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pheric water-soluble iron on a-
pinene-derived SOA formation and transformation
in the presence of aqueous droplets†

Sabine Lüchtrath, *a Sven Klemer,a Clément Dubois, ‡b Christian George b

and Andreas Helda

The impact of water-soluble atmospheric iron on formation, growth and aging of secondary organic

aerosol (SOA) is a controversial subject in the literature. Iron chemistry drives Fenton reactions in the

aqueous phase which is dependent on pH. Flow reactor experiments in the dark and under humid

conditions were conducted to investigate systematically the influence of ferrous iron in the aqueous

phase on a-pinene SOA by online physical analysis and offline high-resolution mass spectrometry.

During the experiments increased SOA formation under conditions favorable for dark Fenton chemistry

in the aqueous phase was observed. Furthermore, samples with an acidified and iron-containing

aqueous phase showed a degradation of pinyl-diaterpenyl (C17H26O8) ester which ages through

oxidation via OH radicals and can thus be evidence for ongoing degradation processes of high molecular

weight molecules by iron chemistry. Moreover, higher abundance of dimer MW338 (C19H30O5) in the

acidic sample affected by Fenton's chemistry was detected which is suggested to be formed via acid

catalysis indicating competing acidity-driven reactions influencing SOA formation. Therefore, this study

provides insight into the impact of aqueous phase iron on SOA formation and transformation under

simulated natural conditions.
Environmental signicance

Secondary organic aerosols (SOA) have a strong impact on the Earth's radiation budget and yet many SOA formation pathways in the atmospheric multiphase
system have not been fully explored. In particular, iron as the most abundant transition metal of the Earth crust is capable of transforming organic compounds
in the aqueous phase in photo- and redox reactions. However, the role of iron in atmospheric SOA formation and transformation is still controversially dis-
cussed. In ow reactor experiments, we found increased SOA formation from a-pinene ozonolysis in the presence of acidic, iron-containing droplets underlining
the strong inuence of pH and iron chemistry on SOA formation in multiphase systems.
1 Introduction

Secondary organic aerosol (SOA) plays an important role in the
Earth's radiation budget by scattering and absorbing solar
radiation, and by contributing to the number of cloud
condensation nuclei.1,2 Aer gas-phase oxidation of volatile
organic compounds (VOCs) and subsequent gas-to-particle
conversion of semi-volatile compounds, SOA particles grow
and chemically age in the atmosphere. With lifetimes from
hours to weeks, SOA is considered a short-lived climate-forcer.3
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To predict SOA properties and behavior in the atmosphere,
a comprehensive understanding of formation pathways is
crucial. Extremely-low volatile organic compounds (ELVOC) and
highly oxygenated molecules (HOM) play an important role in
the formation and growth of SOA.4,5 In particular, oxidation
products of monoterpenes (C10H16) contribute signicantly to
global SOA formation. One of the most abundant natural
monoterpenes, a-pinene, has been extensively studied,6–8 and
together with ozone (O3) it is an important SOA-forming system
in the troposphere.8–11 Major products include highly oxidized
carboxylic acids and dimers.7 Field studies also showed that
SOA from a-pinene ozonolysis can contribute signicantly to
the organic content in cloud water.12 Previous studies on dimer
esters of a-pinene SOA have found higher concentrations of
dimers during night time.7,13 As an explanation, some studies
suggested the limited formation of a-pinene Criegee interme-
diates and dimers due to high OH concentrations during
daytime.14
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Summary of experimental set-up and schematic representation
of observations.
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During night time, main atmospheric oxidants are O3 in the
gas-phase and OH radicals in the aqueous phase. However,
large uncertainty persists about the source of OH radicals in
cloud droplets. One important and frequently discussed
pathway is the Fenton reaction, which leads to the oxidation of
organic compounds by the formation of OH radicals.15,16 In the
absence of sun light and under acidic conditions the chain
reaction can be summarized by reaction (1):17

Fe2+ + H2O2 + H+ / Fe3+ + HOc + H2O (1)

The presence of H+ is required to enable the decomposition
of H2O2. To achieve the maximum amount of OH radicals, pH
levels near 3 are reported to be the optimum.18–21

Fenton's reaction is driven by iron, the most abundant
transition metal of the earth's crust. The main source of
atmospheric iron is wind erosion. In addition, anthropogenic
sources such as traffic, combustion and industrial processes
can lead to iron emissions especially in urban areas. Depending
on anthropogenic activity and natural erosion events dissolved
iron concentrations in fog and cloud water can vary consider-
ably, ranging between 0.02 and 647 mmol L−1.16,22

