles due to a smaller HO2 concentration in the
bulk of the aerosol particle and available for self-reaction.

Although there are currently no measured gHO2
onto aerosol

particles over a range of temperatures reported in the literature,
several different studies have measured gHO2

onto aqueous
sulphuric acid surfaces at low temperatures and onto aqueous
sulphuric acid aerosol particles at room temperature. The gHO2

was measured to be < 0.01 at 295 K,39 > 0.05 at 249 K.53 > 0.2 at
243 K (ref. 52) and 0.055 ± 0.020 at 223 K.51 Overall, there
appears to be an increase in gHO2

with decreasing temperature.
However, no study has systematically measured gHO2

over
a range of temperatures. Griffiths and Cox70 measured N2O5

uptake coefficients between 263 and 303 K onto aqueous
ammonium sulphate and aqueous ammonium bisulphate
aerosol particles at a relative humidity of 50%. The uptake
coefficients varied from 0.005 ± 0.002 at 303 K to 0.036 ± 0.002
at 263 K for ammonium sulphate and from 0.003 ± 0.001 at 303
K to 0.036 ± 0.009 at 263 K for ammonium bisulphate.

The copper(I and II) and iron(II and III) concentrations in the
atomiser solutions for all experiments were measured using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and it
was found that although all solutions did contain trace metal
contamination, the concentrations were less than 5 ppb. The
estimated copper(II) molarity in the aerosol particles was always
less than 5 × 10−5 M for both copper(I and II) and iron(II and III)
over the range of temperatures and humidities used. As shown
in Section 3.3 below, the observed gHO2

should therefore not be
affected by these levels of trace metals, and trace metals can be
ruled out as an explanation for the difference between the
820 | Environ. Sci.: Atmos., 2024, 4, 813–829
measurements in this work and those predicted by the Thorn-
ton et al.47 model. The limiting factors for HO2 uptake into non-
copper doped aqueous ammonium nitrate aerosol particles is
likely therefore to be solubility and the rate of reaction of HO2,
both of which are temperature dependent.

As shown in Fig. 2(b) and Table 2, a slight increase in gHO2

with temperature is observed for the effloresced sodium chloride
and ammonium sulphate particles, with gHO2

increasing from
0.000± 0.001 to 0.004± 0.003. However, some of the dependence
may be due to a decrease in the relative humidity at higher
temperatures (see Table 2 for details of experimental conditions),
as it was not possible to keep the RH constant over the range of
temperatures used as the ow tube and the DMAwere at different
temperatures. Measurements have previously shown that the
presence of water vapor can block reactive sites on a solid surface
and lead to a decrease in gHO2

.71 Other factors, such as HO2

concentration affecting the uptake measured for these experi-
ments, are also possible. We return to the effect of HO2

concentration in Section 3.2. below. In contrast to this work,
Remorov et al.71 and Loukhovitskaya et al.72 observed a negative
temperature dependence for HO2 uptake to solid coatings of
sodium chloride with larger gHO2

at lower temperatures. The
mass accommodation (aHO2

) is likely to be temperature depen-
dent as will be discussed below for copper doped aerosol parti-
cles. Both Remorov et al.71 and Loukhovitskaya et al.72 worked at
0% RH. However, when Remorov et al.71 increased the water
vapour in their ow tube from [H2O] = 0 molecule per cm3 to
[H2O] = 3 × 1015 molecule per cm3 the uptake coefficient
decreased by 13 and 21% at 295 K (RH ∼0.5%) and 243 K (RH
∼28%), respectively. Therefore, the lower gHO2

at lower temper-
atures observed in this work may be due to the higher relative
humidities that were utilised, meaning that this work is not
inconsistent with the work by Remorov et al.71 and Loukho-
vitskaya et al.72

The mass accommodation coefficient, aHO2
, onto aerosol

particles is also expected to be dependent upon temperature. As
for previous work, doping with aerosol particles with sufficient
Cu(II) means that the uptake of HO2 is not limited by aqueous
chemistry, rather by mass accommodation, and hence
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a measurement of gHO2
yields aHO2

. Table 2 shows the results
and also gives the conditions for measurements of the
temperature dependence of the mass accommodation aHO2

as
a function of temperature for copper(II)-doped ammonium
nitrate aerosol particles. The aerosol particle copper(II)
concentration was estimated as ∼0.7 M, for which the lifetime
of HO2 within the aerosol particle is around 100 nanoseconds. It
shows that the mass accommodation increases very slightly
from aHO2

