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Abstract.

A light source has been built at the simulation chamber AIDA (Aerosol Interactions and Dynamics in the Atmosphere) at the
Karlsruhe Institute of Technology, simulating solar radiation at ground level. Instead of full spectra light sources, it uses a
combination of LEDs with a narrow emission spectrum, resulting in a combined spectrum similar to the solar spectrum between
300 and 530 nm. The use of LEDs leads to an energy-efficient, robust and versatile illumination concept. The light source can
be used over a wide temperature range down to -90°C, is adjustable in intensity and spectral width as well as easily adjustable
to new technological developments or scientific needs. Characterization of the illumination conditions shows a vertical
intensity gradient in the chamber. The integral intensity corresponds to a NO; photolysis frequency j(NO2) of (1.58 + 0.21
(1o)) x 102 s for temperatures between 213 and 295 K. At constant temperature, the light intensity is stable within +1%.
While the emissions of the different LEDs change with temperature, they can be adjusted, thus it is possible to adapt the
spectrum for different temperatures. Although, the illumination of the simulation chamber leads to an increase of 0.7 K h! of
the mean gas temperature, it is possible to perform experiments with aqueous droplets at relative humidities up to <95% and
also above water or ice saturation with corresponding clouds. Additionally, temperature and wavelength dependent photolysis
experiments with 2,3-pentanedione have been conducted. The photolysis of 2,3-pentanedione occurs mainly between 400 and
460 nm resulting in a mean photolysis frequency of (1.03 + 0.15) x 10 s* independent of temperature in the range 213-298
K with a quantum yield of 0.36 + 0.04. In contrast the yield of the two main photolysis products, acetaldehyde and
formaldehyde, decreases with temperature. Furthermore, the light source was applied to study the photochemistry of aerosol
particles. For the atmospheric brown carbon proxy compound 3,5-diacetyl-2,4,6-trimethyl-1,4-dihydropyridine photochemical
reaction products were identified. In aerosol particles containing iron oxalate as photosensitizer the photosensitized
degradation of organic acids (pinic and pinonic acid) was studied. Although, the light source only generates about 1/3 of the
maximum solar irradiation at ground level with a substantial intensity gradient throughout the simulation chamber it could be
shown that this type of light source allows reproducible experiments over a wide range of simulated atmospheric conditions

and with a large flexibility and control of the irradiation spectrum.
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1 Introduction

The interaction of light with the atmosphere is an important factor in understanding the physical and chemical processes
influencing air quality and our climate. Alongside direct radiative effects, the interaction with clouds and aerosols, a mixture
of either solid or liquid particles with gas, are significant. From a chemical viewpoint, light enables, besides the thermodynamic
the photochemical pathway by lifting electrons in a higher energy level, thereby exiting the molecules. This leads to a multitude
of reaction pathways which, without light would not be possible. Typical photochemical reactions like the formation of 0zone
and OH-radicals or the fragmentation of halocarbon compounds have been studied widely in the last few decades, now offering
a good understanding for the big picture. For the at least 10*-10° different organic compounds in the atmosphere the picture
looks different and additional research is much-needed (Goldstein, 2007). The lack of a proper understanding of the influence
of such compounds can also be seen in the high uncertainty of interaction of aerosols with light in the ICCP report (Stocker,
2013).

In principal photochemical reactions in the atmosphere can not only be categorized in inorganic and organic processes but also
if they take place in gas or particle phase. Some substances are even only able to absorb in the ultraviolet to visible (UV-Vis)
or enlarge their absorption cross section considerably by adsorbing at particles, thus breaking the symmetry of their molecule
orbitals (Navea, 2017). A well-studied example is the chemisorption of NO3™ to Al,Os surfaces and subsequent photolytic
reaction to NO; (Baltrusaitis, 2007; Rubasinghege, 2009). But molecules do not have to fragment directly, especially more
complex organic molecules can absorb the photon and transfer the excess energy to surrounding molecules leading to an
enhanced fragmentation of substances which cannot absorb photons in the respective wavelength range themselves. Such
molecules are called photosensitizers (Herrmann, 2015; George, 2015). In seawater, chlorophyll and humic acids take on this
role. At the sea surface chlorophyll absorbs photons and reduces ClI- to the reactive Cl atoms (Reeser, 2009) and isoprene is
being produced from nonanoic acids under the influence of humic acids (Ciuraru, 2015). Also aldehydes, acids (Rossignol,
2014; Monge, 2012; Aregahegn, 2013; Fu, 2015), metals and metal oxides have shown to act as photosensitizers in
atmospherically relevant processes (overviews regarding the latter two can be found in Herrmann, 2015 and George, 2015).
By an increase of oxidation through solar irradiation more compounds with a low vapour pressure are likely to be formed also
in the gas phase, thus forming new particles or condensing on existing particles. Consequently, light is not only contributing
to the aging but also to the formation of new particles, increasing particle phase and consequently reactions which are only
possible in liquid or solid phases (Navea, 2017). A lack of proper research methods to simulate atmospheric photochemistry
therefore underestimates the formation of various, possibly harmful, components.

Apart from field measurements, controlled experiments in cloud simulation chambers offer the possibility to understand the
atmospheric processes. One of these simulations chambers is the AIDA-chamber (Aerosol Interactions and Dynamics in the
Atmosphere) at the Institute of Meteorology and Climate Research at the Karlsruhe Institute of Technology (KIT). It is one of
the largest atmospheric simulation chamber which has a solid chamber wall, allowing temperatures down to -90°C, as well as