Hydrogen peroxide is omnipresent in atmospheric waters
and reaches concentrations of levels up to 100 mmol L−1 in
cloud and fog water.23 In aqueous mixtures of iron and SOA, the
inuence of SOA on Fenton chemistry is still controversially
discussed. Several studies suggest that the decomposition of
SOA through Fenton's reaction leads to an enhanced formation
of OH radicals in the dark and under UV light.24,25 Contrary to
that, other studies suggest that SOA suppresses the production
of OH radicals in the presence of UV light.26 Moreover, carboxyl
functional groups can form complexes with iron, thus inhibit-
ing the decomposition of organic material in the aqueous
phase.27 If generated via Fenton's reaction, OH radicals can
increase chemical aging of SOA by facilitating fragmentation,
functionalization and oligomerization.28–30 Thus, the presence
of iron can either enhance or inhibit the formation and growth
of SOA particles. This study attempts to investigate the impact
of water-soluble iron on formation and transformation of SOA
under dark, humid and varying pH conditions in the presence
and absence of H2O2.
2 Material and methods
2.1 General experimental design

The inuence of the aqueous-phase iron chemistry on SOA
formation by a-pinene ozonolysis was investigated by using
a ow tube reactor (Fig. 1) in the presence of aqueous droplets
and under controlled aerosol/gas-phase conditions. In total 31
ow reactor experiments were conducted in four experiment
sets under varying conditions of aqueous droplet composition,
pH, O3 concentration, reaction time and relative humidity (RH)
(see Tables 1 and S1†).

In the ow tube reactor, gaseous a-pinene and O3 weremixed
with aqueous droplets of different concentrations of FeSO4 (FS)
or (NH4)2SO4 (AS). AS was used in iron-free control experiments.
Ozonolysis of a-pinene leads to the formation of oxidation
© 2024 The Author(s). Published by the Royal Society of Chemistry
products with vapor pressures sufficiently low to condense onto
aerosol particles31 or droplets. Droplets were dried at the outlet
of the ow tube. Due to typical oxygen-to-carbon ratios O : C <
0.8, liquid–liquid separation is likely to take place during the
drying process.32,33 Variations in the resulting particle size
distributions of dried droplets were measured with a scanning
mobility particle sizer (SMPS, Grimm Aerosoltechnik, Ainring,
Germany), and organic marker compounds in aerosol samples
were analyzed by liquid chromatography coupled to high-
resolution mass spectrometry (UHPLC-HESI-Orbitrap-MS). All
experiments were conducted in the dark thus preventing
photochemical reactions, and under humid conditions (relative
humidity RH > 60%) avoiding recrystallization of dissolved
salts.

Table 1 summarizes all experimental conditions. In the
following, the ow reactor, the experimental procedures and the
analytical equipment including data analysis are described in
detail.
2.2 Flow reactor

Standardizedmetal pipes with a diameter of 80 mm and lengths
of either 100 cm or 200 cm were installed between two end caps
with a volume of 0.5 L each, resulting in an opaque reaction
volume (Vr) of 6 L and 11 L, respectively. Each end cap was
equipped with a relative humidity sensor (RH1 & RH2) (BME
280, Bosch Sensortec, Reutlingen, Germany). The inlet end cap
contained four inlets for humidied air, the reactant gas, the
oxidant gas, and droplets. RH in the ow reactor was adjusted
by leading a puried air stream through warm water of 70 °C
and a droplet trap at a volume ow rate of 1.5 L min−1 (Table 1,
sets 1 and 2) and 3.5 L min−1 (Table 1, sets 3 and 4). The
humidied air stream was cooled down before entering the ow
reactor leading to temperatures in the ow tube between 19 °C
and 23 °C. a-Pinene ($98% Carl Roth GmbH & Co. KG, Karls-
ruhe, Germany) was introduced into a ow of puried air at
32.5 °C in a custom-built evaporator. A three-way valve either to
pass the puried air stream through the evaporator at a volume
ow rate of 0.5 Lmin−1 (Table 1, sets 1 & 2) or 0.2 Lmin−1 (Table
1, sets 3 & 4) or to bypass the evaporator was used to add a-
pinene without changing the volume ow rate within the
system. The average a-pinene concentration was calculated
gravimetrically from the weight loss of liquid a-pinene in the
Environ. Sci.: Atmos., 2024, 4, 1218–1228 | 1219
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Table 1 Overview of all conducted experiments

Parameters of nebulized
solutions Flow tube conditions

SOA formation RepetitionSalt Csalt [mmol L−1] pH Cozone [ppb] caP [ppm] Vr [L]
v
[L min−1] tr [s] RH1 [%] RH2 [%]