= 0.62 ± 0.05 to 0.71 ± 0.06 between 292 and 263 K
which is consistent with known theory about the dynamics and
kinetics of the gas–liquid interfaces. Bulk mass accommodation
is expected to be temperature dependent following an
Arrhenius-type relationship in which the Gibbs free energy
barrier of the transition state between the gaseous and solvated
phases, DGsolv, governs the temperature dependence of the
process. DGsolv is usually negative for small molecules on
aqueous solutions, hence leading to higher accommodation
coefficients at lower temperatures.73 This is in part due to the
strong temperature dependence of desorption and reversible
adsorption, respectively, which are central to interfacial trans-
port and gas-particle exchange.74

Due to the variability in the conditions of the experiments
(e.g. RH, wall loss and HO2 concentration) and a large number
of parameters (e.g. rate coefficients, Henry's law constants)
required for the KM-SUB model where the temperature depen-
dence is unknown, we did not attempt to calculate the
temperature dependence of gHO2

with the model for compar-
ison with experiments.
3.2. Dependence of gHO2
on reaction time and HO2

concentration

Fig. 3 shows an example of the measured pseudo-rst-order rate
coefficient for the loss of HO2, k0, as a function of aerosol
particle surface area for deliquesced sodium chloride aerosol
particles at 59% RH and T = 293 K for different reaction times
using the xed injector methodology. From eqn (E2), the
Fig. 3 k0 as a function of the surface area per unit concentration of
deliquesced sodium chloride aerosol particles at 59% RH and 293 ± 2
K, and for an initial HO2 concentration at time zero of 2.1 × 109

molecule per cm3 for a variety of reaction times (injector position
varying from 20–70 cm along the flow-tube) using the ‘fixed injector’
methodology. The solid lines represent linear-least squares fits to the
data (eqn (2)). The error bars represent one standard deviation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
gradient is proportional to gHO2
, and it is evident from Fig. 3

that gHO2
decreases for larger reaction times.

Fig. 4(a) shows ‘moving injector’ measurements and
modelling of the HO2 uptake coefficient as a function of the
initial ow tube HO2 gas-phase concentration. The model
predicts that gHO2

will increase with increasing HO2 concen-
trations and should be proportional to [HO2]g unless it becomes
large enough to be limited by mass accommodation. This
relationship has previously been described in Thornton et al.47

and a brief explanation follows. The gHO2
can be calculated as

the net adsorption ux divided by the collision ux. Unless
limited by mass accommodation, the adsorption ux should be
controlled by reaction and therefore it is proportional to
kBR,4[HO2]

2 + kBR,5[HO2][O2
−]. The collision ux is proportional

to [HO2]g, resulting in gHO2
being proportional to [HO2]g.

However, overall measurements collated from several studies
do not appear to follow any trend and are quite scattered.
Calculations performed using E-AIM suggest that (NH4)2SO4

particles should have a pH # 4. Measurements were signi-
cantly higher than those predicted using the model suggesting
that perhaps the pH was higher than expected or that trace
metal contamination played a role in increasing gHO2

which will
be explored further in Fig. 4(c) below. The measurement by
Thornton and Abbatt at a high [HO2]g and with a particle
buffered to pH = 5.1 was close to the modelled value. In
contrast, most measurements with NaCl particles were smaller
than the expected gHO2

for particles with a pH= 7, whichmay be
partly due to the HO2 concentrations along the ow tube being
lower than the initial HO2 concentration due to wall loss, gas-
phase reactions, and uptake to particles. Changes in [HO2]g
were not considered in the modelling of this gure and will be
explored below.

Fig. 4(b–d) show examples of gHO2
time dependence which

were measured using the ‘xed injector’ methodology for
different aerosol particle compositions and conditions. For all
examples, gHO2

decreases as a function of time. The kinetic
model predicts this behaviour for particles that do not contain
transition metals (Fig. 4(b and c)) and is able to reproduce the
measured trends and the measurements within a factor of two
for uptake to NaCl particles by accounting for HO2 loss along
the ow tube. Gas-phase reactions, wall losses and uptake to
particles account for 1–4%, 10–79% and 17–89% of the total
HO2 loss, respectively, for the simulations shown in Fig. 4(b).
Lower HO2 concentrations lead to lower uptake coefficients in
the absence of metals as gHO2

is controlled by the aqueous self-
reactions of HO2 (reactions (R4) and (R5)) as discussed above.