cloud formation by adiabatic expansion (Md&hler, 2003; Saathoff. 2003). The volume and temperature stability offers the
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possibility for long-term experiments with aerosols. Until now it didn’t have the possibility to simulate solar irradiation,
however, and as it has a solid aluminium casing it cannot use the natural sunlight like the Teflon chambers SAPHIR in Jilich
(Bohn and Zilken, 2005; Rohrer et al., 2005), EUPHORE in Valencia (Wiesen, 2001; Z&dor et al. 2006) or HELIOS in Orléans
(Ren et al., 2017). To simulate some aspects of the atmospheric chemistry processes it is possible to generate 0zone or OH
radicals without a light source. But this only allows to simulate a limited part of atmospheric photochemistry. Other similar
chambers have solved this issue by using either xenon arc lamps (CESAM chamber; Wang et al., 2011) fluorescent tubes or
black light ( PACS-C3: Platt et al., 2013; Fankhauser et al., 2020) or single wavelength LEDs (CLOUD-chamber: Lehtipalo
et al., 2018). LEDs and fluorescent tubes have the advantages that they are easy to use, emit less heat and are relatively cost-
efficient. Nevertheless, they are not emitting in the full spectral range of the photochemical relevant spectrum, which should
start at around 300 nm depending on the atmospheric height (solar spectrum see supplementary information) and reach at least
until 500 nm to include photochemical reactions of chromophores found in organic matter (Sharpless, 2014). High-pressure
xenon arc lamps on the other hand are emitting a spectrum similar to the solar spectrum with high intensities. However, they
are difficult to handle due to their size and the risk of imploding light bulbs. Additionally the spectrum is often too broad
making it necessary to apply filters, blocking part of the UV and the infrared radiation (Wang, 2011). So none of these solutions
were favourable for the illumination of the AIDA chamber.

In the following we will describe the implementation of a newly designed light source for the AIDA chamber as well as the
spectral characterization and photochemical characterization by the photolysis of NO,. Additionally, the results of temperature
and wavelength dependent photolysis experiments of 2,3-pentanedione, will be presented and a first insight will be given into
the photochemical aging of a brown carbon proxy and photosensitized decomposition of atmospherically relevant organic

acids.

2 Experimental overview
2.1 AIDA aerosol and cloud simulation chamber

The AIDA simulation chamber at KIT is designed to simulate atmospheric conditions in the temperature range of -90 °C to +
60 °C. It is comprised of an aluminium cylinder with a 4m inner diameter and a torispherical head and bottom, resulting in a
7.5 m high chamber with a volume of 84.5 m? and an inner surface area of 103 m2 (Saathoff, 2009). To recreate different
atmospheric pressures and to facilitate the cleaning of the chamber, the pressure inside the vessel can be adjusted between 0.01
hPa and 1500 hPa. Various flanges and lances are implemented and allow the addition of synthetic air, chemicals or aerosols
as well as the mounting of different measurement instruments. By rotating with 400 revolutions per minute, a fan inside the
chamber enables homogeneous dispersion of all components in less than 2 minutes. A more detailed description of the chamber
can be found in Wagner et al., 2006, Saathoff et al., 2003 and Miller at al., 2012.
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2.2 Instrumentation

For the spectral measurements three different UV-Vis-Spectrometer were used. For continuous monitoring during the
experiments a UV-Vis Spectrometer (CCS200-Thorlabs) is connected via an optical fibre to the AIDA bottom looking inside
the chamber via an off-axis parabolic mirror and through a quartz window. For the spatially resolved measurements inside the
chamber two calibrated UV-Vis spectrometer with diffusor heads were used (SR900HS, Opsytec; LI-1800 LICOR). Please
note, that the spectra measured with the fibre coupled spectrometer show a bias compared to the calibrated ones essentially
significantly underestimating the UV wavelengths.

The concentrations of the trace gases were measured with different gas sensors. For nitrogen dioxide the cavity phase shift
NO. Analyzer (AS32M Environment S. A.), for nitrogen oxide the chemiluminescence NO analyser (CLD 77AM Eco Physics)
and for ozone the UV photometric ozone monitor (O3 41M Environment S. A.) were used. All of these gas sensors are
connected to the chamber through FEP-tubes.

For the concentration measurements of 2,3-pentanedione and its reaction products, a proton transfer mass spectrometer (PTR-
TOF-MS 4000, lonicon, hereafter PTR-MS) was connected via SilcoNert coated stainless tubes to the AIDA chamber,
measuring the gas phase continuously. The PTR-MS is a time-of-flight mass spectrometer, ionizing organic components by
transferring a proton from HsO" to the analyte (Romano et al., 2015; Yuan et al. 2017). Furthermore, the PTR-MS coupled
with the particle inlet of CHARON (Chemical Analysis of Aerosol Online) can be alternatively switched between particle and
gas phase for the particle phase measurement of semi-volatile compounds. In addition, a chemical ionization mass spectrometer
(HR-ToF-CIMS, Aerodyne Inc., hereafter CIMS) ionizing with iodide (I") with high sensitivity for highly oxidized organic
molecules. Its FIGAERO attachment (Filter Inlet for Gases and AEROsols) allows the sampling of aerosol particles on Teflon
filters, the subsequent heating of the filters to 200°C to evaporate the particle phase components into the gas phase, and
detection by the CIMS (Lopez-Hilfiker, 2014). To ensure gas phase analysis at the chamber throughout the experiments,
aerosol filters were taken separately, stored at -20°C in individual containers and analysed as soon as the experiments were

completed.

2.3 Experimental procedures

For all photochemical experiments the chamber was cleaned by evacuating and flushing repeatedly with synthetic air and
ozone. Afterwards it was filled with a defined amount of water vapour and synthetic air (21 % O2, 79 % N) generated by
evaporating liquid nitrogen (class 2.2 (C/E), AirProducts) and liquid oxygen (4.8 — 99.998 Vol%, Basi).

For the NO2-photolysis experiments, 40-70 ppb of NO, (1000.3 ppm NO; 2.5 in N2 5.0, Basi) were added to the chamber and
illuminated for 40 min. The light source was operated at the highest intensity possible for every temperature.

For the photolysis of 2,3-pentanedione, 66-71 ppb and in one case 20 ppb of 2,3-pentanedione were added to the chamber
either to the pure synthetic air or after a photochemical experiment with NO,. For the temperature dependent photolysis

experiments the light source was used in the same intensity for each temperature as for the corresponding temperature in the
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photolysis of NO, illuminating for 60-65 min. Additionally 2,3-pentanedione was irradiated for intervals of 15 min using a
different range of wavelengths for every interval.