1A FS 0.0001–10 4–6 435 1.8–2.5 6 6.7 50 >60 >70 Yes 3
1B AS 0.0001–10 435 1.8–2.5 6 6.7 50 >60 >70 Yes 3
1C FS 0.0001–10 4–6 0 0 6 6.7 50 >60 >70 No 2
1D AS 0.0001–10 0 0 6 6.7 50 >60 >70 No 2
2A FS 0.001; 0.1 z5.5 435 1.8–2.5 6 6.7 50 >60 >70 Yes 5
2B AS 0.001; 0.1 435 1.8–2.5 6 6.7 50 >60 >70 Yes 3
3A FS 0.1 (�H2O2) <3 & 5.5 485 3.0–4.3 11 6 110 >90 >90 Yes 2
3B FS 0.1 (�H2O2) <3 & 5.5 195 3.0–4.3 11 6 110 >90 >90 Yes 3
4 FS 0.1 (�H2O2) <3 & 5.5 195 3.0–4.3 11 6 110 >90 >90 Yes 2
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evaporator before and aer the experiment. Ozone was gener-
ated by an ozone generator (2B Technologies Model 306,
Boulder, CO, USA) and introduced into the system at a volume
ow rate of 2.9 L min−1 (experiment sets 1 & 2) or 0.5 L min−1

(experiment sets 3 & 4). Ozone mixing ratios were monitored by
ultraviolet absorption (Model APOA360, HORIBA Ltd, Kyōto,
Japan).

Droplets were generated by nebulizing aqueous salt solu-
tions of different composition and concentration with nitrogen
gas by a custom-built atomizer constructed according to
a protocol published elsewhere.34 Droplets were constantly
introduced into the system directly without drying at a volume
ow rate of 1.8 L min−1. The total volume ow rate in the ow
reactor was 6.7 Lmin−1 (Table 1, sets 1 & 2) and 6 Lmin−1 (Table
1, sets 3 & 4), resulting in average residence times of 50 s and
110 s, respectively. The outlet ow was dried by a silica gel
diffusion dryer, and reactive gases were removed with an acti-
vated charcoal denuder before particles were counted, size-
classied, or collected. All tubing and tting material was
made of Teon or stainless steel. To prevent photochemical
reactions within the system, only brown glass vessels were used
and all tubes were darkened by aluminium foil and duct tape.
2.3 Experimental procedures

The rst set of experiments (1A–1D) was designed to investigate
the change of particle size distributions in the presence of
aqueous droplets with varying concentrations of FS and AS salts
at RH $ 60%. RH was above the efflorescence RH of pure AS
ranging from 31 to 48%.35 Solutions of FS (Fe(II)SO4,$95%, Carl
Roth, Karlsruhe, Germany) and AS ((NH4)2SO4, Merck, Darm-
stadt, Germany) were prepared before each experiment with bi-
distilled water in the range of 0.0001–10 mmol L−1. For each
concentration, experiments in the presence of a-pinene and
ozone were repeated three times, and twice in the absence of a-
pinene and ozone. pH values of the iron-containing solution
varied depending on the salt concentration between 2.7 and 6
(see Table 1). For each experiment, aer the equilibrium
conditions were reached in the ow tube reactor, at least ve
consecutive SMPS scans, i.e. 20 min of particle size distribution
measurements of the dried droplets were made. The
1220 | Environ. Sci.: Atmos., 2024, 4, 1218–1228
experiments were carried out in order of the solutions'
concentration to prevent carryover of ions. Between each
experiment, the ow reactor was thoroughly washed and
ushed with excess O3 to remove organic residues of a-pinene
and its oxidation products. Memory effects were not observed.

The second set of experiments (2A & 2B) was conducted to
systematically investigate a-pinene SOA formation in the pres-
ence and absence of ferrous iron in droplets. The size distri-
butions comparison between pure salt particles and size
distributions aer SOA formation enables a direct calculation of
newly formed SOA. In the second set of experiments, 0.001 and
0.1 mmol L−1 solutions of FS and AS were prepared with bi-
distilled water and nebulized. Salt concentrations were
selected based on the results of the rst experiment set. Control
experiments with AS and the investigated experiments with FS
were repeated 3 and 5 times for each concentration,
respectively.