The kinetic model predicts that gHO2
would be higher if the

initial HO2 concentration is higher, but the opposite trend is
observed in measurements (Fig. 4(b)). Although the reason for
the trend in the measurements remains uncertain, model
sensitivity tests indicate that there are many factors that could
inuence the HO2 concentration along the ow tube and could
potentially skew the uptake coefficient at a given time. For
example, variability between experiments such as larger wall
losses and higher particle concentrations can cause a reduction
in the HO2 concentration and uptake coefficient. The kinetic
model indicated that changing the concentration of the
Environ. Sci.: Atmos., 2024, 4, 813–829 | 821
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Fig. 4 Panel (a): measurements (markers) and modelling (lines) of gHO2
as a function of HO2 concentration and pH for (NH4)2SO4 particles and

NaCl particles. Measurements were performed using the ‘moving injector’ methodology. Panels (b–d): measurements (markers) and kinetic
modelling (lines) of gHO2

as a function of time using the ‘fixed injector’methodology. Experiments in panel (a) were performedwith NaCl particles
and initial HO2 concentrations of 2.1 × 109 cm−3 (green) and 7.1 × 108 cm−3 (red). The experiment in panel (c) was conducted with NH4NO3

particles and an initial HO2 concentration of 1 × 109 cm−3. The experiment in panel (d) was conducted using Cu doped (NH4)2SO4 particles and
an initial HO2 concentration of 2.7 × 109 cm−3. NaCl particles are assumed to have a pH of 7 and Cu doped (NH4)2SO4 particles are assumed to
have a pH of 4. Model simulation parameters are shown in Table 1. Measurements in panel (d) have previously been shown in George et al.38

(2013). In panel (a) a constant [HO2]g is assumed, while in panels (b–d) HO2 decreases along the flow tube. In panel (d) the black lines represent
the modelled uptake coefficient in the absence of Fenton chemistry for particles containing [Cu(SO4)] = 0.6 M while the dashed blue line
assumes that Fenton-like chemistry is occurring with an initial H2O2 concentration of 2 × 1012 cm−3, a particle number density of 105 cm−3 and
a H2O2 uptake coefficient to the walls of 6.5 × 10−6.
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particles could lead to the trends observed during the
measurements (Fig. 4(b)). Alternatively, it can be speculated
that setting the lamp in the injector to a higher power to obtain
higher initial HO2 concentrations may lead to slightly higher
initial temperatures resulting in a lower HO2 partitioning
coefficient and different initial mixing conditions. More H2O2 is
also expected to exit the injector at higher HO2 concentrations
which could potentially be converted back to HO2 by Fenton
chemistry if there are trace transition metal contaminants in
the particles, thereby effectively reducing gHO2

. Note that
although the ICP-MS measurements indicated low metal
contamination, any contamination would become enhanced in
the concentrated particles, and we cannot fully disregard
contamination from impacting gHO2

. However, the cause of the
measured HO2 concentration dependence remains uncertain
and warrants further investigation in the future.
822 | Environ. Sci.: Atmos., 2024, 4, 813–829
Fig. 4(c) shows time dependent measurements of gHO2
for

ammonium nitrate particles. The overall trend in the uptake
coefficients as a function of time is similar to NaCl particles but
gHO2

are signicantly smaller. Ammonium nitrate aerosol
particles have a lower pH than NaCl aerosol particles which
causes the slower reaction (R4) to become more important
compared to reaction (R5) and leads to less overall partitioning
of HO2 into the particles (reaction (R3)). Calculations performed
with the E-AIM model suggest that the pH of the ammonium
nitrate particles should have been <4.58–60 However, with a pH of
4 the model underestimates gHO2

measurements signicantly.
Further sensitivity tests indicated that the measurements could
be reproduced if contaminants increased the pH to 6 or if there
was a small amount of transition metal contamination (e.g.
[Cu2+] ∼2 × 10−7 M) which could be consistent with ICP-MS
measurements. Note that uncertainty remains with regards to
the formation of Cu complexes in ammonium nitrate particles
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and free Cu ion rate coefficients have been assumed for this
simulation.

