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O2 uptake onto Cu(II)- and Fe(II)-
doped aqueous inorganic aerosols and seawater
aerosols using laser spectroscopic techniques†

Jiaru Li, ab Yosuke Sakamoto, *abc Kei Sato, b Yu Morino b

and Yoshizumi Kajii *abcd

Heterogeneous HO2 uptake onto aerosols, which affects tropospheric chemistry, is known as a potential

sink of HOx (^OH + HO2+RO2); however, the associated reaction kinetics are still unclear. Also, the

measurement of the HO2 uptake coefficient (g) remains challenging and the g values reported so far

based on laboratory studies vary by orders of magnitude depending on the aerosol properties, initial HO2

concentration, and the experimental conditions. Here, we established a novel approach for detecting the

loss rate of HO2 uptake by inorganic aerosols derived from NaCl, (NH4)2SO4, Na2SO4, or diluted

seawater using laser-pump and laser-induced fluorescence techniques and clarified the effects of

transition metal ions (TMIs), Cu(II) and Fe(II) on the process. Our results confirmed the enhancement

effects of Cu(II) and Fe(II) on the uptake process. Furthermore, soluble Cu(II) enhanced the uptake with

a kinetic reaction rate coefficient two orders of magnitude higher than that of Fe(II) ions. The second

order rate constants of bulk phase reactions for Cu(II)- and Fe(II)-doped (NH4)2SO4 are 1.5 × 107 M−1 s−1

and 1.3 × 105 M−1 s−1, respectively. However, uncertainties regarding the pH of the aerosols and TMI

participation in the aerosol phase still exist. Notwithstanding, the uptake coefficients here reported will

complement current IUPAC recommendations. Additionally, future studies can benefit from

investigations of the effects of aerosol pH on the HO2 uptake process, the determination of uptake onto

other TMI-doped aerosol types, and testing with ambient aerosols. Our findings can also be incorporated

into multiphase kinetic models for a better understanding of the bulk and surface processes and for the

evaluation of spatiotemporal oxidation products under ambient atmospheric conditions.
Environmental signicance

HO2 uptake by aerosols is a potential loss pathway that inuences the key atmospheric radical budget and has been coarsely considered in most oxidant
simulations. Understanding the multiphase reactions under which the interaction parameter is well controlled is crucial to deepen our understanding. In this
work we look at how doped metal ions and parent inorganic species affect the heterogeneous HO2 uptake. We also determined the kinetic parameters, such as
the uptake coefficient, surface accommodation factor, and reactional rate in the aerosol phase of the HO2 uptake process, which can be factored into models for
the precise evaluation of the radical budget in the atmosphere to help bridge the gap between model results and eld observations.
1 Introduction

The uptake of hydroperoxyl (HO2) radicals by aerosols poten-
tially affects volatile organic compound (VOC) oxidation, ozone
formation, and secondary organic aerosol generation, given
tudies, Kyoto University, Kyoto, 606-8501,

.ac.jp; kajii.yoshizumi.7e@kyoto-u.ac.jp

s, Tsukuba, 305-8506, Japan

tal Studies, Kyoto University, Kyoto, 606-

gineering, Qingdao University, Qingdao,

tion (ESI) available. See DOI:

1384–1395
that HO2 is a major OH reservoir under atmospherically rele-
vant conditions.1–3 Additionally, the uptake process can impact
the climate by altering aerosol properties, such as size, optical
properties, and nucleation.4 However, the multiphase reaction
pathways involved in the uptake process, which are important
for both atmospheric chemistry and climate modelling, are not
yet well understood. In essence, the uptake process of HO2

competes with gas-phase reactions and may signicantly
change the chemical composition of air. For example, aerosol
uptake has been shown to be responsible for up to 23% of HO2

loss based on modelled and measured HO2 concentrations in
the tropical marine area at noon.5 Some research groups rec-
ommended the use of an uptake coefficient (g) of 0.2 for the
estimation of HO2 uptake onto aerosols.6–9 Furthermore, an
© 2023 The Author(s). Published by the Royal Society of Chemistry
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empirical model known as the MARK model depicts the uptake
of HO2 onto wet aerosols and has been applied in eld
campaigns. However, the results obtained by MARK showed
large variations considering HO2 uptake onto Cu-doped aero-
sols.10 Consequently, aerosol-inhabited photochemical ozone
production reached a ratio as high as 18–35% in the 1970s in
Japan, Europe, and America, and 20–35% in 2014 in China.8

Aerosols consist of a diverse range of chemical components
and usually exist under aerodynamic conditions. Thus, inves-
tigating the multiphase reactions of radicals with aerosols is
challenging. Soluble transition metal ions (TMIs), such as
iron(II) and copper(II) ions, are hazardous components of ne
particles and are associated with adverse health effects.
Previous studies have linked the increased oxidative potential of
atmospheric particles to the presence of soluble TMIs.11,12

Copper and iron were selected for this study owing to their
abundance in the atmospheric environments, including
combustion and dust aerosols, their active reactivities, and
because they are the most widely investigated transition
metals.13,14 However, the kinetic roles of TMIs such as Cu(II) and
Fe(II) in heterogeneous reactions are not well understood. Table
1 summarizes the uptake coefficients of HO2 radicals onto NaCl,
(NH4)2SO4, and Cu(II)-doped aerosols and seawater based on
previous studies. Currently, studies on the heterogeneous
radical loss rate are limited, and in most previous studies we
compared, an aerosol ow-tube (AFT) reactor was combined
with a laser-induced uorescence detector or a chemical ion
mass spectrometer to investigate the heterogeneous radical loss
rate. The rst measurement of HO2 uptake by aqueous aerosols
was realized using an AFT reactor combined with a peroxyl
radical chemical amplication-luminol detector under humid
conditions.15 The AFT controls the residence time of the radicals
by varying the injection points and detects the corresponding
radical concentrations aer they interact with aerosols.
However, such an approach requires manual control of radical
injection, and this results in a low time resolution. Further-
more, extra calibration work is necessary to determine the
Table 1 Reported uptake coefficients of HOx radicals by inorganic aeros
experimental conditions and related to the current study are presented