The third set of experiments (3A & 3B) was conducted simi-
larly to experiments 2A and 2B but with an emphasis on varying
pH and H2O2 concentrations favouring Fenton's reaction in the
droplets.36 FS solution of 0.1 mmol L−1 was systematically
acidied by gently adding 32% HCl (AnalaR NORMAPUR, VWR
Germany, Darmstadt, Germany) until a pH < 3 was reached and/
or spiked with 30% H2O2 (ROTIPURAN, Carl Roth GmbH + Co.
KG, Karlsruhe, Germany) to reach a concentration of 1 mmol
L−1. The presence or absence of H2O2 and HCl leads to four
different combinations of solutions shown in Table S1.† Solu-
tion I was pure 0.1 mM FS solution. For solution II, H2O2 was
added. In solutions I and II, Fenton chemistry was not expected
to be effective because of rather high pH conditions (pH was
approximately 5.5). Solutions III and IV were acidied with HCl
(pH < 3), and solution IV also contained H2O2. If OH radicals are
produced by Fenton chemistry within the droplet, oxidation of
water-soluble SOA or water soluble SVOCs can be expected.
Thus, the strongest OH production was expected to take place in
the droplets generated from solution IV.

Finally, the fourth set of experiments was a replicate of
experiment 3B for sample collection onto lters but all solu-
tions were prepared using HPLC-MS grade water. Experiments
nebulizing pure HPLC-MS grade water were used as control
© 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/d4ea00095a


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 8
:3

9:
29

 A
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
experiments. The outow was dried and led through a custom-
built pre-impactor removing particles >250 nm. The remaining
particles were collected on 47 mm quartz ber lters (Munktell
MK360, Ahlstrom Munksjö, Helsinki, Finland) with a stainless-
steel inline lter holder at a ow rate of 5 L min−1 for 10 h. Each
of the four solutions and the reference solution were nebulized
twice to get duplicates resulting in 10 lter samples.
Fig. 2 Change of size distribution (1A and 2A) and GMD (1B and 2B)
with increasing salt concentrations. The solid lines represent particle
size distribution and GMD of pure salt particles (FS in blue, AS in green).
The dashed lines represent particle size distributions and GMD of
mixed particle populations of salt and SOA.
2.4 Analytical procedure

2.4.1 Physical analysis. In experiments 1–3, particle size
distributions within the diameter range of 5 to 350 nm were
measured using an SMPS. When SOA formation was active an
organic-rich coating was expected to develop on the droplets.
Those droplets were dried which resulted either in a population
of pure inorganic salt particles or a population of mixed salt
particles with SOA coating. An average size distribution was
constructed from three stable size distribution scans, and
subsequently log-normally tted by using the smps.py python
package (QuantAQ, Inc., 2023). For data averaging, a minimum
deviation criterion of the total number concentration (TNC) was
applied to select three SMPS scans under stable conditions in
the ow reactor. The largest deviation of TNC between three
scans was 11.5%. Based on the log normal size distribution,
geometric mean diameter (GMD), surface area (A) and volume
concentration (V) were calculated for both the salt and mixed
particles. The mass concentration of condensed SOA was esti-
mated by calculating the difference in total mass concentration
(DTMC) between pure salt particles and mixed particles. For
volume-to-mass conversion a density of the condensed organic
material of 1 g cm−3 was assumed.

2.4.2 Chemical analysis. Filter samples were extracted in
slightly alkaline conditions and extracted by solid phase
extraction (SPE) C18 cartridges (100 mg mL−1, CHROMABOND,
Macherey-Nagel GmbH& Co KG, Düren, Germany) following the
procedure of Schmitt-Kopplin et al. (2010)37 described in detail
in the ESI.† For subsequent chemical analysis, ultra-high
performance liquid chromatography (UHPLC, Dionex 3000,
Thermo Scientic, USA) coupled with a diode array detector
(DAD, Dionex UltiMate3000, Thermo Scientic, USA) and an
Orbitrap high-resolutionmass spectrometer (HRMS, Q Exactive,
Thermo Scientic, Bremen, Germany) using heated electrospray
ionization (HESI) was used. 5 mL of the sample were injected
and analytes were separated using a Waters Acquity HSS T3
column (1.8 mm, 100 × 2.1 mm). Gradient and instrument
settings are described elsewhere.38 Each duplicate was
measured in negative HESI mode. To quantify contamination,
blanks of the ow tube system and the SPE procedure were
taken and analyzed. The chromatogram-mass spectra were
analyzed by Xcalibur4.1 (Thermo Scientic, USA). Target peak
and structure identication was based on literature (see Table
S2†). Camphorsulfonic acid (CSA) was used as internal standard
to check the injection. Interestingly, aer analysis the CSA
signal decreased for all samples containing SOA from a-pinene
ozonolysis by at least 12% while all blank and pure water
samples did not show a signicant decrease of the CSA
concentration. It can be assumed that the injection was
© 2024 The Author(s). Published by the Royal Society of Chemistry
performed correctly but that somematrix effects of the different
samples had impacts on the CSA concentration. For this reason,
the signal was not corrected and results are shown without any
normalization. Lack of normalization may lead to some uncer-
tainty in peak interpretation.
3 Results and discussion

