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Influence of humidity and iron(III) on
photodegradation of atmospheric secondary
organic aerosol particles†

Pablo Corral Arroyo, ab Kurtis T. Malecha, c Markus Ammann a and
Sergey A. Nizkorodov *c

The absorption of solar actinic radiation by atmospheric secondary organic aerosol (SOA) particles drives

condensed-phase photochemical processes, which lead to particle mass loss by the production of CO,

CO2, hydrocarbons, and various oxygenated volatile organic compounds (OVOCs). We examined the

influence of relative humidity (RH) and Fe(III) content on the OVOC release and subsequent mass loss

from secondary organic aerosol material (SOM) during UV irradiation. The samples were generated in a

flow tube reactor from the oxidation of D-limonene by ozone. The SOM was collected with a Micro

Orifice Uniform Deposit Impactor (MOUDI) on CaF2 windows. To selected samples, a variable amount of

FeCl3 was added before irradiation. The resulting SOM samples, with or without added FeCl3, were

irradiated with a 305 nm light-emitting diode and the release of several OVOCs, including acetic acid,

acetone, formic acid and acetaldehyde, was measured with a Proton Transfer Reaction Time-of-Flight

Mass Spectrometer (PTR-ToF-MS). The release of OVOCs from photodegradation of SOM at typical

ambient mid-values of RH (30–70%) was 2–4 times higher than under dry conditions. The release of

OVOCs was slightly enhanced in the presence of low concentrations of iron (0.04 Fe molar ratio) but it

was suppressed at higher concentrations (0.50 Fe molar ratio) of iron indicating the existence of a com-

plicated radical chemistry driving the photodegradation of SOM. Our findings suggest that the presence

of iron in atmospheric aerosol particles will either increase or decrease release of OVOCs due to the

photodegradation of SOM depending on whether the relative iron concentration is low or high, respec-

tively. At atmospherically relevant RH conditions, the expected fractional mass loss induced by these photo-

chemical processes from limonene SOA particles would be between 2 and 4% of particle mass per hour.

Therefore, photodegradation is an important aging mechanism for this type of SOA.

Introduction

Organic compounds constitute a substantial fraction of atmo-
spheric aerosol particles. They are present at an overall mass
concentration that is comparable to that of major inorganic
species such as sulfates, nitrates, sea salt and mineral dust
components.1 These organic compounds come from primary
organic aerosol (POA), which is emitted directly by various sources,

or from secondary organic aerosol (SOA), which is derived from
reactions of volatile organic compounds (VOCs) with oxidants.1

The distinction between the primary and secondary particles blurs
as particles are aged by physical changes, such as gas-particle
partitioning, particle coagulation or phase transitions within
particles, and chemical processes such as reactive uptake of gas-
phase oxidants by the particles.2 Recent studies have shown that
multiphase chemistry and photochemistry may significantly
contribute to aging and particle growth.2–4

Particle phase photochemistry contributes to aerosol aging
by multiple mechanisms. Energy-transfer or charge-transfer
reactions driven by triplet states of organic compounds,5–7

photolysis of nitrate and nitrite resulting in free radicals,8

photochemistry of iron carboxylate or free iron,9 and photolysis
of carbonyls10,11 are some of the examples of these processes.
The condensed-phase photochemical reactions may not only
change the SOA composition, but also change the volatility
distribution of the SOA compounds resulting from photo-induced
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fragmentation or oligomerization of SOA compounds into more
or less volatile products.12,13 The direct photolysis of organic
compounds14 or the secondary oxidation by HOx radicals (HO2

and OH) deriving from photolysis15 explain the mass loss or
decrease in particle size as well as the VOCs release observed in
several studies related to photochemical processing of SOA.16–19

For example, in our previous work we have shown that secondary
organic material (SOM) is efficiently degraded by exposure to UV
radiation producing CO, CO2, small hydrocarbons,11 as well as
various oxygenated VOCs (OVOCs)16,20,21 (in this paper, we are
using ‘‘SOA’’ to refer to airborne particles, and ‘‘SOM’’ to the
material formed by collecting bulk quantities of SOA particles on
a substrate).