Aerosol g Initial [HO2] mole

NaCl 0.01 � 0.02 ∼1.5 × 109

0.10 � 0.02 ∼1 × 108

NaCl + Cu(II) 0.65 � 0.17 ∼1 × 108

(NH4)2SO4 ∼0.1a 2.5–5 × 1010

0.01 � 0.01 ∼1.5 × 109

0.19 � 0.04 ∼1 × 108

0.004 � 0.002 ∼1 × 109

0.001 � 0.0007 ∼1 × 109

(NH4)2SO4 + Cu(II) 0.5 � 0.1 2.5–5 × 1010

0.4 � 0.3 ∼1.5 × 109

0.53 � 0.13 ∼1 × 108

0.23 � 0.07 ∼1 × 109

Synthetic sea salt 0.13 � 0.04 ∼1 × 108

Natural seawater 0.10 � 0.02 ∼1 × 108

a Experiment conducted using (NH4)2SO4 buffered to pH 5.1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
initial HO2 concentration, although it depends on the detection
techniques. Considering that the uptake coefficient varies with
the initial radical concentration, aerosol chemical and physical
properties, and experimental conditions, such as temperature
and relative humidity (RH), an effective approach that enhances
understanding regarding multiphase reactions in this regard is
necessary.

The current study combines the chemical conversion (CC)
method with a laser-pump and laser-induced uorescence (LP-
LIF) to determine the loss rate of HO2 radicals onto aerosols as
a depiction of OH reactivity (the inverse of the OH lifetime) by
converting HO2 into OH before detection. Deliquesced aerosols,
including (i) NaCl, (ii) (NH4)2SO4, (iii) Na2SO4, and (iv) seawater,
were generated using a commercial constant-output atomizer,
and TMIs such as Cu(II) or Fe(II) were added to the dissolved
reagent to examine their doping effects. The CC/LP-LIF offered
the possibility to detect the loss rate of HO2 radicals by
controlling the sampling of air, either with or without aerosols,
to separate heterogeneous HO2 loss from gas-phase loss. Also, it
is exible to detect the HO2 loss rate onto varied total aerosol
surface area concentrations by changing the ow rate of zero-
gas passing through the atomizer. Note that the residence time
of HO2 mixing with aerosols in the reaction cell is short at 1 s,
allowing high time resolutions and there is no need to change
the interaction time using our apparatus. The AFT-reactor
approach requires a movable injector to change the reaction
time of radicals with aerosols, and detect different radical
concentrations at varied time to determine its loss rate.
However, we directly measure the loss rate of radicals with
increased/decreased volume of aerosols to obtain their uptake
coefficient. Furthermore, no additional calibration was required
because we measured HO2 reactivity rather than its concentra-
tion. It is also possible to detect RO2 uptake using our method.
Thus, we established a novel measurement strategy for deter-
mining HO2 uptake by applying the CC/LP-LIF method with an
atomizer, and this is different to the AFT-reactor approach,
which requires controlling of the injection of radicals. Table 2
ols. Only results obtained in studies conducted under the most humid

cules cm−3 RH References

67–76% George et al. (2013)42

75% Taketani et al. (2008)43

53% Taketani et al. (2008)43

42% Thornton and Abbatt (2005)36

65–75% George et al. (2013)42

75% Taketani et al. (2008)43

60% Lakey et al. (2016b)27

51% Zou et al. (2019)44

42% Thornton and Abbatt (2005)36

53–65% George et al. (2013)42

45% Taketani et al. (2008)43

60% Lakey et al. (2015)32

75% Taketani et al. (2009)33

75% Taketani et al. (2009)33
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Table 2 Comparison of the AFT-reactor approach from the Leeds group and the apparatus used in the current work

AFT-reactor45 LP-LIF/CC

HO2 generation Photolysis of water vapor Pump-ush of ozone
Mixing time required 7 s —
Residence time of radicals 7–20 s (depending on the injector place and ow rate) 1 s
Buffer gas N2 Zero-gas
Reaction cell conditions Temperature −10 to 40 °C, mostly room temperature Room temperature

Pressure Atmospheric pressure Atmospheric pressure
RH 5–80% >80%

Detection objective HO2 concentration HO2 reactivity
Time resolution In the unit of 10 min 4 min
Calibration Concentration calibration and wall loss correction Blank measurement
Further application Easy to change to detect

RO2 uptake

Environmental Science: Atmospheres Paper
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View Article Online
compares the details between the AFT-reactor and our appa-
ratus. We also compared the determined uptake coefficient with
previously reported values to demonstrate the credibility of our
method. We further examined its sensitivity to impacting
factors, such as parent aerosols, TMI doping, and potential
kinetic parameters including pH which affect the rate constant
in the aerosol phase. These results are advantageous for
studying heterogeneous processes and evaluating the oxidative
potential of typical particulate matter.
2 Experimental
2.1 CC/LP-LIF