In the rst set of experiments, size distributions in experiments
with SOA formation via a-pinene ozonolysis (1A&1B) were
compared to particle size distributions in experiments when
neither a-pinene nor ozone were introduced into the system
(1C&1D). Fig. 2 shows size distributions and the GMD across the
whole concentration range for FS and AS particles in the pres-
ence and absence of SOA formation. For both FS and AS, higher
ion concentrations lead to an increase in TNC of the pure salt
particle population and a slight increase in GMD when
concentrations exceed 1 mmol L−1 (in the absence of a-pinene
ozonolysis, solid lines). In the presence of a-pinene ozonolysis,
a strong increase in TNC and a decrease of GMD of the mixed
particle population (broken lines) is observed compared to the
pure salt particle population. Moreover, the increase in TNC
and reduction in GMD of the mixed particle population is
stronger with increasing salt concentrations. Furthermore, the
unimodal particle size distribution observed in the presence of
a-pinene ozonolysis indicated internally mixed SOA particles.
We assume that an increase in salt concentration is likely to not
only lead to increased droplet formation (and thus an increase
of the pre-existing droplet surface area) but also to an increase
in ion concentration of each droplet and, thus, an increase in
ionic strength. When gas-phase a-pinene ozonolysis is initiated,
a-pinene is oxidized to less volatile and more polar compounds
which increases their water solubility. The partitioning of
a compound between the gas-phase and the aqueous phase can
Environ. Sci.: Atmos., 2024, 4, 1218–1228 | 1221
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Fig. 3 Number (a), surface (b) and volume (c) size distribution when
nebulizing bi-distilled water (yellow) or 0.001 mM (light blue) and
0.1 mM (dark blue) FS solution. Number (d), surface (e) and volume (f)
size distributions when nebulizing solutions of category IV (FS, HCL,
H2O2) in orange and category I (FS) in blue. Solid lines represent
populations of pure salt particles. Dashed lines represent populations
of mixed salt and SOA particles.
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be described by Henry's law at thermodynamic equilibrium.
Henry's law is only applicable for dilute solutions and equilib-
rium adjustment may not be instantaneous for example due to
kinetic limitations.32 For concentrated solutions, chemical
composition and ionic strength of the electrolytes leading to
“salting in” and “salting out” effects have to be considered.39

One study determined Henry coefficients (air/water) for 14 a-
pinene oxidation products revealing an increase of Henry
coefficients by one to two orders of magnitude in the presence
of 4 M AS solution.40 Overall, higher ion concentrations in the
droplets seem to inhibit organic particle growth. To quantify
newly formed particle number and mass, a second set of
experiments was conducted where particle size distributions in
the presence and absence of a-pinene ozonolysis were
measured systematically within one experiment as described in
Section 2.3. Similar to observations in the rst set of experi-
ments, an increase of AS and FS concentrations by two orders of
magnitude from 0.001 to 0.1 mmol L−1 lead to an increase of
TNC and to a decrease in GMD of the internally mixed particle
population. The smaller GMD corresponds to a decrease in total
particle surface area and to a decrease in total particle volume
as visualized in Fig. 3. Surprisingly, the number of newly formed
particles increased with higher AS and FS concentrations while
the newly formed SOA mass decreased signicantly with higher
AS and FS concentrations. The ratio of newly formed SOA mass
to surface area of pure salt particles, DTMC/Asalt signicantly
decreases with increasing seed surface area (and ion concen-
tration) for both AS and FS (see Fig. S1†). There are no clear
differences between the 0.001 mmol L−1 solutions and bi-
distilled water. These ndings imply that in this specic set of
experiments, low concentrations of 0.001 mmol L−1 do not have
a signicant inuence on SOA mass formation. As mentioned
above, the increase of AS and FS concentration to 0.1 mmol L−1

in the nebulized solutions increases the ionic strength within
the droplet which might affect the solubility of more water
soluble multifunctional organic compounds. Pinic acid, for
example, an LVOC formed via the oxidation of nonpolar a-
pinene41,42 has an estimated Henry's law constant of 1.02 ×

107 M per atm and can thus partition into the aqueous phase
where it can participate in processes like hydration or radical
oxidation.15,43 If the salting out effect due to ionic strength in the
droplet solution reduces the transfer of LVOCs and especially
SVOCs into the aqueous phase, these compounds are enriched
in the gas-phase and facilitate nucleation of SOA. Nucleation
could then compete with condensation on pre-existing parti-
cles, thus producing more small particles but inhibiting the
growth of pre-existing particles as observed when increasing the
ion concentration in the presence of a-pinene ozonolysis
(Fig. 3). Previous studies demonstrated a decrease in ozone
solubility with increasing ionic strength resulting in lower
Henry-coefficients.44,45 Besides, Mekic et al. (2018) observed an
increased reactive uptake of ozone with rising ionic strength in
the presence of pyruvic acid in the aqueous phase.44 In the
context of measurement accuracy at high relative humidity for
the ozone monitor, minor uctuations in ozone concentration
are challenging to interpret.46 Since no clear changes in ozone
concentration with increasing ionic strength were observed the
1222 | Environ. Sci.: Atmos., 2024, 4, 1218–1228
change of ozone solubility by ‘salting out’ effect is not consid-
ered as an important factor in the variation of SOA formation
observed in the experiments. Moreover, particle size distribu-
tions did not change when a-pinene was introduced into the
system without ozone.