Relative humidity (RH) is an important environmental vari-
able that affects not only physical properties but also chemistry
occurring inside the particles. It has been well established that
SOA particle viscosity depends strongly on RH.22–24 Related to
that, RH has a strong influence on diffusion-limited processes
in SOA particles such as uptake or evaporation of chemical
compounds or chemical reactions. For example, Ye and co-
workers found that SOA particles from toluene oxidation resist
exchange of semivolatile compounds at low relative humidity,
but lose that resistance above 20% RH.25 Shiraiwa et al. showed
that the uptake coefficient of ozone to protein films varies with
relative humidity due to the increase of the ozone diffusion
coefficient with RH.26 Similarly, Steimer et al. (2016) demon-
strated a strong relationship between the steady state reactivity of
ozone with shikimic acid and the estimated diffusivity of ozone
as a function of relative humidity. Slade and Knopf showed that
increasing RH enhances the OH uptake in levoglucosan particles
due to the faster diffusion.27 RH is also a key parameter control-
ling the rate of evaporation of OVOCs from SOA particles as
shown by Yli-Juuti et al.28 The RH was found to influence the
photodegradation of 2,4-dinitrophenol through its effect on
viscosity in several types of SOM including that generated by
oxidation of D-limonene by ozone.29,30 They observed a faster
photodegradation at high RH due to the increase of the efficiency
in the second-order degradation reactions, which are likely to be
affected by the diffusion limitations of the excited state, and
therefore, by the viscosity.29 Atmospheric models are starting to
take the RH-dependent viscosity into consideration and confirm
that aerosol particles can be liquid, semisolid or solid depending
on the latitude, altitude and conditions, as predicted by Shiraiwa
et al.31 Our first goal is to understand the effect of RH on the
photodegradation of SOA compounds, which have not been
previously explored in experiments. The results described
below suggest that the photodegradation rate estimates based
on previous measurements under dry conditions may be too
conservative.16

Iron is emitted into the troposphere as minerals, as amor-
phous hydroxides, such as Fe(OH)3, adsorbed on clay minerals,
organic matter, or carbonaceous particles or bound in salts.
It may be released from the particulate form by complexation or
acidic dissolution into the aqueous phase.32,33 Dissolved iron is
present in the atmosphere in two oxidation states, (II) and (III),
which interconvert by various redox processes. The work of

Wang et al.34 indicates that the iron can be highly concentrated
in continental aerosol particles near the surface of the Earth.
For instance, in Europe the observed concentrations of iron are
between 0.1–1 mg m�3 (B0.8–8% in molar ratio in SOA). A study
from Moffet et al. (2012) has shown that in urban outflow, all
particles have organic matter dominated by carboxyl function-
alities, and, among them, 5% contain detectable Fe.35 In the
technique they used, the detection limit was about 5% of iron
in molar ratio. Saharan dust, urban particles, coal fly ash and oil
fly ash contain iron in the range from 3 to 9% by weight.33 The
fraction of soluble Fe in desert dust typically goes from values
B0.1% to up to B80%.36–38 On the other hand, measurements
of dissolved iron in rural or urban atmospheric waters indicate
concentrations ranging from 10�7 up to 10�2 M. Overall, dis-
solved iron concentrations in aerosol particles vary broadly and
typically range from micromolar to millimolar levels.

Depending on chemical parameters such as ionic strength,
pH and concentration of involved compounds, iron is present
in the form of complexes with the organic and inorganic com-
pounds in the aerosol particles and cloud droplets.33 Some of
these complexes have strong ligand-to-metal charge transfer
(LMCT) bands in the UV and visible ranges of the solar spec-
trum. Excitation of these LMCT bands in Fe(III) complexes leads
to photoreduction of iron to Fe(II) and decomposition of the
ligands by free radical chemistry. Fe(III)–carboxylate complexes
are well-known photoactive compounds in atmospheric aerosol
particles which drive LMCT transitions leading to the decarboxyl-
ation of the ligands, being the major particle phase sink of
carboxylate groups in the atmosphere.9 Even if SOM is not light-
absorbing by itself it can become photodegradable in presence
of soluble Fe because of these LMCT transitions. The degrada-
tion of the carboxylic groups is followed by the production of
OVOCs and CO2,39,40 which contribute to the particle mass loss.
Iron can cycle between Fe(II) and Fe(III) through HOx radicals
and H2O2 chemistry due to several redox reactions8 such as
Fenton reactions. Fig. 1 shows some of the key processes involved
in photochemistry of Fe/SOM mixtures, which may produce
OVOCs by various mechanisms including direct photolysis or
reactions with HOx radicals, the iron redox chemistry with HOx

radicals and H2O2 and the photochemistry of iron carboxylates,
which produce additional OVOCs.