The reactivity of HO2 radicals was investigated via LP-LIF16

using the CC method.17 In brief, sampled air was pumped into
an aluminum reaction cell (length and i.d. of 1.4 m and 40 mm,
respectively) at a total ow rate of ∼14 SLM (standard litter per
minute under conditions of 1 atm and 273 K). A pulsed beam
was pumped from a fourth harmonic Nd:YAG laser (Tempest
300, 5.5 mJ per pulse, New Wave Research Inc., Fremont, CA,
USA) with a wavelength of 266 nm to photolyze ∼80 ppbv of
ozone in the sample so as to generate OH radicals, as shown in
(R1) and (R2). The ozone used was generated using a low-
pressure mercury lamp irradiated at 184.9 nm. Water vapor
was obtained from the air ow passing through a bubbler
containing ultrapure water (18.2 MU cm and 2.4 ppb TOC at 25 °
C, Milli-Q, Millipore Corp., Bedford, MA, USA). The initial
concentration of radicals was in the order of 1010

molecules cm−3 based on the maximal photolysis laser power
and ozone concentration and could vary with RH. In our later
discussion, the initial radical concentration was assumed to be
1 × 1010 molecules per cm with an uncertainty of −50%. HO2

radicals were produced in the reaction cell via the excess addi-
tion of CO, as shown in (R3). Under all conditions, the self-
reaction of HO2 in the gaseous and aqueous phases could be
excluded from the zero-gas measurements and uptake results
for the ultrapure water-generated aerosols, respectively.

O3 + hn (266 nm) / O2 + O(1D) (R1)

O(1D) + H2O / 2OH (R2)
1386 | Environ. Sci.: Atmos., 2023, 3, 1384–1395
OH þ CO ���!O2
HO2 þ CO2 (R3)

A portion of the gases from the reaction cell was introduced
into the LIF cell through a 0.5 mm orice at 2 SLM and ∼2 Torr
using an oil rotary pump (D-950, ULVAC, Kanagawa, Japan). In
the LIF cell, 10 kHz irradiation was pumped by a second-
harmonic Nd:YVO4 laser (YHP40-532Q, Spectra Physics,
Mountain View, CA, USA), which then excited a second-
harmonic pulsed dye laser (Credo-D, Sirah) at 308 nm. The
LIF signal was detected using a photomultiplier tube (PMT,
R2256P, Hamamatsu Photonics, Shizuoka, Japan) comprising
four lenses and a bandpass lter centered at approximately
308 nm. For both excitation and detection, the A-X(0,0) band of
OH was used, and the uorescence from the Q1(2) line was
collected via time ltering controlled by a delay generator
(DG535, Stanford Research Systems, Sunnyvale, CA, USA)
providing a positive transistor–transistor logic pulse. The
detection axis was positioned vertically to both the gas ow and
excitation laser, as shown in Fig. 1, to avoid any possible
interference. Furthermore, the generated HO2 radicals were
reconverted into OH radicals via reaction with NO before
introduction into the LIF cell (R4). Each decay rate was averaged
every 240 cycles, which were repeated at 4 min intervals.

HO2 + NO / OH + NO2 (R4)

2.2 Aerosol generation and property detection

Reagents (0.03% w/v) containing 0.0015% w/v TMIs or L-ascor-
bate were dissolved in ultrapure water. Then, to obtain poly-
disperse aerosols, the mixture was passed through a pneumatic
atomizer (Model 3076, TSI, St. Paul, MN, USA) at a ow rate of
1.5–2.4 SLM. The chemical materials used included NaCl
(99.5%, Fujilm Wako, Osaka, Japan), (NH4)2SO4 (99.5%,
Wako), Na2SO4 (99.0%, Fujilm Wako), CuCl2$2H2O (99.9%,
Fujilm Wako), FeCl2$4H2O (99.9% Fujilm Wako), CuSO4-
$5H2O (99.9%, Fujilm Wako), FeSO4$7H2O(99.5%, Fujilm
Wako), and L-ascorbate (99.6%, Nacalai Tesque, Kyoto, Japan),
as listed in Table 3. Regarding the TMI-doped aerosols, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the simplified detection system.
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same anion type was used to avoid potential interference. The
aerosols were then introduced into the reaction cell and mixed
with zero-gas that passed through a bubbler for humidity
conditioning. The temperature and humidity inside the reac-
tion cell were measured in real-time using a Vaisala HMT334
probe (Vantaa, Finland).

Seawater samples collected from two islands in Japan, Izu
(34°58′N, 138°56′E) and Hachijojima (33°25′N, 139°50′E), were
diluted a hundred-fold using ultrapure water and used to
produce seawater aerosols containing approximately 0.03% (w/
v) NaCl. The Izu sample was buffered with additives to maintain
Table 3 Information regarding atomizer-generated aqueous aerosol
uncertainty

Solutions RH geff

NaCl 82.1% 0.03 �

NaCl + Cu(II) 74.4% 0.65 �
NaCl + Fe(II) 83.5% 0.27 �
NaCl + L-ascorbic acid 82.4% 0.40 �
(NH4)2SO4 83.7% ∼0.01

(NH4)2SO4 + Cu(II) 85.6% 0.60 �

(NH4)2SO4 + Fe(II) 83.3% 0.25 �
Na2SO4 83.6% 0.04 �
Na2SO4 + Cu(II) 82.1% 0.49 �
Na2SO4 + Fe(II) 83.3% 0.16 �
Seawater (Izu) 82.2% 0.11 �
Seawater (Hachijojima) 78.9% 0.22 �
a George et al., 2013. b Taketani et al., 2008. c Zou et al. (2019). d Lakey et al. (2016b). e Tho

© 2023 The Author(s). Published by the Royal Society of Chemistry
the pH at 8.3. Some of the chemical components of the sample
from Hachijojima were measured, as indicated in Appendix
Table A1.†