For the photolysis of the brown carbon proxy two solutions were prepared each containing NH4NO3, (NH4).SO4 and 3,5-
diacetyl-2,4,6-trimethyl-1,4-dihydropyridine (hereafter DTDP). One solution contained a commercial DTDP (Sigma-Aldrich,
97%) ( 2.00 g/l NH4NO3, 1.221 g/l (NH4)2SO4 , 1.11 g/l DTDP) for the second solution the DTDP was prepared in the
laboratory by using acetaldehyde (44.34 g/l, Acros Organics 99,5%), 2,4-pentanedione (100.22 g/l, Alfa Aesar 99%) and
(NH4)2S04 (132.16 g/l) according to Kampf et al., 2016. In this way the atmospheric processes leading to the formation of the
brown carbon proxy were imitated and potential by-products would also appear in the solution. The solutions were nebulized
into the chamber using an ultrasonic nebulizer (Synaptec) and illuminated for 120 min.

To mimic photosensitized decomposition of organic acids, a solution of NH4sNQg, iron oxalate (CsFe2012, Sigma-Aldrich) as
the photosensitizer and pinonic (Acros Organics 98%) and pinic acid (~95% synthesized by University of Frankfurt) as
atmospherically relevant organic acids, was nebulized in the chamber and illuminated twice, each time for one hour. As a
reference the experiment was repeated with a solution of oxalic acid, pinonic acid and NH4NOs. A detailed overview of the

concentrations and experimental characteristics can be found in the supplementary information (Table S1).

3 Construction of the light source

The design criteria for the light source for the AIDA chamber were: (1) The spectrum of the light source should allow to mimic
the solar spectrum in the troposphere, but should be variable in intensity and wavelength range, to allow simulation of different
atmospheric heights as well as wavelength specific photolysis experiments. (2) The light source should affect the temperature
homogeneity and the leak tightness of the chamber as little as possible. It should work in the temperature range from 303 K to
183 K, be energy efficient, easy to handle, maintain and improve or adapt to new technical developments. With these, classical
solutions like arc lamps or fluorescent tubes were ruled out. Instead, a light source was designed by using a combination of
LEDs with a small full width at half maximum (FWHM) (~10-15 nm) and peak wavelengths from 305 nm to 528 nm. In total
3000 LEDs covering 11 different wavelengths were used, leaving out the longer wavelengths above 530 nm. All the LEDs
were tested beforehand to ensure their functionality at temperatures down to 183 K and their emission spectrum regarding
changes with temperature and operating with different electric current was characterized. For the most part, spectral changes
regarding the electrical current were minor and can be neglected. On the other hand, temperature changes are influencing the
emission spectrum substantially. In general, a shift in the peak wavelengths of up to 5 nm could be observed while changing
the ambient temperature from 298 K to 183 K. The intensity increased or decreased depending on the manufacturer and LED-
type by up to + 60% or — 50% (examples for LEDs with a wavelength of 340 nm and 365 nm are available in the supplement).
For every LED-type which underwent a decrease in intensity, the reduction could be counteracted by increasing the electric
current at the respective temperature. To prevent degradation of the LED-lenses due to aggressive chemicals, the light source

was not installed inside the chamber but on top of the chamber on three aluminium heat sinks mounted above flanges with a
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diameter of 500 mm (fig.1b-d). Each flange lid contains three CF flanges (VPCF200UVQ-L, VACOM) with quartz windows
(Fused Silica, Corning HPFS 7980) with a thickness of 9 mm and a diameter of 200 mm each. Resulting in a total of 9 windows
for the light to pass through into the chamber (see Fig.1a and c). The flanges are mounted at an angle of 14° on top of the
chamber, so that the incoming light forms three conical radiation paths overlapping in the middle of the chamber. The different
LED types were distributed as homogeneously as possible over the three flanges. The volume between the LEDs and the quartz
windows is constantly flushed with dry nitrogen (20 | min) during operation to avoid condensation of water and build-up of
ozone, helping also with reducing the heat. To avoid unnecessary irradiation losses, stripes of eloxated aluminium mirrors
(MIRO 4300UP, alanod) were installed between the windows and the LEDs and at the inner part of the 500 mm-flanges (see
fig. 1b). The cooling rate of the heat sinks ((60 x 60) cm?, JK 2907, Junior Kuhlkdrper GmbH) is enforced by 5 fans (8218
JH4, Ebmpapst) per heat sink, forcing the air through the gills of the heat sinks. To monitor the temperature of the LED boards,
28 temperature sensors (Pt1000) are placed on top of different boards. During operation the LED boards heat up to a maximum
of 344 K at room temperature. All the electronical parts are connected to two 19” racks outside of the chamber isolation,
containing all the necessary power supplies for the LEDs , the components to control the power supplies (cRio-9066, National
Instruments), as well as the modules to process the temperature signals (N1-9226, NI1-9264, NI-9476, NI-9209, NI-9221,
National Instruments). A general connection scheme can be found in the supplementary information. The whole setup is
controlled by a specifically written software (LabVIEW, National Instruments). It allows to control the LEDs intensity for
every wavelength, reads the actually flowing electric current as well as the temperatures. Maximum values for the electric
current and the temperatures can be set by the user, leading to an automatic shutdown of the light source if one of these values
is exceeded. The UV-Vis spectrometer (CCS200, Thorlabs) installed at the bottom of the chamber, measuring constantly the
light spectrum inside the chamber, serves as an additional control mechanism to ensure constant irradiation is achieved during

the experiments.
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Figure 1: a) LED board placement matching one 200 mm window. b) Three of these patches are placed on one heat sink above the
500 mm flange with three 200 mm quartz windows. c) Placement of the flanges and the windows on top of AIDA. d) Placement of
the light source in relation to the whole AIDA with corresponding light cones.

4 Characterisation of the light source

The total radiative output of all LEDs amounts to 1400 W, while the UV-LEDs have efficiencies of only ~2%, the LEDs with
longer wavelengths reach efficiencies of 30 to 70%. The optical power is distributed over the different wavelengths and over
the chamber cross-section. For a proper characterization of the illumination, spatially resolved spectral and integral

actinometric measurements were performed.