Overall, the rst two sets of experiments underline the
inuence of ions in the aqueous phase on SOA formation but do
not show a specic inuence of ferrous iron being present in the
droplet.

The third set of experiments was designed to investigate
whether chemical reactions involved in SOA formation can be
affected by providing conditions favorable for Fenton chem-
istry, i.e. acidic conditions (pH < 3) and the presence of H2O2 in
the aqueous droplets. The oxidation of Fe(II) via oxygen is very
© 2024 The Author(s). Published by the Royal Society of Chemistry
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slow – but the addition of H2O2 is expected to accelerate the
oxidation of ferrous iron in the aqueous phase according to
reaction (1) (Section 1). In the aqueous phase under dark
conditions, the production of OH radicals by the oxidation of
Fe(II) to Fe(III) is dependent on pH and H2O2 concentrations.36

Fig. 3 shows examples of number, surface, and volume size
distributions of particle populations with (broken lines) and
without (solid lines) SOA formation under acidic (pH < 3, red)
and ‘non-acidic’ (pH > 3, blue) conditions. All calculated
parameters are listed in Table S1.† Without SOA formation, the
addition of HCl leads to a signicant increase of particle
number due to additional chloride salts but similar surface and
volume size distributions compared to the ‘non-acidic’ experi-
ments. In the presence of SOA formation, there is a strong
increase in particle number, surface, and volume concentra-
tions, and a broader size distribution under acidic conditions.
This is also illustrated in a strong increase in total mass
concentration due to SOA formation (TMC) under acidic
conditions (Fig. 4, categories III & IV) compared to experiments
when the FS solution was not acidied (Fig. 4, categories I & II).
Table S1† summarizes TNC, TMC and GMD of all particle
populations in the third set of experiments. As mentioned
before, additional salt particles formed when adding HCl do not
have a signicant inuence on the surface area of the pure salt
particles (Asalt), and therefore, TMC/Asalt is strongly increased
when the solution was acidied (category III & IV). A simulta-
neous increase in GMD indicates an intensied process of SOA
condensation under acidic conditions.

Furthermore, an increase in the number of newly formed
particles is observed under acidic conditions (category III & IV)
compared to ‘non-acidic’ conditions. This nding suggests an
additional oxidation pathway of a-pinene ozonolysis products.
Across all experiments, the acidied solutions led to a slow but
constant increase of TNC, TMC and GMD for salt particles with
SOA formation (see Fig. S2†). While particle size distributions
were stable within a few minutes when nebulizing ‘non-acidic’
AS and FS solutions with simultaneous SOA formation, it took
more than an hour to reach stable conditions when nebulizing
acidied FS solutions indicating a disturbed equilibrium by
ongoing chemical reactions in the acidied bulk nebulizing
solution. When comparing the results of categories III and IV,
Fig. 4 Comparison of formed SOA mass under different conditions in
the aqueous phase.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the presence of H2O2 in the FS solution did not have a clear
effect on TNC or TMC. This result indicates that a low pH is
crucial for the ongoing reactions in this set of experiments.

Considering reaction (1), the third set of experiments
suggests that OH is formed by Fenton chemistry in FS droplets
under acidic conditions at pH < 3. On the one hand, this can
lead to further aqueous-phase oxidation of water soluble
organic compounds by OH radicals eventually forming SOA,47,48

which results in an increased GMD aer drying. On the other
hand, several studies reported the decomposition of SOA in the
aqueous phase in the presence of Fe(II).24,25,49 Therefore, water-
soluble organic compounds can also be degraded to more
volatile organic compounds which can be re-emitted into the
gas-phase. These released compounds might undergo gas-
phase oxidation for a second time.