The size distribution of the aerosols in the reaction cell was
detected simultaneously using a scanning mobility particle
sizer (SMPS: TSI) which comprised a condensation particle
counter (CPC; model 3752) and a differential mobility analyzer
(DMA; Electrostatic Classier model 3082 with a long DMA
3081A). The DMA selects a monodisperse fraction aer the
aerosols are charged in an electric eld and then detects them
using a CPC. Appendix Fig. A1† shows the distribution of
s and corresponding uptake coefficients with the 2s value of the

g References

0.01 0.03 � 0.01 0.01 � 0.02a

0.10 � 0.02b

0.17 0.72 � 0.17 0.65 � 0.17b

0.06 0.28 � 0.06
0.15 0.46 � 0.15

∼0.01 0.001 � 0.0007c

0.004 � 0.002d

0.01 � 0.01a

0.19 � 0.04b

∼0.1e

0.19 0.67 � 0.19 0.23 � 0.07f

0.4 � 0.3a

0.53 � 0.13b

0.5 � 0.1e

0.05 0.26 � 0.05 0.10 � 0.02g

0.00 0.04 � 0.00
0.21 0.56 � 0.21
0.02 0.17 � 0.02
0.01 0.12 � 0.01
0.04 0.24 � 0.04

rnton and Abbatt (2005). f Lakey et al. (2015). g Taketani et al. (2009).
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aerosol surface area density as a function of gas ow passing
through the atomizer. Over the mobility diameter range (14.6–
661.2 nm), all proles could be characterized via lognormal
radius distribution with the geometric mean diameter distrib-
uted at approximately 100–140 nm.
2.3 HO2 uptake onto aerosols

The detected loss rate of the radicals included the zero-gas loss
rate, as explained in eqn (1), which can be explored using
a single exponential tting equation, assuming pseudo-rst-
order reactions. Fig. A2(a)† compares the decay proles of the
radicals from zero-gas-only and zero-gas with aqueous NaCl
aerosols. In the presence of aerosols, the LIF intensity decreases
at a faster rate, and the discrepancy in decay rates represents the
heterogeneous radical loss rate, k′, which varies with the volume
of the generated aerosols. The total surface area concentrations
of aerosols generated by the atomizer can be varied using
different ow rates as introduced in Section 2.2. Consequently,
larger total surface area concentrations result in faster decay
rates. Different to the AFT-reactor approach, we xed the resi-
dence time of radicals and aerosols in the reaction cell as 1 s,
and then regenerated radicals every second. The determined
decay rate of HO2 radicals was averaged every 240 cycles. Each
experiment was repeated three–ve times to ensure reproduc-
ibility and reduce uncertainty. Then we measured with a varied
volume of aerosols to extrapolate the relationship between
decay rates and total surfaced area concentrations in order to
quantify the effective uptake coefficient. Before switching to
a different aerosol type, ultrapure water was used to ush the
atomizer and reaction cell until the decay rate from ultrapure
water-generated aerosols was the same as that from zero-gas.
More details regarding the uptake mechanism are discussed
later.

d½OH�
dt

¼ ��k0 þ kzero
0�½OH� (1)

The effective uptake coefficient can be calculated using eqn
(2), where k′ represents the heterogeneous loss rate of the
radicals, extrapolated from eqn (1), u refers to the mean molar
velocity of HO2, and S is the total surface area of the aerosol.

geff ¼
4k

0

uS
(2)

Eqn (3) shows that u can be determined from the tempera-
ture and molar weight according to the probability distribution
normalized by all the possible molar speeds. In the case of HO2,
u = 43 724.64 cm s−1 was used.

u ¼
ffiffiffiffiffiffiffiffiffiffi
8RT

pM

r
(3)

The uptake process involves gas-phase diffusion effects,
which decrease the concentration of radicals in the vicinity of
the aerosols. Such effects of diffusion, Gg, could be excluded as
shown in eqn (4).
1388 | Environ. Sci.: Atmos., 2023, 3, 1384–1395
1

geff

¼ 1

Gg

þ 1

g
(4)

Gas phase diffusion effects depend on the Knudsen number,
which is determined as the gas phase mean free path (l) to
particle radius (r) ratio as shown in eqn (5) and (6). Specically,
l gives the average distance travelled by a radical before colli-
sion with particles, and can be determined using the gas phase
diffusion coefficient of HO2 (Dg) and u. Reportedly, the value of
Dg is 0.25 cm2 s−1 at room temperature and 760 Torr.15

1

Gg

¼ 0:75þ 0:28Kn

Knð1þ KnÞ (5)

Kn ¼ 3Dg

ur
¼ l

r
(6)

Similar Kn values have been reported for inorganic and
organic compounds, regardless of their varied diffusivities, and
this has been attributed to their similar mean free paths in air
under a given pressure.18 In this study, the exclusion of gas
diffusion effects could bring about an increase in g by up to
11% depending on the initial geff and particle radius.
2.4 Investigation of g using a resistance model

(R5) and (R6) show the chemical reactions of heterogeneous
HO2 uptake, which depends on the mass accommodation
coefficient (a) and bulk phase reactions (Gp), as shown in eqn
(7).

HO2(g) / H+(aq) + O−
2 (aq) (R5)

HO2(g) / HO2(aq) (R6)

1

g
¼ 1

a
þ 1

Gp

(7)

Gp in eqn (7) is related to the self-reaction of HO2/O2
− in the

aqueous phase, as shown in (R7) and (R8).

HO2(aq) + HO2(aq) / H2O2(aq) + O2(aq) (R7)

HO2(g) + O−
2 (aq) + H2O / H2O2(aq) + O2(aq) + OH−(aq) (R8)

Furthermore, Gp, which can be calculated according to eqn
(8),19 strongly depends on the gas phase concentration of HO2. It
also determines [HO2]aq and [O2

−]aq and quadratically causes
the loss of aqueous phase HO2. kaq is the second-order rate
constant of HO2/O2

− and varies with pH in the aqueous phase
(see eqn (9)),20 and Keq represents the equilibrium constant,
which at 298 K, is 2.1 × 10−5 M.6 k7 (8.3 × 105 M−1 s−120) and k8
(9.7 × 107 M−1 s−120) are the rate constants for (R7) and (R8),
respectively, while H represents henry's constant, which is
explained later.