4.1 Spectral and spacial characteristics

The combined emission of all the LEDs results in a spectrum, similar but not identical to the solar spectrum at ground level.
Measurements in the centre of the chamber (see Fig. 2a) show that the spectral distribution matches the solar spectrum by
overlapping of the single LED-spectra. Only at 357 nm and 440 nm are discrepancies due to the fact that LEDs with a peak
wavelength in that region and high efficiency are, to our knowledge, not yet available. The intensity and to a lesser extent the
spectral distribution is dependent on the position in the chamber. Due to the conical dispersion of the light the irradiated area
increases quadratically and the intensity of the light reduces accordingly. This effect and the absorption of light on the walls
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leads to strong vertical but smaller horizontal gradient in intensity. Measurements show that the light intensity in the centre of
the chamber at about 1 m above ground level represents 45% of the intensity at a height of 4 m. This can be further divided
into the different parts UV-B (280-315 nm), UV-A (315-400 nm) and visible light (400-620 nm). The absorption of light with
shorter wavelengths by the chamber walls and flange collar, is stronger than for the light with longer wavelength, resulting in
a reduction of the UV-parts in comparison to the visible part. This is also in accordance with the reflectivity of non-oxidized
aluminium which shows a maximum in reflectivity at around 400 nm (Bartl and Baranek, 2004) Comparing the values of the
measurements at 1 m and 4 m the UV-B at 1 m represents 32 %, the UV-A represents 43% and the visible 47% of the values
at 4 m. The absorption on the walls and the overlapping of the light cones in the middle of the chamber also lead to a slight
radial intensity gradient (see Fig. 2b). At 1.20 m left and right to the chamber centre at 1 m height the light intensity is on

average 86% of the light intensity in the centre at the same height.
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Figure 2: a) Light spectrum inside the AIDA chamber, measured at a central position at a height of 2.9 m above the chamber floor.
Solar irradiance for winter was measured with a calibrated spectrometer at KIT. The solar irradiance for summer is calculated with
the NCAR UCAR Quick TUV model (further information in the supplement). b) Light intensity distribution interpolated based on
measurements at 26 different positions (white stars) inside the AIDA chamber.

4.2 Stability of the light source

At a constant temperature, the emission of the light is also constant in intensity, thus offering reproducible illumination
conditions. As the emission of the LEDs themselves is temperature dependant, the resulting spectra in the chamber change
slightly with temperature. This also leads to the effect that after switching on the LEDs it takes less than 3 min until the LEDs
have reached a constant operating temperature. After this initial period the light emission remains constant within + 0.02%
(see Fig. 3b). This effect is less pronounced at warmer temperatures. The overall variability is less than 1% at constant

temperature. Additionally the LEDs can be operated at higher electrical currents at lower temperatures, changing the emitted
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spectrum further with typically higher emissions for lower wavelengths (cf. Fig. 3a). Alternatively, it would be possible to

apply lower currents at lower temperatures to keep the emission spectrum nearly constant compared to warmer conditions.
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Figure 3: a) Spectra taken with the UV-Vis spectrometer at the bottom of the chamber at 4 different temperatures. The electrical
settings for the LEDs for each temperature are different. In addition to the emission changes of the LEDs due to the temperature
variation, this leads to different spectral distributions for each temperature. b) Spectra taken with the UV-Vis spectrometer at the
bottom of the chamber over a time period of 30 min.

4.3 Integral light intensity

The actinometric experiments, by using the photolysis of NO; inside the chamber, provide photolysis frequencies for every
measured temperature and light setting. Thus offering reference values of the light intensity for comparison with other
simulation chambers or with solar irradiation. The photolysis of NO, can be described with the following three equations,

neglecting further side reactions (Harvey et al., 1977; Holmes et al., 1973).

k
NO, + hv—> NO + 0 (R1)
k
0+0,+M > 0, +M (R2)
k
NO + 0; S NO, + 0, (R3)

The actinometric experiments were carried out at eight different temperatures (213, 243, 263, 268, 273, 283, 295 and 296 K)
in dry synthetic air, each with the highest light intensity setting possible, for long term use. Figure 4a shows pressure,
temperature and the concentrations of the trace gases of one of these experiments. Please note that the instantaneous steps of
0.1 K in temperature when switching on and off the light is due to radiative heating of the sensors inside the chamber but not
reflecting a sudden change in gas temperature. After turning on the light the NO2-concentration decreases and the NO- and
Os-concentration rise, the system reaches a dynamic equilibrium after 10-12 min. Using the equilibrium concentrations and
assuming a quasi-stationary state for ozone, the photolysis frequency is calculated by using the following equation and the
reaction rate constant ks = 2.07 x 1012 exp(-1400K/T) [cm3moleculels™] as recommended by IUPAC (Atkinson et al., 2004).
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. _ 1, losl[vo]
J(NOz) = k3 [NO] (1)

The resulting photolysis frequencies for the different temperatures are shown in Fig. 4b. They vary slightly, resulting in a mean
value of (1.58 +0.21 (10)) x 10 s*. Additionally, one experiment was done in pure nitrogen but leading to very similar results.
In comparison, the maximum values for a clear winter and a summer day in Karlsruhe are 3.4 x 10°s'and 6.0 x 10 s
(calculated with the Quick TUV Calculator of NCAR UCAR). Thus, one hour of illumination in the AIDA chamber
corresponds to half an hour solar illumination on a clear winter day at ground level. Regarding the size of the chamber, this is
a significant value. The biggest chamber of PACS-C3 (27 m3) at Paul Scherrer Institute in Switzerland achieves a NO;
photolysis frequency of 2.0 x 103 s by combining arc xenon lamps and black-light lamps (Paulsen et al., 2005). By using
three 4 kW high-pressure arc xenon lamps for the CESAM-chamber (4.2 m3) at the Interuniversitary Laboratory of
Atmospheric Systems in Paris a photolysis frequency of 4.2 x 103 is achieved (Wang et al., 2011). Since the chamber is
higher than other chambers compared to the base area and the LED emissions are conical, uniform and intense illumination is
particularly difficult. Being at the lower end of the illumination intensities still significant improvements based on the fast

development of LEDs in the near future seems possible.
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Figure 4: Pressure, temperatures and concentrations during an actinometric experiment with NO2. The resulting photolysis
frequencies at the different temperatures.