Fig. 4(d) shows an example of the signicant time depen-
dence of gHO2

for copper-doped ammonium sulphate particles.
For these particles, the kinetic model predicts that there should
be no time dependence in the experiments and that gHO2

should
be approximately the same as the surface mass accommodation
coefficient (Fig. 4(d)). This discrepancy between the model and
themeasurements could be due to and inuenced by a variety of
factors. Firstly, we cannot exclude the possibility that uneven
mixing in the initial part of the ow tube, in the region before
laminar ow is achieved, could be causing the measured initial
high uptake coefficients. An alternative explanation that has
been explored with the model is that Fenton-like chemistry may
be occurring. H2O2 is formed in the injector from the self-
reaction of HO2. As the ratio of HO2 : H2O2 decreases along
the ow tube, HO2 formation from Fenton-like chemistry
becomes more important and the uptake coefficient decreases.
Sensitivity tests indicated that the measurements were able to
be reproduced well by assuming an initial H2O2 concentration
of 2.5 × 1012 cm−3, a particle number density of 105 cm−3 and
a H2O2 uptake coefficient to the walls of 6.5 × 10−6 (same value
as for HO2) (Fig. 4(d)). However, further measurements and
more complex modelling are required to better understand
these trends and to determine whether Fenton-like chemistry is
important in these experiments. It should also be noted that an
assumption has been made that CuSO4 reacts with H2O2 in
a similar way and with the same rate coefficient as Cu2+ reacting
with H2O2. A different rate coefficient would impact the H2O2

concentration required to t the measurements. Guo et al.30

determined the impact of the aqueous production of HO2 on
the uptake coefficient. They concluded that the aqueous-phase
production of HO2 is an important factor that inuences gHO2

.
However, they did not elaborate which reactions exactly could
be responsible for such production. In this work, we are
proposing Fenton and Fenton-like chemistry as a possible
route, at least in the experimental conditions, to explain this
reformation of HO2.
3.3. Dependence of gHO2
on the Cu and Fe concentration

Fig. 5(a) and (b) show measurements from different studies of
gHO2

as a function of Cu and Fe concentrations, respectively, as
well as kinetic modelling results. The kinetic model can t the
measurements for Cu doped aerosol particles relatively well
with literature rate coefficients if we assume that all Cu is
present as CuSO4. The slower rate coefficients of CuSO4 with
HO2/O2

− compared to Cu2+ with HO2/O2
− assumed in this work

lead to lower gHO2
than if free Cu2+ ions were present in the

particles (brown line, Fig. 5(a)). Note that for the free Cu2+

simulation, gHO2
is mainly controlled by the fast reactions of

Cu2+ + O2
− and Cu+ + HO2/O2

− and that decreasing the rate
coefficient of Cu2+ + HO2 has a negligible impact on gHO2

at pH
= 4. It is necessary to vary the surface accommodation coeffi-
cient to obtain a good t to different datasets (Fig. 5(a)). The
varying measured mass accommodation coefficients are most
likely an experimental artefact which may be due to mixing
© 2024 The Author(s). Published by the Royal Society of Chemistry
conditions, Fenton-like chemistry (as discussed above), activity
coefficients (which are not treated in the model) or some other
currently unknown process or reaction. A trend in the uptake
coefficient onto Cu-doped aerosol particles as a function of
relative humidity has been previously described although the
reasons for this remain unclear.42 It should be noted that the
Song et al.27 measurements, which the model does not repro-
duce, are performed at the lowest relative humidity of the
different studies (∼43% RH). The model overestimates the
uptake coefficient for Fe-doped particles (Fig. 5(b)), which may
be due to Fe precipitation. Signicant precipitation of iron was
observed in the atomizer solutions one day aer they were
prepared in this work, which could also be occurring in the
concentrated aerosol particles reducing its availability for
reaction. Although the chemical formula of the precipitate has
not been ascertained, it could be Fe(OH)2 or Fe(OH)3. Trace
organics have also been shown to have the potential to reduce
gHO2

onto Cu-doped aerosol particles.43 Note that sensitivity
tests indicate that for atmospherically relevant copper concen-
trations, the uptake coefficient is independent of [HO2]g when
[HO2]g is less than 1 × 1011 cm−3.

Fig. 5(c) and (d) show the same experimental measurements
but with kinetic modelling pH sensitivity test results for atmo-
spherically relevant aerosol particle pH values. Fitting results to
measurements indicate that aerosol particles used in the
experimental measurements are most likely to exhibit a pH# 4,
which is consistent with ammonium sulphate particles doped
with copper and is also consistent with previous modelling
work.27,31 Increasing the pH leads to higher uptake coefficients
as the HO2 dissociates to formO2

− and the effective partitioning
coefficient into the particles increases. Changes in pH also lead
to a change in the O2

− to HO2 ratio resulting in a different
overall rate of destruction (reactions (R6), (R7), (R14) and (R15)).
However, decreasing the pH below 3 has a negligible effect for
Cu-doped particles as HO2, which has a pKa of 4.7, is already
almost entirely protonated and reaction (R6) dominates over
reaction (R7).26 For the equivalent Fe reactions, there is a much
larger difference between kBR,14 and kBR,15 leading to reaction
(R15) controlling the uptake even at a low pH of 3.