Gp ¼ 8000ðHRTÞ2kaq½HO2�rp
3uNAv

(8)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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kaq ¼
k7 þ

�
Keq

�½Hþ�aq
�
k8�

1þ Keq

.
½Hþ�aq

�2
(9)

In the presence of TMIs, the loss process of HO2 or O2
−

might be dominated by bulk phase reactions with TMIs (GTMI),
which occur much faster than self-reactions. Thus, eqn (7) can
be written as eqn (10) when the slow self-reactions of HO2/O2

−

(Gp) are replaced by the sum of GTMI and Gp. The a value used
was 0.7, the maximal determined uptake coefficient (Table 3).

1

g
¼ 1

a
þ 1

GTMI þ Gp

(10)

In the case of the TMIs involved in the aqueous phase, the
loss process may be given by eqn (11),21 which includes the
correction of saturation, assuming that uptake occurs on
spherical particles of radius rp. Specically, rp can be estimated
from the detected total surface area and the total number of
aerosols, according to eqn (12). lrd is the reacto-diffusion length,
as expressed in eqn (13).

1

GTMI

¼ u

4HRT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DaqkTMI

	
TMI


q �
coth

�
rp

lrd



�
�
lrd

rp


� (11)

rp ¼
ffiffiffiffiffiffiffiffiffiffi
S

4pN

r
(12)

lrd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Daq

kTMI½TMI�

s
(13)

In eqn (14), H represents henry's constant for HO2. The
effects of aerosol pH and HO2 activity are discussed in Section
3.3. Furthermore, Daq in eqn (15) represents the aqueous-phase
diffusive constant, which was approximated based on
(NH4)2SO4 solutions as reported by IUPAC.22 In the present
study, only inorganic solutes were considered; thus, there were
no signicant differences in viscosity, i.e., the same Daq was
used for all the other inorganic solutes as was used for
(NH4)2SO4.

H ¼ 9:5� 10�6exp

�
5910

T


�
1þ Keq

½Hþ�



M per atm (14)

Daq ¼
�
1� 10�5

�
T

298


���
1:09� 108expð�0:068TÞ þ 0:873

�
(15)
2.5 Model simulations

The concentrations of TMIs in the aerosol phase estimated from
the thermodynamic equilibrium modelling of E-AIM23,24 and
ISORROPIA25,26 are compared as shown in Table A2.† We
assessed the TMI concentrations indirectly by assuming the
© 2023 The Author(s). Published by the Royal Society of Chemistry
same change of the ratio as the water content in the aerosol
phase compared to the liquid phase. A same change ratio of the
condensed TMIs was assumed to simulate the concentrations in
the aerosol phase. Given that the two models agreed well with
each other inmost cases, we used the E-AIM-based results in the
subsequent calculations. It is also worth noting that TMI
concentrations from E-AIM do not consider the activity coeffi-
cients of ions; thus, there may be uncertainties regarding the
activity of the TMIs in the bulk phase reaction. Aerosol pH was
also simulated by using thermodynamic models, and the details
will be available in Section 3.3.
3 Results and discussion
3.1 Instrument performance and detection limit

CC/LP-LIF was successfully used to detect the loss rate of HO2

onto deliquesced aerosols. Fig. 2 shows the decay rate of the
heterogeneous HO2 loss rate, k′, with respect to the varied
surface area concentrations of the aerosols. From this gure, it
is evident that k′ increased linearly with increasing aerosol
surface area concentration, and from the slope of each line, the
effective uptake coefficient was calculated using eqn (2). In the
case of (NH4)2SO4, the average HO2 uptake coefficient was
∼0.01, consistent with the value previously reported by Lakey
et al. (g = 0.004 ± 0.002)27 and George et al. (g = 0.01 ± 0.01).28

Generally, the results of this study showed good reproducibility
and the extrapolated g agreed well (within uncertainty) with
most reported values obtained in studies conducted under
similar experimental conditions as summarize in Table 1.
However, there should be discrepancies between our results
and other reported g owing to different experimental conditions
such as aerosol water content, radical concentration, interac-
tion time of radicals and aerosols, and different hypothesized
parameters used to quantify the g. More discussion in depth
will be described in Section 3.2 to indicate the difference of our
result compared with previous results.

The detection limit (LOD) of g based on the LP-LIF technique
was estimated based on the lower limit of the measurement,
with the daily zero-gas uncertainty of HO2 reactivity determined
to be ∼0.1 s−1 (mostly under RH >75%). The lower limit of the
uptake coefficient may also depend on the total aerosol surface
area concentration, as shown in Fig. A2(b).† In essence, the
maximal concentration of the total aerosol surface area
produced from an atomizer is 7.5 × 1010 in the unit of nm2

cm−3, and this allows the detection of g values larger than 0.01.
Note that the total aerosol surface area concentration generated
in the reaction cell strongly depends on RH, i.e., the water
content of aerosols, which is determined by the dilution rate of
wet zero-gas. Therefore, with lower RH the LOD should be
larger. In addition, given that the g from (NH4)2SO4 aerosols is
close to the LOD, we did not report its uncertainty.
3.2 Uptake coefficients of HO2 onto deliquesced inorganic
aerosols

The comparison of the uptake coefficients of the different
inorganic aerosols used in the present study is shown in Table 3
Environ. Sci.: Atmos., 2023, 3, 1384–1395 | 1389
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Fig. 2 Detected loss rate of HO2 radicals from a variety of inorganic deliquescent aerosols versus total surface area concentration. Themarker is
the detected result and the error bar is based on 2s standard deviation. The dashed lines are fitting results.
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and Fig. 3. For experiments with NaCl aerosols, L-ascorbate was
further dissolved in the aqueous phase for the determination of
g. As a redox active component, L-ascorbate acts as an effective
Fig. 3 Uptake coefficient, g, with respect to the group of generated
aerosols. The blue, orange, green, and magenta bars represent results
corresponding to no-TMIs, Cu(II)-doped, Fe(II)-doped, and L-ascor-
bate-added aerosols. The results of seawater from Izu and Hachijojima
are located at the extreme right.