A number of studies have provided evidence for the photo-
chemical reactions between soluble iron and organic compounds
found in atmospheric particles. Wentworth and coworkers used
IR spectroscopy to demonstrate that complexes of Fe(III) with
gallic acid can be photolyzed, degrading gallic acid to quinones
and further to OVOCs.41 It has been found that the reactive
uptake of glycolaldehyde can be induced by OH radicals pro-
duced by Fe(III) oxalate complex photolysis. At the same time, the
degradation of iron complexes produces enough OVOCs to pre-
vent aerosol growth by uptake of glycoaldehyde,42,43 showing
competition between accretion and fragmentation. Styler et al.44

showed that mineral dust particles doped with oxalate can release
CO2 by photolysis, mediated by LMCT, of Fe(III)–oxalate complexes.
Weller et al.39 found that the photolysis of Fe(III) carboxylate
complexes, such as iron oxalate, pyruvate or glyoxalate, is a
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significant source of HOx radical production and the main sink
of carboxylic acids in aerosol particles.

The second goal of this work is to study how the presence
of Fe(III) influences the OVOC release from SOA particles. SOA
produced by oxidation of VOCs contain hundreds of different
compounds, and some of them may have strong affinity for
dissolved Fe and also form complexes with it. The compounds
in SOA are known to slowly photodegrade in the presence of UV
radiation releasing OVOCs, such as formic acid, acetic acid,
acetaldehyde and acetone.16 Our initial hypothesis was that the
photodegradation rate would be enhanced because of the LMCT
transitions in complexes between Fe and SOA compounds. In
fact, an enhancement of the OVOC release is only observed for
low Fe(III) concentrations in SOA, but, as we show below, the
photochemistry is actually suppressed at higher Fe(III) concen-
tration demonstrating a potentially complicated role of Fe(III) on
SOA photochemistry.

Experimental section

A diagram illustrating the SOA preparation and irradiation
experiments is shown in Fig. 2. SOA was generated by oxidation
of D-limonene (Sigma-Aldrich, 98%) with ozone in a B20 L
Plexiglas flow cell in the absence of seed particles. No particles
were produced in control experiments with only ozone flowing
through the cell, without D-limonene added. Pure oxygen at
0.5 L min�1 was sent through an ozone generator and into the
flow cell. Limonene was evaporated in a separate 4.5 L min�1

air flow using a syringe pump at 25 mL per hour liquid flow
rate. The flow of air containing limonene was mixed with the
O3/O2 flow at the entrance of the flow cell. The starting
mixing ratios of ozone and limonene were about 20 ppm and
10 ppm, respectively, and the reaction time in the flow cell was
about 4 min.

Particles were collected with a Micro-Orifice Uniform-Deposit
Impactor (MOUDI, MSP Corp. model 110-R) equipped with
custom-made metal supporting rings to accommodate 2.54 cm
diameter CaF2 windows as substrates instead of Teflon or foil
filters. We typically collected hundreds of micrograms of SOM
per window; the largest amount was typically found on stages 8
(0.18–0.32 mm particle size range) and 9 (0.10–0.18 mm particle
size range), and these samples were used for the experiments. In
our previous experiments with D-limonene ozonolysis SOA, we
found no dependence of SOA particle chemical composition on
particle size in the 0.05 to 0.5 mm range,45 so we used samples
collected on stages 8 and 9 interchangeably. The window
was then placed in a laboratory oven overnight at 40 1C with
B10 L min�1 of purge air flowing over it in order to drive off
higher volatility species and help anneal the collected SOA
particles into a more uniform SOM film on the window. The
main justification for this ‘‘annealing’’ procedure is that SOA
produced by the ozonolysis of alkenes contains unstable per-
oxide molecules that decompose on a time scale of hours.10,46

This decomposition produces volatile products that would
interfere with the detection of volatiles produced in the photo-
degradation experiments described below.16 In addition, semi-
volatile species that partitioned into aerosol particles because
of the unrealistically high concentrations in the flow tube have
a chance to evaporate making the volatility distribution of SOA
compounds more compatible with that of ambient aerosol
particles. The annealed SOA samples can therefore be regarded
as particles that have been aged via spontaneous decomposi-
tion of peroxides but not by photochemical processes. For the
RH dependent experiments, we used the sample immediately
after annealing without further adjustments.