The blue shaded area in Fig. 5 represents a typical range of
total soluble iron and copper concentrations measured in
different locations and cities in PM2.5 (Fe: 0.003–1.5% soluble
mass fraction, Cu: 0.0008–0.11% soluble mass fraction75). For
aerosol particles with a 50 nm radius shown in Fig. 5(c and d),
gHO2

can be equal to a wide range of values in these Cu and Fe
concentration ranges, depending on the actual soluble transition
metal concentration and the pH. Note that the soluble Cu and Fe
concentrations may be different for these smaller particles, but
far fewer measurements exist compared to PM2.5.76–78 As of now
measurements have been performed on ammonium sulphate
particles but future measurements of gHO2

as a function of Cu
and Fe concentrations should be performed for a wide range of
particle compositions for the best comparison with atmospheri-
cally relevant concentrations and to gain a better understanding
of how the particle composition can inuence measurements. It
should also be noted that the reaction of Cu+ + O2 / Cu2+ + O2

−

has not been included in the model simulations as many
Environ. Sci.: Atmos., 2024, 4, 813–829 | 823
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Fig. 5 Measurements (markers) andmodelling (lines) of gHO2
as a function of (a, c and e) Cumolarity and (b, d and f) Fe molarity in AS particles. Fe

experiments in this work were performed at 293 ± 2 K and 66 ± 2% RH. Panels (a and b) show model sensitivity tests for different surface mass
accommodations. Panels (c and d) show model sensitivity tests as a function of pH. Panels (e and f) show model sensitivity tests as a function of
particle radius. Model simulations are run with a constant HO2 concentration of 1× 109 cm−3, as= 0.5, pH= 4 and with a particle radius of 50 nm
unless otherwise stated. The atmospherically relevant molarities of soluble iron (5.4 × 10−4 −0.27 M) and copper (1.3 × 10−4–0.018 M) in PM2.5

particles are shown by the blue shaded area.
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experiments were performed under nitrogen. Sensitivity studies
indicate that the inclusion of this reaction with a rate coefficient
of 7.6 × 10−16 cm−3 s−1 would lower the HO2 uptake coefficient
by approximately 16–18% when [Cu] # 10−3 M for particles with
pH = 4.63,79 For higher Cu concentrations the reduction in the
HO2 uptake coefficient becomes smaller and with a concentra-
tion of 1 M the HO2 uptake coefficient is only reduced by
approximately 1%. Additional reactions could also be included in
future versions of the model.63

Fig. 5(e–f) demonstrate the importance of aerosol particle size
on gHO2

. As the aerosol particle radius increases, gHO2
(calculated
824 | Environ. Sci.: Atmos., 2024, 4, 813–829
with the near surface gas-phase HO2 concentration) also
increases due to larger volumes in which the reaction can occur
for a given surface area. However, the effective gHO2

(calculated
with theHO2 gas-phase concentration), which includes gas-phase
diffusion limitations, is likely to be signicantly reduced. For
example, for 5 mm particles the effective uptake coefficient is
predicted to be ∼0.04 over the atmospherically relevant Cu
concentration range. This is consistent with a low Knudsen
number of 0.034 for this particle radius, which according to gas-
kinetic theory will cause a decrease in the near-surface gas
concentration, leading to a signicant decrease in the effective
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00025k


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

10
:4

5:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
uptake coefficient in the atmospherically relevant range of tran-
sition metal concentrations.62 It should also be noted that for the
simulations discussed above, no bulk diffusion limitations due
to viscous particles or metal complexation is treated, but these
factors have previously been studied and shown to have the
potential to reduce gHO2

signicantly for particles containing
high transition metal concentrations.43,54

4. Discussion and outlook

Our measurements suggest that temperature has a large impact
on gHO2

, which is consistent with previous parameterizations and
known theoretical frameworks.15,73 However, we are currently
unable to constrain these measurements with our KM-SUBmodel
due to the large number of uncertainties including the effect of
temperature on the rate coefficients and Henry's law constants.