1390 | Environ. Sci.: Atmos., 2023, 3, 1384–1395
HO2/O2
− scavenger.29 Fig. 2 and 3 exhibit the loss rates and

corresponding uptake coefficients obtained in this study under
all conditions. Based on the comparison shown in Table 3, the g
values from NaCl, (NH4)2SO4, Cu(II)-doped (NH4)2SO4, and
seawater aerosols were consistent with previously reported g

values obtained under similar high RH conditions. To date,
there have been no experimental data regarding HO2 uptake
onto Fe(II)-doped inorganic aerosols. However, box models have
been used to simulate HO2 uptake in systems involving the
coupling of Cu(I)/Cu(II) and Fe(II)/Fe(III) for the production of
H2O in aqueous aerosols and for a sustained level of Fe(II) driven
by Cu–Fe redox coupling.30,31 In this study, we report the largest
g value that has been obtained to date from Cu(II)-doped NaCl
aerosols (0.72 ± 0.17). This value was used for a presumed
a value of 0.7 in the later discussion, providing the upper limit
of the detected g value when themass accommodation becomes
identical to the evaporation coefficient in a state of equilibrium.
All the synthesized aerosols showed an increase in the g value in
the presence of Cu(II) and Fe(II). L-ascorbate accelerated the
uptake process faster than Fe(II), but slower than Cu(II). Previ-
ously reported HO2 uptake coefficients onto organic aerosols
also conrmed the enhancement effects of Cu(II) and Fe(II) as
HO2 scavengers at room temperature and ambient pressure.32

For the rst time, the uptake coefficients of seawater spray from
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ea00093a


Fig. 4 Comparison of uptake coefficients onto (NH4)2SO4 with
respect to HO2 concentration obtained in various studies and this
work. The fitting lines are from the theoretical result calculated with rp
= 85 nm, a = 0.7, and pH = 5.2 (in black, pH from the IUPAC report)
and 4 (in blue, pH from this work), respectively. The result from
Thornton and Abbatt, 2005 (ref. 36) was conducted using (NH4)2SO4

buffered to pH 5.1.
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two different sampling sites were compared. We observed that
the results varied from 0.12 ± 0.01 (Izu) to 0.24 ± 0.04 (Hachi-
jojima). Taketani et al.33 reported a g value similar to that ob-
tained for the Izu sample based on their experiment involving
diluted natural seawater from Rishiri island. Seawater is
a complicated mixture of a variety of dissolved inorganic
components which also including TMIs. The increased salinity
of seawater could be attributed to the large ionic strength of
seawater, which inhibited the uptake process. In addition, ionic
strength varies naturally across aquatic ecosystems. The salinity
is 35.16504 g kg−1 for standard seawater34 and the ionic
strength is <1 M. Both Izu and Rishiri are located close to the
mainland; thus, they may be characterized by a high level of
biodiversity within the seawater owing to anthropogenic activ-
ities, which could further suppress HO2 uptake. Lakey et al.
found that organics suppress HO2 uptake onto aerosols even
containing TMIs,35 and possibly the marine organisms drive
discrepancies on HO2 uptake onto seawater. The pH of the
sample from Izu was buffered to 8.3, although this pH was
slightly higher than that of the Hachijojima sample, given that
a larger pH facilitates HO2 uptake. This is inconsistent with the
g values obtained for the two seawater samples. Therefore, the
variations of the g values of the seawater samples should be
determined based on aerosol physical chemical properties.
Given the intrinsic complex composition of seawater, further
investigations on the underlying uptake mechanism, which
may be associated with several uncertainties related to HO2

uptake by seawater spray, are required.
Table 3 lists the uptake coefficients of all the deliquesced

aerosols detected in the present study. Basically, all the exper-
iments were conducted under conditions with RH above 80%,
higher than the deliquescence point of (NH4)2SO4 at 298 K. NaCl
aerosols have a lower deliquescence point at room temperature
(75%). Thus, all the aerosols generated from the atomizer in our
experiments were in the aqueous phase and were conditioned to
a relatively stable RH. As indicated by the reference column in
Table 3, a good agreement was observed between this study and
previous studies regarding the uptake coefficients obtained.
However, we expected the results to vary due to different
experimental conditions, e.g., TMI concentration, initial HO2

concentration, and RH. As shown by the brown arrow with
uncertainty in Fig. 4, which explicitly shows HO2 uptake by
(NH4)2SO4, the discrepancy could be sufficiently explained
taking into account the theoretic calculation of different initial
HO2 concentrations. The theoretic line in Fig. 4 was based on
the conditions: pH = 4.0 (black line; pH from the current study)
or 5.2 (blue line; pH from the IUPAC report22), rp = 85 nm, and
a = 0.7. In the comparison of the result corresponding to pH =

4 and pH = 5.2 at HO2 concentrations below 109 molecules
cm−3, no obvious differences in the g values were observed.
Furthermore, only the results simulated at pH = 5.2 were
consistent with those reported by Thornton and Abbatt who
buffered the aerosol to a pH of 5.1.36 Considering that they used
a rst-order analysis procedure with a high level of HO2 radi-
cals, the corresponding results should contain uncertainties.
Details regarding the effect of pH on HO2 loss are discussed in
Section 3.3. Note that the ambient concentration of HO2 was
© 2023 The Author(s). Published by the Royal Society of Chemistry
below 109 molecules cm−3,37 and heterogeneous HO2 loss onto
pure (NH4)2SO4 aerosols is limited regardless of the aerosol pH.
The good agreement between our result and the theoretic
calculation also supports the validity of our instrumental
system.