For the experiments with variable amounts of Fe(III), a
certain volume ranging from 50 mL to 2000 mL of a solution of
FeCl3 in water (0.001 M, pH = 5) was dropped on the window
surface, and the sample was placed again in the laboratory oven
overnight under the same conditions as before.16 We elected
to use FeCl3 as the Fe(III) source because it is highly soluble.

Fig. 1 Photochemical mechanisms of degradation of SOM mediated
by iron photochemistry and radical chemistry coupled with iron cycling
induced by HOx radical chemistry.

Fig. 2 Diagram illustrating SOM preparation and UV exposure steps. SOA
particles are produced by mixing a flow of air and O2/O3 with D-limonene
in a flow tube. The particles are collected on CaF2 windows located in a
MOUDI, and the particles are annealed. FeCl3 is added for the iron content
dependence experiments. After annealing at 40 1C, samples are irradiated with
a 305 nm UV-LED, and the OVOCs released are analyzed by a PTR-ToF-MS.
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While chloride anions are not chemically inert and could be
converted into chlorine atoms in reaction with OH, chloride
anions are ubiquitous in atmospheric particles, and it is reason-
able to have them as part of the mixture. Even so, the rate
coefficient for the reaction between chloride and OH radicals47

is around one order of magnitude smaller than the one for the
reaction between a usual SOA organic compound and OH.
Therefore the interference should be negligible. For larger
volumes from 1000 mL up to 2000 mL, the solution was applied
in two additions to avoid spilling over the edges of the window.
For volumes lower than 500 mL, an additional droplet of water
was added up to 500 mL to be sure that the solution covered the
entire window. For the control experiments, 500 mL of nanopure
water was used instead of the Fe-containing solution. The
addition of liquid resulted in a redistribution of SOM on the
CaF2 window, resulting in a reduction in the film thickness in
the center and a build-up of the material on the edges. The
material was redistributed due to an outflow created within the
droplet while it was evaporating due to the different evapora-
tion rate in the edge compared with the one on the top of the
deposited droplet.48 (In retrospect, it might have been better to
prepare the samples differently, for example by re-aerosolizing
an aqueous solution of Fe(III) mixed with dissolved SOM and
collecting the resulting particles. Such experiments are planned
for the future.) Because the CaF2 window was always fully
covered by the deposited droplet, we assume that the fraction
exposed to UV light was always the same for every experiment
and that the ratio Fe(III)/SOM is homogeneous through the
sample after drying. Experiments with identical conditions of
Fe(III) concentration, irradiation and RH did not indicate a
dependence of OVOCs release on the volume of solution used
to deposit Fe(III).

The window was then placed into a custom-made glass flow
cell with 0.2 L min�1 of purge air flowing over the window.
A UV-light emitting diode (Thorlabs, Inc. model M300L4) with a
wavelength centered at B305 nm, a full width half-maximum of
B10 nm, and a power of 26 mW at 350 mA current (measured
with a Coherent Powermax PS19Q power sensor) was used to
irradiate the particles on the CaF2 window. Based on the amount
of the deposited material, and known mass absorption coeffi-
cients of D-limonene ozonolysis SOA,49 we estimated that the
samples were optically thin, so the UV intensity was approxi-
mately the same throughout the thickness of the sample.
Although the sample distribution on the surface was not uni-
form, as ascertained by the examination of the sample under a
microscope, all the material on the window was accessible to the
UV radiation. For the experiments with variable iron content
dependence, the exposures to UV light were made either under
dry air conditions or at 55 � 2% RH (measured with a Vaisala
HMP330 humidity probe). For the experiments related to the RH
dependence of SOM decomposition, in which no Fe(III) was
added to the SOM sample, we exposed SOM to UV radiation
under a wider range of RH values.