Previous studies report that the presence of Cl−-ions in the
aqueous phase can scavenge the OH radicals which were
formed during Fenton's reaction according to eqn (2)–(4):50

OH + Cl− 4 ClOH− (2)

ClOH + H+ 4 Cl + H2O (3)

Cl + Cl− 4 Cl2
− (4)

Studies observed scavenging above 0.01 MHCl at pH 2.8.51 In
the nebulized solution the concentration of HCl was less than
10−3 mol L−1. Therefore, we assume that the inuence of OH-
scavenging in the acidic samples might be low and thus also
the oxidation by chlorine but the scavenging of O radicals and
further oxidation by chlorine might be an important oxidation
pathway in environments of high salinity.

Furthermore, aerosol acidity inuences the reactive uptake
and thus particle formation.52,53 When present in the aqueous
phase, carbonyl-containing compounds formed via a-pinene
ozonolysis can undergo hydration which is catalyzed by acids
and bases. Through hydration the carbonyl group is converted
into gem-diol moieties. This increases the effective reactive
uptake of carbonyl-containing compounds due to the hydration
equilibrium.54 Therefore, the addition of HCl might not only
lead to the formation of OH radicals by Fenton-like chemistry
but also increases the reactive uptake into the aqueous phase.

To elucidate the effect of Fenton chemistry and the role of
acidity on the observed increased SOA mass, particles were
nally collected in a fourth set of experiments when solutions of
category I to IV were nebulized, separated by liquid chroma-
tography, and analysed by high-resolution MS. In particular, the
abundance of specic oxidation products of a-pinene ozonol-
ysis was investigated to get a rst impression of the dominant
chemical reactions taking place in the aqueous phase. As
a reference sample in addition to the four FS containing solu-
tions (category I–IV), HPLC-MS grade water was nebulized and
a-pinene SOA formation initiated. An overview of the main
investigated compounds within the samples is listed in Table
S2.† In the following, the reference sample will be compared
with the sample of category IV representing conditions favoring
Fenton chemistry. In all samples, pinonaldehyde (C10H16O2),
Environ. Sci.: Atmos., 2024, 4, 1218–1228 | 1223
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one of the major rst-generation oxidation products of a-pinene
ozonolysis,55,56 gave the most abundant signal. Fig. 5 shows the
relative abundance of selected extremely low-volatile
compounds (ELVOC) including various dimers such as pinyl-
diaterpenyl ester (MW 358) and pinonyl-pinyl ester (MW 368)
in the duplicates of the reference sample (yellow) and the
sample of category IV (red). The samples of category II and III
are illustrated in Fig. S3.† Whereas most compounds were
found in all samples, several compounds were found in much
higher or lower concentration in the reference sample
compared to the Fenton's chemistry sample of category IV. For
example, pinyl-diaterpenyl ester C17H26O8 (MW 358),
a compound typical of early stage SOA formation,57 showed high
abundance in a-pinene SOA of the reference sample (Fig. 5,
yellow) and much lower abundance in samples of category IV
(Fig. 5, red) with active Fenton's chemistry. In contrast, a high
abundance of the dimer C19H30O5 (MW 338), which has been
suggested to be an accretion product by aldol reaction of cis-
pinonic acid and pinonaldehyde or norpinonaldehyde,57,58 was
found in the samples with active Fenton's chemistry (Fig. 5, red)
but only in lower abundance in the reference sample (Fig. 5,
yellow). Pinyl-diaterpenyl ester has been reported as a dimer of
a-pinene ozonolysis in previous studies.14,58–60 Some studies
investigated the aging of pinyl-diaterpenyl ester by aqueous OH
oxidation.59 They estimated the aqueous decay of pinyl-
diaterpenyl ester and proposed fragmentation to monomeric
products, which are suggested to be volatile and thus re-emitted
into the air61 where they can undergo further gas-phase oxida-
tion leading to new particle formation. The signicantly lower
abundance of pinyl-diaterpenyl ester in the Fenton's chemistry
sample in our study is consistent with the expected OH
production in the droplet.

However, in a study using lower Fe(II) concentrations
a decrease in OH production in the presence of a-pinene SOA
was found26 indicating that the concentration ratio between
Fe(II) and water-soluble organic compounds is crucial for OH
production. The lower abundance of pinyl-diaterpenyl ester in
the acidied sample of category III further implies the pH
dependency of iron chemistry leading either to the formation of
Fig. 5 Relative abundance of selected ELVOC in duplicates of samples
collected under conditions favouring Fenton's chemistry (red) and in
reference samples (yellow).

1224 | Environ. Sci.: Atmos., 2024, 4, 1218–1228
OH radicals via Fenton-like chemistry or other acidity-driven
reactions.