3.3 Evaluation and comparison of the impacts of TMIs

3.3.1 TMI concentration and Henry's law constant. TMIs,
such as Cu(II) and Fe(II), act as catalysts and convert HO2 into O2

and H2O2. In the aqueous phase, HO2 usually exists in equi-
librium with O2

− and the equilibrium position is pH depen-
dent. Hence, the kinetic reactions may include HO2/O2

−/H2O2.
Furthermore, O2

− reacts with TMIs, resulting in the aerosol
phase attaining a larger pH with the generation of OH−. These
processes occur rapidly in the aqueous phase; the correspond-
ing second-order rate constants at room temperature are listed
in Table 4. The estimated kTMI with Cu(II) in the bulk phase was
expected to be at least one order of magnitude lower than the
rate constants observed under aqueous solutions, as suggested
in an IUPAC report that aerosols are characterized by a stronger
ionic strength effect.22 Essentially, ionic strength is a measure of
the ionic concentration and the charge number of the ions. In
most cases, ions do not fully dissociate owing to salting out or
ion pairing with ions of charge $2.38 Therefore, the activity of
the ions was used instead of their concentration to evaluate the
ionic strength. Eqn (16) shows the activity of the species C (Ac) as
a function of its concentration multiplied by its activity coeffi-
cient (4c). In this study, the concentration of TMIs in the aerosol
phase was simulated using the thermodynamical E-AIM model,
which takes into account the activity coefficients of major ions.
The activity coefficient also inuences the value of the equilib-
rium constant, Keq; however, the analysis was not adjusted for
this in this study. As a result, the [Fe(II)] to [Cu(II)] ratio was 0.6–
Environ. Sci.: Atmos., 2023, 3, 1384–1395 | 1391
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Table 4 Previously reported rate constants of transition metal ions (TMIs) with HO2 in the aqueous phase and the kinetic second-order rate
coefficients of TMIs with HO2/O2

− in the aerosol phase determined in the present study

Rate constant kTMIs (M
−1 s−1)

kCu2+/kFe2+Cu2+/Cu+ References Fe3+/Fe2+ References

HO2 + M(n+1)+ / Mn+ + H+ + O2 1.0 × 108 Jacob (2000)6 3.1 × 105 Rush and Bielski (1985)46 323
HO2 + Mn+ (+H+) / M(n+1)+ + H2O2 1.5 × 109 Jacob (2000)6 2.1 × 106 Jayson et al. (1969)47 714
O2

− + M(n+1)+ / M+ + O2 8.0 × 109 Piechowski et al. (1993)48 5.0 × 107 Kang et al. (2002)49 160
O2

− + Mn+ (+2H2O) / M(n+1)+ + H2O2

+ 2OH−
9.4 × 109 Piechowski et al. (1993)48 1.0 × 107 Rush and Bielski (1985)46 940

Reactions in the aerosol phase 1.5 × 107 This work 1.3 × 105 This work 115

Fig. 5 HO2 uptake coefficient as a function of the estimated [TMIs] in
the aerosol phase. The solid lines represent the resistance model
estimated with rp = 85 nm, [HO2] = 1 × 1010 molecules cm−3, and a =

0.7.
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1.0 as indicated in Table A3.† Note that Cu(II) and Fe(II) have the
same charge number and thus, should have the same ionic
strength in the aerosol phase.30

Ac = [C]4c (16)

In addition, Henry's law constant for HO2 radicals is affected
by the salting-out effect;38 thus, it is necessary to consider cor-
recting the activity coefficient of HO2 taking this factor into
account. For neutral molecules, such as HO2 and under high
ionic strength conditions, we set the corrected Henry's law
constant, Hc z H, in the calculation. However, uncertainty with
respect to Hc could bring about errors in the determination of
the kinetic rate constants. Such uncertainties regarding the
activity of ions or molecules should be considered in future
studies.

3.3.2 pH of aerosols. An increase in the HO2 uptake coef-
cient with an increase in pH was expected owing to the
accelerated dissociation of HO2 into O2

− considering that HO2

is a weak acid (pKa = 4.7).10 Therefore, aerosol pH has a signif-
icant effect on the kinetics in the bulk phase. The liquid solu-
tion of (NH4)2SO4 inorganics with and without TMIs had pH
5.5–6. We used the thermodynamic model to extrapolate the
aerosol pH based on the E-AIM model, which considers the
activity coefficient of H+ and the evaporation rate of water vapor.
Furthermore, we evaluated the effects of the dissolved TMIs in
the equilibrium state assuming the same ratio of ions as in the
liquid phase to calculate the corresponding aerosol pH (Table
5).

3.3.3 Kinetic rate constant. Based on TMI concentration
and aerosol pH, we could assess the kinetic rate constant (kTMI)
using the resistance model. Fig. 5 shows the measured HO2

uptake coefficient onto (NH4)2SO4 as a function of the Cu(II)
Table 5 Aerosol pH estimated from the thermodynamic model and wit

pH in the aerosol
phase, E-AIM

pH with dissolv
aerosol phasea

NaCl 7.3 5.8
(NH4)2SO4 4.0 4.0
Na2SO4 7.3 6.0

a Calculated from aqion 8.1.5 (https://www.aqion.de/). TMIs: transition m

1392 | Environ. Sci.: Atmos., 2023, 3, 1384–1395
concentration in the aerosol phase. Our experimental results
supported the idea that the uptake coefficient increased only
when the Cu(II) concentration was greater than 10−4 M, which is
consistent with the results reported by Lakey et al.35 The theo-
retical line with a modelled pH of 4.0 showed good agreement
with our experimental dots, from which a kTMI value of 1.5× 107