By constructing the light source as a combination of LEDs we achieved an illumination with a similar spectral distribution as
the solar light at ground level as well as intensities which allow to simulate realistic conditions of the atmospheric illumination.
Furthermore the light source has only a small impact on the temperature stability of the chamber. The average gas temperature
increases by 0.7 K per hour for the first 2 hours of illumination with maximum power. This ensures stable simulation conditions
and allows the illumination of clouds at relative humidities close to and above water or ice saturation. An example for this is
shown in Fig. S9. The light source itself can be operated safely between 183 K and 303 K and the irradiation spectrum can be
changed at any point also during the experiments without technical difficulties. This is especially advantageous in comparison

to xenon arc lamps which get very hot and are difficult to handle, for example if one would like to adjust the spectrum by

10
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adding or removing a filter. Especially important for future uses is the light sources adaptability. LEDs can be replaced or

added whenever there is a new technological development or scientific needs e.g. by adding UV-C LEDs.

5 Photolysis of 2,3-pentanedione

Studying the photolysis of 2,3-pentanedione in the gas phase demonstrates also the possibilities the new AIDA light source
offers. 2,3-Pentanedione itself is a yellowish liquid which is used in the food industry for fragrance and flavouring (Burdock,
2002). But it is also emitted into the atmosphere through biological processes in vine and pine trees or formed by ozonolysis
of alkenes (Burdock, 2002; Campo et al., 2006; Grossjean et al.;1998). Furthermore as an alpha carbonyl component, it can be
used as a proxy for similar molecules. Carbonyl components can decompose in the atmosphere through photochemical
pathways, forming radicals (Tadi¢ et al., 2006). The primary photolysis step of 2,3-pentanedione can lead to different radicals
with thresholds at around 340, 350, and 400 nm (Bouzidi et al. 2015; Szabo et al., 2011; Kercher et al., 2005). An overview of
different reaction pathways for the photolysis of 2,3-pentanedione is given in Bouzidi et al. (2014 and 2015). Besides CO; and
CO, the main products of these reaction pathways are acetaldehyde and formaldehyde (Szabo et al., 2011).

PN
(‘? /ﬁ\ /ﬁ)\
CHs C
TN
HC™ 70 “CHy v 0™ CH o+ H,¢” CH
O,
CSHBOZ‘ CHQO CQH4O
2,3-pentanedione formaldehyde acetaldehyde

The aim is to improve the current knowledge about the decomposition behaviour of a—carbonyls and especially 2,3-
pentanedione in the atmosphere. For this purpose photolysis frequencies and product distributions were determined as a

function of temperature and wavelength of the irradiation.

5.1 Variation of temperature

The photolysis frequency j of a molecule is not only dependent on the incoming radiation | but also on the quantum yield ¢,
which for photolysis is defined by the actual number of bond cleavages divided by the number of absorbed photons, and the
absorption cross section o of the respective substance. The latter two as well as the product yields can be temperature dependent
(Seinfeld and Pandis, 2006).

j= ;12 o (A, T)®(, T)I(L) dA @)

As temperature dependencies of the photolysis of other components like NO; (Shetter et al., 1988), ozone (Smith et al., 2000)

or o-methylacetophenon (Scaiano, 1980) are minor it is to be expected that this is also the case for 2,3-pentanedione. But as
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acetylaldehyde and formaldehyde are not the direct photolysis products, a temperature dependence of their formation cannot
be ruled out. Thus the photolysis frequencies, quantum yields, and the product yields were determined in a series of
experiments at five different temperatures (213, 243, 273, 283, 298 K). Employing the PTR-MS the mass concentrations of
acetaldehyde and formaldehyde in the gas phase were measured (see Fig. S4 in supplement). The photolysis frequencies are
calculated by regarding the photolysis as a first-order reaction. This is justified as the data show a linear behaviour on a
logarithmic scale. The slope of the line allows to calculate the photolysis frequency for the respective experiment (see Fig. 5).
The concentration of 2,3-pentanedione decays due to photolysis but especially for the lower temperatures also due to the
adsorption of molecules from the gas phase at the chamber walls. To calculate the photolysis frequency (jerp) of 2,3-
pentanedione (PTD) the mean value of the decay before and after illumination (kw) is subtracted from the decay during
illumination. As the slope is typically steeper before than after illumination, subtraction of the corresponding values instead of
the mean value give the maximum uncertainty for the resulting photolysis frequency.

d[PTD] [PTD];
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Figure 5: Concentrations of 2,3-pentanedione, acetaldehyde and formaldehyde during the experiment. Logarithmic depiction of the
2,3-pentandione (PTD) concentration to calculate the photolysis frequency.

The resulting photolysis frequencies and product yields are shown in Fig. 6 as a function of temperature. The photolysis
frequencies vary only slightly and there is no significant temperature dependence. The wall loss for the experiment at 213 K
before illumination resulted in a stronger concentration decrease compared to during the illumination. As a result only an upper
limit of photolysis frequency, calculated with the wall loss rate after the illumination is given in Fig. 6. It is safe to assume that
photolysis was taking place, even though it is difficult to define a frequency, because the formation of products could be