OVOCs in the flow exiting the photolysis cell were detected
by a Proton Transfer Reaction Time-of-Flight Mass Spectro-
meter (PTR-ToF-MS). Standard ion source conditions were

used: E/N = 130–135 Td, Udrift = 600 V, Tdrift = 60 1C, and
Pdrift B 2.2 mbar. The PTR-ToF-MS was previously calibrated
under the same ion sources conditions with respect to several
OVOCs, namely acetic acid, formic acid, acetone and acetalde-
hyde by injecting known amounts of these compounds in a
5 m3 chamber, similar to a procedure described in Malecha and
Nizkorodov.16 For experiments at different RH the signal was
normalized to take into account the RH dependence of the ion
detection sensitivity. Specifically, we evaluated the variation of
the ionizing agents (H3O+ and H3O+(H2O)) with respect to the
experiments at dry conditions and we normalized the signal to
those. We took into account the different reactivity that the two
ionizing agents have with the VOCs.50,51 Additional details are
provided in the ESI.†

Results and discussion

Fig. 3 shows PTR-ToF mass spectra of the air passing over the
SOM before and during the UV irradiation. Upon irradiation,
certain peaks increase indicating the production and release
of the corresponding compounds from SOM. The major peaks
that increase are detected at m/z 43.055 (ketene, ethynol, or
oxirene), m/z 45.034 (acetaldehyde), m/z 47.013 (formic acid),
m/z 59.050 (acetone, propanal, or allyl alcohol) and m/z 61.029
(acetic acid, glycoaldehyde, or methyl formate). Because of the
inability of PTR-ToF-MS to distinguish structural isomers, the
assignments cannot be made with certainty. However, because
of chemical considerations about the possible mechanism of
degradation, the m/z 45.034, 47.013, 59.050, and 61.029 peaks
are assigned to acetaldehyde, formic acid, acetone and acetic
acid, respectively. The peak at m/z 43.055 is likely a fragment of
acetic acid.52

Photolysis processes such as bond cleavage into free radi-
cals, photoisomerization, H abstraction or photosensitization,2

Fig. 3 PTR-ToF-MS stick spectra of the OVOCs released from SOM at
0% RH, in the absence of iron before (red) and 10 minutes after starting
irradiation (black) irradiation. The peaks of the OVOCs discussed in the
paper are indicated by arrows.
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together with HOx radical reactions, are the processes control-
ling the OVOC production. For example, acetone could be a
product of degradation by Norrish type-II mechanisms, i.e.,
splitting of methyl terminated ketones. Acetic acid and formic
acid could be produced by direct photolysis or by reaction of
organics with HOx radicals, which will react with organics by
hydrogen abstraction and oxidation reactions which can lead to
the cleavage of carbon chains. Additionally we rely on the LMCT
reactions of iron complexes as additional source of CO2 and
OVOC by decarboxylation and further degradation of the organic
radicals initially produced.

Effect of RH on samples without added Fe(III)

Fig. 4a shows the signal of acetaldehyde observed at different
RH values. For ease of comparison, the signal was normalized
to the maximal steady-state signal achieved during irradiation.
The release of acetaldehyde levels off after about 15 minutes for

dry conditions but the time needed to achieve the steady state
becomes shorter for the experiments at higher RH (4 minutes
for 70% RH). We attribute this faster time to establish steady
state release of acetaldehyde at higher RH to an increased
diffusion coefficient for acetaldehyde through SOM. (While
we attribute our observations to the diffusion effects, we cannot
exclude changes in the photochemical mechanisms arising, for
example, from the hydrolysis of organic compounds at high
RH.) The increased diffusivity would be caused by the decrease
of viscosity with increasing water content in the film. Indeed,
the viscosity of SOM prepared by ozonolysis of a-pinene53 and
D-limonene29 has been shown to decrease with RH. The reported
self-diffusion coefficients in SOM change widely with RH22–24

going from 10�22–10�20 cm2 s�1 at dry conditions to
10�9–10�7 cm2 s�1 at high RH (80–90% RH) while the diffusion
coefficient of water in a-pinene SOA varies from 10�11–10�10 cm2 s�1

at dry conditions to 10�8–10�6 cm2 s�1 at high RH.
Fig. 4b shows the dependence of release of several OVOCs on

RH. Each data point is the average of 2 or 3 replica experiments.
Because the ionization efficiency of certain low-proton-affinity
VOCs (such as benzene,54 monoterpenes,55 and formaldehyde56)
are sensitive to RH, we corrected for the RH-dependent ioniza-
tion efficiency in the PTR as described in the ESI.† For the
species of interest, these corrections were very small. In the
data shown in Fig. 4b, the signal was normalized by the total
mass of the SOM assuming that the amount of emitted OVOC
should be directly proportional to the SOM mass (the SOM
samples were optically thin, so such normalization is appro-
priate). The signal was further multiplied by the total gas flow
through the sample in order to correct for the dilution with
different gas flows used in different experiments. With this
normalization method, the magnitude of the normalized signal
is proportional to the actual OVOC flux out of the material. The
data were taken from the time period where the release reaches
the maximum which was different for different humidity con-
ditions, as shown in Fig. 4a.