The KM-SUBmodel has demonstrated that a time dependence
of gHO2

is expected in ow tube experiments for particles that do
not contain transition metal ions. The gHO2

is controlled by HO2

self-reaction in the aerosol particles and therefore decreases along
the ow tube as [HO2]g decreases. High wall losses and high
particle concentrations can cause gHO2

to decrease signicantly as
a function of reaction time, which should be acknowledged when
analysing HO2 uptake measurement data in the future. This time
dependence may increase with increasing RH, as wall losses and
gas-phase reaction rate coefficients increase leading to lower HO2

concentrations along the ow tube.80 To obtain accurate gHO2

values it is necessary to use a model which accounts for
decreasing HO2 concentrations along the ow tube.

The value of gHO2
onto particles containing transition metal

ions also has the potential to be time dependent in experiments
if Fenton-like chemistry is occurring. HO2 reformation from
H2O2 would decrease the observed gHO2

as the HO2 : H2O2 ratio
decreases along the ow tube. Further but challenging experi-
ments in which H2O2 concentrations are also measured would
be required to conrm this. Gas-phase species such as H2O2,
which partitions into aerosol particles in the aerosol ow tube
and subsequently facilitates the formation of HO2, have the
capacity to elucidate variations observed in the scientic liter-
ature concerning diverse laboratory assessments of gHO2

onto
Cu-doped particles. There may also be trace organic impurities
in the gases or water used in the experiments which decompose
in the presence of metal ions forming HO2. Further investiga-
tions are required to determine whether any other species exist
within the ow tube in addition to H2O2, that would form HO2

or O2
− within the particle phase. For example, it is known that

the trace O2 concentrations within the aerosol ow tube could
react with trace iron and copper concentrations within the
aerosol particles forming O2

−.64,65 Alternatively, HO2 radicals
could be formed from other mechanisms; for example, trace
levels of O3 reacting with H2O2 can lead to the formation of
radicals.81 The presence of gas-phase species which reform HO2

in the atmosphere may lead to a decrease in the effective gHO2
.

Further systematic measurements with known H2O2 and tran-
sition metal ions will be required to better understand the
impact of ambient H2O2 concentrations in the atmosphere on
the effective gHO2

.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The KM-SUB model was able to reproduce measurements of
the gHO2

as a function of Cu relatively well with parameters
consistent with previous work.31 We speculate that the forma-
tion of CuSO4 may signicantly reduce gHO2

in ammonium
sulphate particles although this still needs to be further inves-
tigated. We demonstrate that increasing aerosol particle pH can
signicantly increase the uptake coefficient gHO2

of aerosol
particles containing transition metal ions due to additional
partitioning of HO2 into the particles and changes in the rela-
tive importance of different reactions. We have also demon-
strated that although gHO2

will increase for larger particles, the
effective uptake coefficient gHO2,eff, which includes gas-phase
diffusion limitations, will decrease signicantly. This may
lead to gHO2,eff, which is the typical observable in experiments
and parameter in atmospheric model simulations, being larger
for smaller particles in the atmosphere.

It has been demonstrated that the value of gHO2
may vary

signicantly over the range of atmospherically relevant transi-
tion metal concentrations. This is consistent with previous
measurements and modelling work.27,30–33,35,82 Many factors may
inuence the value of gHO2

that should be used in atmospheric
box models, such as the concentration of soluble transition
metal ions, the particle composition, the pH, the aerosol
particle size, and the presence of any compounds which reform
HO2. Other factors, such as bulk diffusion limitations or the
presence of certain organics, can reduce gHO2

. As discussed in
our previous work, an increase in aerosol particle viscosity can
lead to a signicant decrease in gHO2

for copper doped aerosol
particles by decreasing the rate of diffusion of HO2 into the
aerosol particles.54 We have also previously observed a signi-
cant decrease in gHO2

from a value of the mass accommodation
coefficient aHO2

to approximately two orders of magnitude less
when oxalic acid is added to copper-doped aerosol particles.43 In
the current work we have not treated the interactions of Cu and
Fe in aerosols, which may enhance HO2 uptake, prevent iron
precipitation in ambient aerosols, and should be investigated in
follow-up studies.63,83 Transition metal distribution across all
particles is usually assumed to be even by models. However, in
reality, not all atmospheric particles contain transition metals
that catalytically remove HO2 and enhance the value of gHO2

.
This was discussed in a recent study in which Khaled et al.84

hypothesise that gHO2
may be signicantly lower for an atmo-

spheric aerosol particle compared to an aerosol particle gener-
ated via atomisation in the laboratory using a bulk sample
containing transition metal ions. Overall, additional experi-
ments and modelling are required to fully understand the
inuence of different factors on the HO2 uptake coefficient.
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