observed. The mean value for the four photolysis frequencies from 243 to 298 K is (1.03 + 0.15 (10) x 10™) s. Regarding
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photolysis of 2,3-pentanedione alone, this corresponds to an atmospheric lifetime of about 40 minutes on a summer day. The
value for 298 K is not significantly different from the mean with (1.24 + 0.12 x 10**) s, Szabo et al. (2011) observed a
photolysis frequency of 2,3-pentanedione of (1.40 + 0.06) x 10 s at 300 K. This is only 11 % of our measured value. There
are two distinct differences in the experimental setup which could explain the discrepancy. First is the fact that Szabo et al.
(2011) were adding 1-pentene to trap OH radicals, which may be formed through photolysis of 2,3-pentanedione directly or
by the photolysis of one of the reaction products. They account for a 30% higher photolysis frequency without 1-pentene.
Second is the spectral difference of the light sources used. For the experiments of Szabo et al., a combination of two fluorescent
tubes with emission maxima at 312 and 365 nm were used as light source. This results in a narrower spectrum overall.
Additionally the absorption spectrum of 2,3-pentanedion shows a minimum at 325 nm, thus the main photolysis was probably
only driven by the emission of the fluorescent tube with a peak wavelength at 365 nm. Bouzidi et al. (2014) measured at 298
K a photolysis frequency of (3.6 + 0.03) x 10 s and (4.3 + 0.03) x 105 st with and without an OH radical scavenger. These
are already higher values than the results of Szabo et al. But the value in absence of an OH radical scavenger is only 35% and
hence significantly lower than the value we have observed. A major difference is that Bouzidi et al. (2014) uses 2,3-
pentanedione at concentrations of 12-48 ppm, while we use concentrations of 20 — 71 ppb. Thus it is possible that
recombination process play a larger role than in our experiments. As for the experiments reported by Szabo et al., (2011) one
major difference is the light source used (broadband UV lamps: 330-480 nm with a maximum near 370 nm).

The yields of the products of acetaldehyde and formaldehyde were determined, using a simple kinetic model applying the
software KinSim (Peng and Jimenez, 2019) in Igor Pro. The model accounted for the wall loss of 2,3-pentanedione as well as
the photolysis and consecutive formation of formaldehyde and acetaldehyde with the yields x and y. The rate for the wall loss
was set as the mean value kw. The yields and the photolysis rates were fitted to the measured concentration profiles. The
resulting product yields are shown in Fig. 6b, ignoring the experiment at 213 K due to the strong wall losses. The error bars
reflect mainly the uncertainties implied by the wall losses, and to a smaller extent those of the quantification by the PTR-MS
measurement. The yields for acetaldehyde are always higher than for formaldehyde and a strong positive temperature
dependence can be observed. As a temperature dependence of the photolysis itself can be ruled out the different yields have to
be accounted for a change in the reaction mechanism. As there are a lot of possible pathways after the primary photolysis,
either the reaction pathways to the formation of acetaldehyde and formaldehyde are thermodynamically controlled and
decrease with temperature or other pathways are gaining in significance with lower temperatures. One of the formation
reactions of formaldehyde in the reaction mechanism given by Bouzidi et al. (2014 and 2015) is the reaction of CH3O with O5.
Its reaction rate has been studied by several groups. These findings are summarised in Wantuck et al. (1987). According to
their results the reaction rate at 293 K is 1.8 times the reaction rate at 243 K, which may explain our observed temperature
dependence partially. For the formation of acetaldehyde the reaction of C2HsO with O is an important pathway and its reaction
rate has been studied by Hartmann et al. (1990) for temperatures between 295 and 411 K. Their expression for the reaction
rate implies a 1.5 higher reaction rate for 293 K than for 243 K. Even though the expression might not be perfect for lower

temperatures, it shows that the temperature dependence for this reaction pathway may also be considered as explanation for
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our observations. For a temperature of 298 K and without OH radical scavenger Bouzidi et al. (2014) reports yields 0.41 + 0.7,
0.39+0.6 and 7.6 £ 0.005 for formaldehyde, acetaldehyde, and CO, respectively. The yield for formaldehyde agrees with our
observation but the yield for acetaldehyde is significantly lower than the value observed in the AIDA experiments. This may
be due to the different analytical techniques used (PTR-MS vs. derivatization followed by HPLC-UV analysis), the different
light sources or different wall loss rates in the different simulation chambers.
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Figure 6: Left: Photolysis frequencies of the photolysis of 2,3-pentanedione for the experiments at different temperatures and the
photolysis frequencies measured by Szabo et al. (2011) and Bouzidi et al. (2014). Right: The product yields for the corresponding
experiments. The wall loss at 213 K was too high to perform a model run for the product yield. The photolysis frequency for this
temperature shown in the figure is the upper limit with the assumption of a minimal wall loss, equivalent to the value after
illumination.

5.2 Variation of the irradiation spectrum

In addition to the temperature dependent experiments 2,3-pentanedione was illuminated in intervals of 15 min at 298 K by
changing the spectrum of the emitted light. The different spectra are given in Fig. S4. This was achieved by using only a part
of the LEDs. The aim was to evaluate the wavelength dependence of the photolysis. Furthermore, the results were used to
determine a quantum yield of the photolysis. Figure 7 shows the evolution of the 2,3-pentanedione concentration during this
experiment. The yellow parts represent the illumination periods with the corresponding peak wavelengths of the LEDs used
for each illumination. It should be noted that the resulting spectrum is always broader than the specified peak wavelength (see
Fig. S4). For a spectrum which is comprised of the LEDs with the peak wavelengths from 365 nm to 528 nm the resulting
spectrum has an intensity of about 50% from 360 nm to 533 nm as the FWHM for most LEDs is between 10 and 15 nm. The
concentration profile shows that there is no significant photolysis detectable with solely the UV-LEDs in use. This is to be
expected regarding the minimum of the absorption spectrum of 2,3-pentanedione between 300 and 350 nm. On the other hand
the largest impact has the addition of the LEDs with peak wavelengths of 455, 415 and 405 nm. This is also the region were
the absorption spectrum shows a maximum (see Fig. 8). The values for the photolysis frequencies are summarized in Table 1.

It is noteworthy that we can still measure a significant photolysis of 2,3-pentanedione even with an illumination produced of
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LEDs with peak wavelengths well beyond the photolysis threshold of 400 nm. In particular, this applies to the illumination

periods marked as 455 - 528 nm and 475 — 528 nm.
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Figure 7: Concentration of 2,3-pentanedione over the course of several illumination periods with different wavelength
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ranges of light spectra irradiated at 298 K.

The determination of the quantum yield requires a comparison of the calculated photolysis frequency with the quantum yield
equal to one with the observed values (see Table 1). As the photolysis frequency can be calculated as the sum over the discrete

values of the radiant flux J(), the absorption cross section o(A) and the quantum yield ¢(A) the actual quantum yield can be

calculated.
jero = T3 o (A) ()] (D) (5)
=>¢ = JPTDobserved (6)

JPTDcalculated

It should be kept in mind that this value is only valid for our experimental conditions, this includes the illumination conditions
but also chamber specific influences like wall loss effects. One way of accounting for this is to normalise the value with
jnozcalc/jnoz as it was done by Bouzidi et al. (2014) which will be discussed in the following.