The release of every compound shown in Fig. 4b increases
with RH from 0% to 40–55% RH. There are two possible explana-
tions for this. Firstly, certain photochemical reactions are sup-
pressed in viscous SOA, especially the ones involving secondary
reactions of long-lived electronically excited molecules.29

Secondly, since it takes OVOCs longer to diffuse through the
SOM at lower RH, the probability that they are degraded by
secondary free-radical driven reactions before they get out of
the material increases.

From 55% RH to 70% RH the rate of OVOC release appears
to decrease by more than 25% (although we have only one data
point that shows this trend). This could be a result of a dilution
effect: as the water activity in the SOM increases the concentrations
of all other reactants decrease. Based on the work of Virkkula
and coworkers,57 the concentration of water in D-limonene SOA
goes up to 7 M at 80% RH, and it could be even higher in the
presence of hygroscopic FeCl3. Previous research has shown
that oxygen solubility in organic solvents, such ethanol, propa-
nol or carboxylic acids, is higher than in water.58 Therefore, we
assume that oxygen solubility also decreases upon increasing

Fig. 4 (a) Signal of acetaldehyde normalized to the maximum of the
signal for each sample upon irradiation (shaded zone) at several values
of RH. (b) Signal of OVOCs upon UV irradiation corresponding to the total
OVOC flux and multiplied by the flow in mL min�1 for SOM samples versus
relative humidity (%). The error bars represent the standard deviation resulting
from 2 or 3 experiments.
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water activity meaning that HOx radicals deriving from photo-
lysis of SOM will be produced less efficiently because the
precursor molecule (O2) is less concentrated and subsequently
OVOC production will be decreased. (HOx radicals could also be
produced by the photolysis of peroxides in D-limonene ozono-
lysis SOM but the lifetime of peroxides in this SOM is known to
be around 6 hours,46 so most of them should be already
degraded by the annealing procedure done before the measure-
ment.) The decrease of the concentration of both organic
reactants and oxygen at higher RH should result in a decrease
of second order reaction rates. Thus, the OVOC release is
expected to get smaller with increasing RH. Similar dependence
on RH, featuring a maximum at certain RH level, was observed
in the HO2 release in previous work.4

We estimated the diffusion coefficient of acetaldehyde at
different values of RH based on the decay of its concentration in
the flow after switching off the UV light (Fig. 5). We developed a
kinetic multi-layer model by means of the diffusion eqn (1),
which provides a depth-resolved description of mass transport
and release in films as a function of time, dividing our film in
30 equally thick layers. A detailed description of the model is
provided in the ESI.† The diffusion is considered throughout
the film by applying the diffusion equation to every layer. Because
the gas flow over the film is fast (on the order of hundreds
of mL per minute), we assume that the gas phase concentration
of acetaldehyde next to the surface plays no role in the equili-
brium between condensed and gas phase. Therefore, the release
is described as the diffusion into a gas layer, where the concen-
tration is negligible. We estimated the thickness of the sample
assuming that the density of the SOM is 1.5 g cm�3.59

@C

@t
¼ D

@2C

@x2
(1)

We optimized the values of the diffusion coefficients at different
RH by fitting the release predicted by the model to the observed
decay of acetaldehyde after switching off lights as shown in
Fig. 5a. We note that the initial concentration profile in the film
may change the release. Therefore, we tested the sensitivity of
two initial concentration profiles on the diffusion coefficient
parameter to reproduce our data: (i) uniform initial concen-
tration profile is flat throughout the film (which is consistent
with the optically thin samples used in this work, with the UV
radiation penetrating through the entire film) and (ii) linear
initial concentration profile where its maximum concentration is
at the bottom of the film and zero at the surface (a conceivable
scenario after prolonged irradiation). These two different scenar-
ios should provide a lower (i) and upper (ii) limit set of predicted
diffusion coefficients respectively.