M−1 s−1 was obtained. A similar rate constant (1.2 × 107 M−1

s−1) was observed in an aqueous solution with a pH of 4,39 and
the value increased with the co-existence of Cu(II).20 In the
evaluation of kinetics with the aerosol phase, IUPAC used the
following aerosol conditions: pH= 5.2, rp= 100 nm, and a= 0.3
for the calculation based on a tting of the experimental result
h the participation of TMIs

ed Cu(II) ions in the pH with dissolved Fe(II) ions in the
aerosol phasea

7.0
4.0
7.1

etal ions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from Lakey et al.,35 and they obtained a kTMI value of 5 × 105

M−1 s−1.22 When we factored in the same kTMI from the theo-
retical simulation, it was found that the aerosol pH has to be as
high as 6.2 to t the experimental dots; and the value obtained
could only explain the results well corresponding to the high
Cu(II) molarity region. Fig. A3† shows a comparison of kTMI as
a function of the uptake coefficient of HO2 under different pH
scenarios. The kinetic rate constant of HO2 with Cu(II)-doped
(NH4)2SO4 in the aerosol phase was 1.5 × 107 M−1 s−1, and this
value unveiled uncertainties regarding aerosol pH, the partici-
pation of TMIs and HO2, and side-reactions that also occurred
in the bulk phase. Similarly, the recommended kTMI value for
Fe(II)-doped (NH4)2SO4 based on our results is listed in Table 4,
which equals 1.3 × 105 M−1 s−1. This value was evaluated using
a similar method to that from doped Cu(II) ions but not from
Fe(II) dependence experimental results. Instead, we used the
uptake coefficient with Fe(II) as 0.11 M, as shown in the blue
square in Fig. 5. The ratio of the kTMI values corresponding to
the doping of Cu(II) to Fe(II) in the aerosol phase was quite close
to that observed for the aqueous phase when considered step by
step as shown in Table 4. As a result, the second-order rate
constant of HO2 loss in the presence of Cu(II) was found to be
two orders of magnitude higher than that obtained in the
presence of Fe(II). We only reported the kinetic rate constants
obtained for (NH4)2SO4 aerosols. The other aerosols were not
analyzed owing to the uncertainty in aerosol pH with TMI
participation (see Table 5) and the lack of TMI-dependence
experimental data.
4 Conclusions and atmospheric
implications

In this study, CC/LP-LIF was used to determine the uptake
coefficient of HO2 onto aqueous inorganic aerosols under
humid conditions. Additionally, heterogeneous HO2 loss onto
diluted seawater samples collected from two sites was investi-
gated, disclosing signicant variations attributed to chemical
properties, such as salinity or the co-existence of ions.
Furthermore, the investigation of the effects of different TMIs
on the uptake process revealed that Cu(II) accelerated the
process two orders of magnitude faster than Fe(II). Even though
Fe(II) was found to catalyze the uptake process at a slower rate
relative to Cu(II), Fe is more ubiquitous than Cu in the ambient
environment, based on an offline metallic element analysis of
particulate matter, regardless of the sampling season and
particle diameter.40 Furthermore, the Cu/Fe ratio in the coarse
particles was found to be less than 0.06 according to an inves-
tigation conducted close to a railway line.41 Thus, both Cu(II)
and Fe(II) should be considered given their roles in the hetero-
geneous processes in ambient environments. However, the
experimental results regarding Cu–Fe redox coupling are not
available in the current paper. Fe(II) in the aqueous or aerosol
phase may be oxidized to Fe(III) in the presence of molecular
oxygen or HO2, which should be more stable than sole Fe(II).
However, the relative low concentration of Fe(II) in the solution,
the absence of the Fe-binding ligand, fast time resolution, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
the experimental procedure sustain Fe(II) as the major redox
state. The effect of Fe(III) can be ignorable (within uncertainty)
regarding the value of the uptake coefficient under our labora-
tory conditions. Note that the co-existence of Fe(II) and minor
Fe(III) may bring about uncertainties to unconsidered side-
reactions, which is beyond the scope of the current study.
This study provides a comparison of the kinetic rate coefficients
of HO2 loss onto (NH4)2SO4 with different TMIs and revealed
that the bulk phase reactions occurred at a lower rate than that
observed for the aqueous phase (see Table 4). This could
possibly be attributed to the stronger ionic strength effects in
the bulk phase. The ion type was also identied as a key factor
affecting the kinetic process; this requires further investigation.

Uncertainties existed in the estimation of kTMI given that
aerosols are associated with several uncertain parameters. First,
aerosol pH is critical for determining the kinetic parameters of
bulk reactions; however, the effect of pH in this regard still
remains unclear. This was conrmed by Fig. A3,† which shows
that the theoretical value of kTMI varied approximately 30-fold
when the pH increased from 4 to 6. Additionally, our estimation
of the kinetic second-order rate coefficient in the presence of
Cu(II)-doped (NH4)2SO4 was the same as that recommended by
Song et al.10 Note that in addition to pH, the value obtained
based on our results is associated with other uncertainties,
including kinetic parameter assumptions and unconsidered
side-reactions.

Overall, in this study, we established the detection of HO2

onto deliquesced inorganic aerosols with different chemical
compositions using the CC/LP-LIF technique. These results
clarify poorly understood multiphase reactions and can aid in
the optimization of model-based simulations of oxidant
generation in ambient environments, especially when consid-
ering complex TMI-containing aerosols such as sea spray in
marine regions. Our results also suggest that model studies
need to consider different HO2 uptake coefficients onto diverse
ambient aerosols to bridge the gap with observation results. In
future, it would be necessary to investigate the impact of aerosol
pH, effective ion concentrations in the aerosol phase, Cu(II) or
Fe(II) concentration dependence, and the water content of
aerosols (phase-change effects). It would also be necessary to
investigate ambient complex aerosols and detect RO2 uptake.
Additionally, the results can be combined with a 3-D model for
multiphase investigations so as to ensure a better under-
standing of the associated heterogeneous reactions, ozone
formation, and the HOx radical budget spatiotemporally.
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