The quantum yield is not calculated if only the long wavelengths from 475 to 528 nm are used or if only the short wavelengths
from 305 to 340 nm are used. This is firstly due to the absorption spectrum of 2,3-pentanedione being only available until 450
nm (Szabo et al., 2011). Even with a reasonable extrapolation up to 500 nm the comparison between the photolysis frequencies
for the spectral range of 450 to 500 nm is not valid as the LEDs with a peak wavelength of 528 nm are ignored. Secondly, due
to the minimum in the absorption spectrum in the UV-region the simplification to use a spectrum from 300 to 345 nm when
using LEDs with peak wavelengths from 305 to 340 nm is underestimating the actual available light. This is true for the

complete spectral width but more drastic were the actual spectrum overlaps with the absorption maximum. Furthermore, the
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given uncertainty for the absorption coefficient in the region of 330 nm is up to 40%, adding considerably to the uncertainty
at this wavelength range. Thus, only the values calculated for wavelengths between 300 and 500 nm were used for comparison,
resulting in a mean quantum yield of 0.36 + 0.04. There seems to be no obvious tendency of the quantum yield regarding the
spectral characteristics in the respective wavelength range. Szabo et al., (2011) estimated a quantum yield of 0.41 £ 0.05 for
the photolysis through solar irradiation and Bouzidi et al., (2014) a quantum yield of 0.20 £ 0.02 for illumination with
fluorescent lamps. Considering the uncertainties there is a good agreement between the value determined by Szabo et al.,
(2011) and our experiments, while the value of Bouzidi et al. is about 56 % of our value. If we apply a correction according to
the procedure used by Bouzidi et al. (2014) we result in a quantum yield of 0.45 (jnoz.caic/jnoz2 =1.25). Hence, the difference is

then even larger.
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Figure 8: Top: Measured spectrum of the light source at 3 m height inside the chamber. Absorption spectrum of 2,3-
pentanedione, extrapolated for the part between 450 and 500 nm (Data: Szabé et al., 2011). Upper middle: Product of
radiant flux and absorption spectrum. Bottom middle: Observed photolysis frequencies for the corresponding
illumination at different wavelength ranges. Bottom: Calculated quantum yields for the corresponding wavelength

ranges.

16



415

420

425

430

https://doi.org/10.5194/amt-2021-362 Atmospheric
Preprint. Discussion started: 20 November 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

calculated values observed values
A [nm] jPTD A [nm] jpTD ¢
470-500 | (9.00+0.90)x10°% | 475-528 (1.54+0.13)x10° *
450-500 | (3.50£0.37)x10° | 455-528 (4.70£0.13)x10° *

410-500 | (1.82+0.27)x10* | 415-528 | (6.33x0.11)x10° | 0.350.12
400-500 | (2.24+0.35)x10* | 405-528 | (9.71%0.13)x10° | 0.43+0.08
360-500 | (3.24+0.52)x10* | 365-528 | (1.12+0.01)x10* | 0.35:0.07
320-500 | (3.32+0.54)x10* | 325-528 | (1.04%0.01)x10* | 0.31%0.07
300-500 | (3.29+0.50)x10* | 305-528 | (1.13+0.01)x10* | 0.34+0.08
300-310 | (7.84%1.64)x107 305 (2.61+1.36)x10° *

300-345 | (3.85:1.36)x10° | 305-340 | (5.04+1.41)x10° *

Table 1: Measured and calculated photolysis frequencies of the photolysis of 2,3-pentanedione for different wavelength ranges as
well as calculated quantum yields for a temperature of 298 K. The given wavelengths for the observed values refer to the peak
wavelengths of the outmost activated LEDs. Values marked as * are not reliable because the difference between the estimated
wavelength range and the actual spectral width is affecting the final results too strongly.

6 Photolysis of dissolved organic components

To explore the possibilities the light source at the AIDA chamber offers two further experimental series were conducted. One
system studied is DTDP, a pyridine-derivative, as a proxy for atmospheric brown carbon components, diluted in aqueous
ammonium nitrate and ammonium sulphate solution droplets. A second system consists of ammonium nitrate solution
particles, containing iron oxalate as a photosensitizer and pinonic and pinic acid as typical secondary organic components. For

both systems only the main preliminary results are presented.

6.1 Photolysis of 3,5-diacetyl-2,4,6-trimethyl-1,4-dihydropyridine (DTDP)

DTDP, a pyridine-derivative, is known as an atmospheric brown carbon component (Kampf et al., 2016) which can be formed
e.g. by reaction of acetaldehyde and 2,4-pentanedione in the presence of ammonium sulphate. Its absorption spectrum shows
a strong band around 380 nm (cf. Fig. S6). Therefore, we studied its photolysis in agqueous droplets containing ammonium
nitrate and ammonium sulphate (weight ratios of DTDP:NH4NO3:(NH4)2SO4 of 1:2:1) at the temperatures 264, 273, 283, and

293 K at relative humidities of 70-79 %. The dry diameter of the aerosol particles was 350 nm.
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The illumination of these droplets leads to the depletion of DTDP in the particle phase corresponding to an average photolysis
frequency of (6 + 6) x 10“s*over all four temperatures (see Fig. S7). Even though the exact determination of the mass loadings
of DTDP in the particle phase turned out to be problematic, we can say that the estimated lifetime of DTDP regarding
photolysis in the atmosphere should be in the range of 7-15 minutes. During illumination the production of several components
in gas and particle phase could be observed. 16 of these components could be observed in the particle phase at all four
temperatures studied as well as in the gas phase for three of the experiments. The gas phase data for the fourth experiment is
not available due to technical problems. The mass increases for these 16 components at 293 K is given in the supplement. Two
of these could be identified as 3,5-diacetyl-2,4,6-trimethylpyridine (m/z 205.25) and 3,5-diacetyl-2,6-dimethyl-4-
hydropyridine (m/z 191.23) by comparison with results of Mitsunobu et al. (1971) and Memarian et al. (2004). Two stable
aromatic compounds formed through elimination of H,, CHj3, respectively. The formation of these products is temperature
dependent as shown in Fig. 9 for the case of 3,5-diacetyl-2,4,6-trimethylpyridine. Further molecular structures e.g. by
elimination of CO are possible and a corresponding mass to charge ratio can be found, but a more detailed characterization

still needs to be done.
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Figure 9: Mass increase over the illumination period of the mass peak at m/z = 205 in the particle phase, identified as 3,5-diacetyl-