The trend of the calculated diffusion coefficients follows the
expected trend, i.e., diffusion coefficients increasing with RH.
The calculated upper limit diffusion coefficients of acetalde-
hyde are two or three orders of magnitude at low RH and four
or five orders of magnitude at high RH lower than the diffusion
coefficients of water in alpha-pinene SOA measured previously
by Lienhard et al.60 as showed in Fig. 5. The molecule of acet-
aldehyde is larger than the molecule of water so, based on the

Stokes–Einstein equation, we would expect water to diffuse
only around two times faster than acetaldehyde. However, the
Stokes–Einstein equation performs poorly for molecules of this
size,61 so quantitative comparison is not possible. But as the
upper limit values for the acetaldehyde diffusion coefficients
in Fig. 5 are closer to the reported values for water, they are
probably more representative of the actual diffusion coefficients.
The relative change of D between 0 and 70% RH is a factor of
2–3 while a range of about one or two orders of magnitude is
observed for DH2O in SOA60,62 and a range of about 9 to 10 orders
of magnitude is observed for Dorg in sucrose.63 A possible explana-
tion for this would be that the steady-state profile of the con-
centration of acetaldehyde in limonene SOA while irradiation is

Fig. 5 (a) Signal of acetaldehyde after irradiation background-subtracted
and normalized to the maximum of the signal for each sample upon
irradiation (symbols) as a function of RH. Predictions by the diffusion model
with upper and lower limits for the diffusion coefficient are shown as
dashed and solid lines, respectively. (b) Diffusion coefficients predicted by
the model for acetaldehyde as a function of RH, with the upper (blue) and
lower (black) limits shown as blue and black symbols, respectively. The
black line corresponds to the water diffusion coefficient in a-pinene SOA
as measured by Lienhard et al.60

Paper PCCP

Pu
bl

is
he

d 
on

 1
9 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Ir
vi

ne
 o

n 
12

/5
/2

01
8 

3:
36

:3
1 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8cp03981j


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 30021--30031 | 30027

flat at low RH (lower limit prediction) and it will have a gradient
at high RH (upper limit prediction). This latter situation will
lead to a difference of D of about two orders of magnitude from
low RH and high RH.

Effect of added Fe(III)

Fig. 6 shows the PTR-ToF-MS time-dependent signal of acetic
acid released under irradiation under dry conditions (a) and
at 55% RH (b). The signal was normalized by the initial dry
mass of SOM on the substrate (it was not corrected for the
RH-dependent ionization efficiency because only signals at the
same RH are compared to each other). Different traces corre-
spond to different mole fractions of added Fe(III) (estimated
assuming an average molar mass of 200 g mol�1 for SOM com-
pounds). The release reaches a maximum around 30 minutes
after the start of the irradiation, and after that the release drops
slowly, and finally drops to the baseline level after several hours
of UV exposure (not shown). At 55% RH, the maximum signal is
reached earlier than under dry conditions because the diffusion

of the OVOCs through SOM is faster at higher RH, as discussed
above, and the steady state release is reached earlier. The release
of other compounds (acetaldehyde, formic acid, and acetone)
shows the same trend as acetic acid.

Fig. 7 shows the average of the normalized signal of the
4 OVOCs under dry conditions (a) and at 55% RH (b). To
account for the faster appearance of the signal in humidified
air, the averaging period is 2000–2500 s (33.3–46.7 min) for
dry conditions, and 750–1000 s (12.5–16.7 min) at 55% RH.
Contrary to our expectations that the presence of Fe should
accelerate photodegradation of SOM, there is a general decreas-
ing trend in the signal of OVOC photoproducts with the relative
amount of added Fe. This overall decreasing trend cannot be
explained by the differences in the absorption coefficients of
the samples because the samples were in fact more absorbing
at higher Fe fractions (however, we have not corrected for the
change in the absorption coefficient in this work). The trend is
not linear, however. At 55% RH, the release of all OVOC is higher
for samples with 4% of Fe(III) compared to samples without

Fig. 6 PTR-ToF-MS signal of acetic acid released upon UV irradiation for
SOM samples versus time at different mole fractions of added FeCl3 (specified
with % values in each panel) under dry conditions (a) and at 55% RH (b). The
yellow-shaded zone indicates the irradiation time. Signals from different
samples were normalized to the total mass of the sample.