Anyway, the decomposition of dimers like pinyl-diaterpenyl
ester or pinonyl-pinyl ester through OH oxidation are not
strongly dependent on pH,59,60 while the aldol reaction forming
dimer MW 338 is suggested to be acid-catalyzed. The
pronounced abundance of dimer MW 338 in the Fenton's
chemistry samples of category IV but also in the acidied
sample of category III in our study suggests that at least two
major mechanisms of SOA transformation are taking place
simultaneously, i.e.:

(1) Iron related processes and especially Fenton's chemistry
leading to the decomposition of high-molecular weight SOA by
OH production and aqueous phase oxidation and (2) acid-
catalyzed formation of high-molecular weight SOA in the
aqueous phase. Previous studies report a decrease in SOA
growth and inhibition of SOA formation in the presence of Fe(II)
under humid conditions and in the presence of sunlight when
OH production is expected to be increased compared to dark
conditions.29,62 Consistent with our results, they suggest
a decomposition of SOA through OH oxidation and a subse-
quent evaporation into the gas-phase. In the presence of
sunlight, gas-phase oxidation of a-pinene by OH radicals is
favored to take place which does not lead to the formation of
high-molecular weight dimers.14 Furthermore, dimers like
dimer MW 338 can be photolyzed,63 and thus, the irradiation of
aqueous-phase SOA may also lead to a reduction in molecular
mass.64 Therefore, a possible explanation for the contrasting
results of the inuence of Fenton's chemistry on SOA formation
discussed in the literature could be that photo-chemical pro-
cessing of SOA masks the reaction with aqueous-phase OH
oxidation during photo-Fenton's reaction.

A typical marker of gas-phase OH oxidation of pinonalde-
hyde and cis-pinonic acid is 3-methyl-1,2,3-butanetricarboxylic
acid (MBTCA).14,41,65–67 In all samples, MBTCA was not detec-
ted underlining that gas-phase OH oxidation in the ow reactor
did not contribute considerably to SOA mass.

4 Conclusions

The role of atmospheric soluble iron in the formation and fate
of SOA is a controversial topic. In atmospheric waters, soluble
iron can reach concentration levels of several hundred mmol
L−1. Depending on sources and environmental conditions iron
solubility varies considerably. While iron from mineral-dust
contributes only 1% to the water-soluble iron fraction, pyro-
genic iron mostly contributes a larger fraction of water soluble
iron.68,69 Therefore, the concentration of water-soluble iron in
atmospheric waters varies locally over several orders of magni-
tude.22 Moreover, atmospheric waters vary signicantly in pH.
For example, pH in cloud waters ranges from 2–7.70 In our
experiments we observed an increase in SOA formation in acidic
aqueous mixtures of SOA, ferrous iron and H2O2 indicating that
iron and/or acidity related processes increase SOA formation in
the aqueous phase. Iron chemistry is complex and depending
on various parameters such as oxidation state, presents ligands
and the pH. By offline high-resolution mass spectrometry we
© 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/d4ea00095a


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 8
:3

9:
29

 A
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
found lower abundance of pinyl-diaterpenyl ester in the acidic
aqueous mixtures of SOA, ferrous iron and H2O2 compared to
reference samples of aqueous SOA. This nding indicates
a decomposition of SOA by radicals formed via iron chemistry
and most likely Fenton's chemistry. Moreover, we found
a decrease in dimer MW 338 in the acidic samples indicating
acidity driven dimer formation. These ndings give us a hint of
various processes ongoing simultaneously in the aqueous
phase.

Even though the offline chemical characterization of our
lter samples is not sufficient to elucidate a major reaction
pathway, which would fully explain the increased SOA mass
under conditions favouring Fenton chemistry, this study high-
lights some of the challenges of estimating the inuence of
water-soluble iron chemistry on SOA formation and trans-
formation. Our experiments outline the complexity and pH
dependency of iron chemistry and its inuence on various
processes in atmospheric waters. This emphasizes the crucial
interaction between practical laboratory experiments and
theoretical modelling for a comprehensive understanding of
iron-related processes in these environments. Consequently,
further research on iron chemistry under naturally relevant
conditions and varying pH is essential, both in laboratory
experiments and modelling, to elucidate all processes taking
place in the aqueous phase.

Data availability

The data supporting this article have been included as part of
the ESI.† All raw data used for this article, including SMPS- and
HPLC-Orbitrap-MS-data are available at zenodo [https://
zenodo.org/doi/10.5281/zenodo.12582477].

Author contributions

SL: conceptualization, data curation, formal analysis, investi-
gation, methodology, visualization, writing – original dra; SK:
conceptualization, methodology; CD: conceptualization, meth-
odology, writing – review & editing; CG: conceptualization,
resources, writing – review & editing; AH: conceptualization,
resources, supervision, validation, writing – review & editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Special thanks to Max Zeidler for the construction of the
atomizer.

Notes and references

1 T. Yli-Juuti, T. Mielonen, L. Heikkinen, A. Arola, M. Ehn,
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