2,4,6-trimethylpyridine. Dots represent the measurement values. The formation is slower at lower temperatures.
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6.2 Depletion of pinic and pinonic acid by iron oxalate as photosensitizer

The illumination of iron oxalate charge-transfer-complexes leads to the production of radicals particularly OH radicals.
Oxalic acid itself does not decompose through solar illumination. But through the complexation with Fe%*-ions, absorption in
the UV and visible region is possible (Zuo and Hoigné, 1994; Cooper and DeGraff, 1971, Pozdnyakov et al., 2008). Detailed
descriptions of the photolytic decomposition of the oxalic acid and the formation of radicals can be found in Chen et al.
(2007 and 2008) and Pozdnyakov et al. (2008). The radicals can consequently react with water and the organic compounds
in the aerosol particles. We studied the depletion of two organic acids in aqueous droplets containing also ammonium nitrate
and iron oxalate at temperatures of 283, 243, and 213 K at relative humidities of 88, 72, and 55%, respectively. Pinonic and
pinic acids are well known oxidation products of a-pinen (Christoffersen et al., 1998; Yu et al. 1998) which is, alongside
other terpenes, emitted into the atmosphere in large quantities (Guenther et al., 2012). The aerosol particles were generated
by dispersing an aqueous solution of 0.0065 mol I'* pinonic acid, 0.0073 mol I pinic acid, 0.013 mol I'* NH4NO3, and
0.0021 mol I'* iron oxalate or 0,0081 mol I oxalate in the reference experiment. The resulting dry particle diameters were
350 nm. Mass spectrometric data show a decrease in the concentrations of the two acids in the particle phase during
illumination, with the strongest decrease at the warmest temperature (283 K) (see Fig. 10) and a negligible concentration
change for pinic acid at 213 K. Several masses increase during illuminations, of which three could be identified as CgH1.0s,
C10H15NOg and C1oH1sNO7 (see Fig. 10, last panel). Decomposition of pinic and pinonic acid as well as the formation of
products reduce significantly with temperature, which might be partially due to the increased viscosity of the aerosol
particles. The evolution of particle diameter, relative humidity and temperature for the experiment at 283 K can be found in
Fig. S8. A reference experiment at 283 K with oxalic acid, pinonic acid, and NH4sNO3 shows no distinct reduction in the
pinonic acid concentration during illumination. Our analysis results first order rate coefficients of 2-5 x 10 s™* for the decay
of pinonic acid at 283, 243 and 213 K as well as 3-5 x 10 s™* for pinic acid at 283 and 243 K.
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Figure 10: Mass concentration of pinic and pinonic acid, as well as one of the identified products. Bars: Particle phase; line: Gas
phase; grey shading: Introduction of aerosol into the AIDA chamber; yellow: Illumination period. Pinic and pinonic acid reduce
during illumination while the product C10H1sNO7 increases. Due to its instable peroxy structure the product concentration declines

after the end of the illumination.

These results demonstrate that iron oxalate acts as photosensitizer, which can potentially contribute to degradation of organic

compounds in agueous aerosol particles.

7 Conclusions

With the construction of a light source for the AIDA chamber, aerosol formation and ageing studies as well as cloud processes
can now be extended including illumination with light of atmospherically relevant intensities and spectral characteristics. Light
intensities comparable to 25 % of a clear summer day or 44 % of a clear winter day in Karlsruhe are possible. This was achieved
by using a combination of LEDs with 11 different peak wavelengths from 305 nm to 528 nm, with the additional possibility
to change the irradiation spectrum and photon flux at any point during the experiments. Since the LEDs emit only very little
IR radiation the deterioration of the excellent temperature homogeneity of the simulation chamber is relatively small with 0.7
K/h. Therefore, the investigation of the interaction of light with gas phase components, aerosols as well as water and ice clouds
is now possible for simulated tropic to stratospheric conditions.

Characterization experiments show a photolysis frequency for NO of (1.59 + 0.20 (10)) x 10 s in the temperature range
between 213-295 K and a spectral shape similar to the solar spectrum in the UV-VIS range.

First experiments with 2,3-pentanedione prove the applicability of the light source at different temperatures and with different
irradiation spectra. The formation of the photolysis products acetaldehyde and formaldehyde show a distinct temperature
dependence with yields decreasing with decreasing temperature. The photolysis itself is independent of the temperature.
From the variation of the irradiation spectrum we conclude that the photolysis of 2,3-pentanedione is possible for wavelengths
below 460 nm with a mean photolysis frequency of (1.03 + 0.15) x 10 s. The quantum yield for the photolysis was
determined as 0.36 + 0.04.

Further experiments with a photosensitizer and brown carbon components show the variability in photo-aging experiments
now possible in the AIDA chamber as well as first results. This includes an estimate for the atmospheric lifetime of 3,5-
diacetyl-2,4,6-trimethyl-1,4-dihydropyridine of 11+4 min and the identification of the photolysis products 3,5-diacetyl-2,4,6-
trimethylpyridine an 3,5-diacetyl-2 ,6-dimethylpyridine. Additionally a temperature dependent degradation of organic acids in
aqueous droplets through the photosensitizer iron-oxalate could be observed.

Although, the light source so far only generates about 1/3 of the maximum solar irradiation at ground level with a substantial

intensity gradient throughout the simulation chamber it could be shown that this type of light source allows reproducible
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experiments over a wide range of simulated atmospheric conditions and with a large flexibility and control of the irradiation

spectrum. A specific asset of the setup is the large temperature range, over which the studies can be conducted.
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