Fig. 7 Peak intensities of signals from acetic acid, formic acid, acetaldehyde
and acetone normalized to the total mass of the sample for SOM samples
versus Fe/SOA molar ratio under dry conditions (a) and at 55% RH (b). The
error bars represent the standard deviation resulting from 2 or 3 repeated
experiments.
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added Fe. Above that fraction (and above 10% for acetone and
acetic acid), OVOC release drops below that of SOM without
Fe added. Then at higher Fe(III) concentrations, the release is
strongly suppressed. Under dry conditions, acetic acid and
perhaps acetone follow a similar trend with a maximum emission
at 4% Fe(III), and decreasing at higher Fe(III) concentrations. For
acetaldehyde and formic acid there is a steady decrease of the
signal as the Fe(III) concentration is increasing. At 55% RH, all
species exhibit first increased release with increasing Fe(III)
content, and then a decrease for higher Fe(III) additions. We sus-
pect that two competing effects may be at work, one enhancing
the OVOC release at low Fe(III) concentrations and suppressing it
at high Fe(III) concentrations.

The enhancement in the release of OVOCs at low Fe(III)
concentrations may result from increased OVOC production
from the photolysis of iron carboxylate complexes likely pro-
duced after adding Fe(III) to SOM, as illustrated in Fig. 1. This is
in agreement with the work of Hems et al.64 which found that the
OH production from the photodegradation of SOA compounds
by themselves is slower than the one promoted by iron carboxyl-
ate complexes formed between iron and SOA material at low
Fe/SOA ratio (B0.3%). The enhancement in OVOC release can be
due to (i) increase of the HOx radical production inside SOM and
(ii) the direct photolysis of iron carboxylate complexes. We also
cannot discard a possibility that the chloride anions present in
the samples are not playing a role in the photochemistry – they
could potentially be converted into highly reactive chlorine
atoms by reactions with OH inside SOM. Our experiments
cannot differentiate between these possibilities.

The decrease of the OVOC release at high iron concentration
may be the result of the presence of incompletely complexed Fe
in the condensed phase, i.e., not with all coordination sites
occupied by the SOA carboxylic ligands. Instead of driving LMCT
transitions, incompletely complexed iron could be cycling
between Fe(III) and Fe(II) (Fig. 1) turning HOx radicals into water
and oxygen and making them unavailable to oxidize SOA com-
pounds into OVOCs.

Conclusions and atmospheric
implications

This work reveals that RH will play an important role in the
OVOC release from SOA induced by photolysis of the compounds
presents in SOA. In the work of Malecha and Nizkorodov (2016),
they estimated the emission of OVOC coming from the photo-
lysis of several SOA under dry conditions and they predicted that
SOA particles may lose at least B1% of their mass over 24 hours
during summertime conditions in Los Angeles, California. We
claim that, under more realistic relative humidity conditions
(B50%), the mass loss experienced by SOA particles may be up
to 2 to 4 times higher than what was estimated in the work of
Malecha and Nizkorodov.16 We propose that all future photo-
degradation studies of SOA should be done under humid con-
ditions to more accurately estimate the rate of mass loss from
the particles. To explain the assumption that D varies over

several orders of magnitude while increasing RH from 0% to
70%, we suggest the presence of OVOCs concentration gradients
taking place over a range of hundreds of nanometers in aerosol
particles during photolysis. When photolysis rates are not too
high, these gradients are presumably kept in a situation close
to steady-state in atmospheric aerosol particles but they can
develop while the particles age. Their spatial extent depends on
humidity conditions, nature of the SOM and nature of the
diffusing molecule. The diffusion coefficient of acetaldehyde
in limonene SOA in the range from 10�14 to 10�12 cm2 s�1.

The second conclusion of this work is that iron influences
the OVOC generation and release during UV irradiation of SOA
particles. For atmospherically relevant conditions of humidity
and iron content (up to 4% of iron molar ratio), OVOC release will
be slightly enhanced likely due to the efficient photo-degradation
of iron carboxylate complexes. At higher iron content a surprising
suppression of the photodegradation is observed, although such
high concentrations are unlikely in realistic atmospheric parti-
cles. As described in the introduction, dissolved iron concentra-
tions in aerosol particles vary broadly and range from micromolar
up to an upper limit of about 10%. Our findings point out that
OVOC production and release is strongly influenced by iron in
iron-containing particles, with the sign and magnitude of the
effects being dependent on the concentration and conditions.
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