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Abstract. The dynamic processing of aerosols in the atmosphere is difficult to mimic under laboratory conditions, particularly

on a single particle level with high spatial and chemical resolution. Our new microreactor system for X-ray microscopy facil-

itates observations under in-situ conditions and extends the accessible parameter ranges of previously reported setups to very

high humidities and low temperatures. With the parameter margins for pressure (180-1000 hPa), temperature (~ 250 K to room

temperature), and relative humidity (~ 0 % to above 98 %), a wide range of tropospheric conditions is covered. Unique features5

are the mobile design and compact size that make the instrument applicable to different synchrotron facilities. Successful first

experiments were conducted at two X-ray microscopes, i) MAXYMUS, located at beamline UE46 synchrotron BESSY II,

Berlin, Germany, and ii) PolLux, located at beamline X07DA of the Swiss Light Source in the Paul Scherrer Institute, Villigen,

Switzerland. Here we present the design and analytical scope of the system, along with first results from hydration/dehydration

experiments on ammonium sulfate and potassium sulfate particles and the tentative observation of water ice at low temperature10

and high relative humidity in a secondary organic aerosol particle from isoprene oxidation.
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1 Introduction

Aerosol particles play crucial roles in various atmospheric processes and the Earth’s climate system (e.g., Pöschl, 2005; An-

dreae and Rosenfeld, 2008; Kolb and Worsnop, 2012; IPCC, 2013). Precise knowledge of their physical and chemical properties

on a single particle level (i.e., mixing state, hygroscopicity, viscosity, occurrence of phase separation) is needed to correctly15

evaluate the aerosols’ atmospheric influence. Accordingly, a focal point of current aerosol research is to retrace the dynamic life

cycle of aerosol particles in the atmosphere upon cloud processing, chemical aging, and the associated multiphase processes

(e.g., Mikhailov et al., 2009; Koop et al., 2011; Shiraiwa et al., 2013; Pöschl and Shiraiwa, 2015).

Scanning transmission X-ray microscopy with near-edge X-ray absorption fine structure analysis (STXM-NEXAFS) in the

soft X-ray regime (270-2000 eV) has become a widely used and powerful technique to resolve the micromorphology and20

chemistry of laboratory and ambient aerosol particles on submicron scales (e.g., Moffet et al., 2011; Shakya et al., 2013;

O’Brien et al., 2015). However, most analyses of this kind were conducted on dried particles impacted on sampling substrates,

representing a strongly altered state in relation to the particles’ microphysical conditions in the atmosphere. Accordingly, some

studies on laboratory generated standard aerosols have combined STXM-NEXAFS analyses with observations under more

authentic atmospheric conditions, such as varying relative humidity (RH) levels (e.g., Ghorai and Tivanski, 2010; Zelenay et al.,25

2011a, b, c; Steimer et al., 2014). Ambient aerosol particles, which we investigated with STXM under varying RH conditions,

showed remarkable changes in microstructure and phase state as a function of RH (Pöhlker et al., 2014). While these initial

studies have provided interesting insights into the dynamic life cycle of aerosol particles in the atmosphere, results of this

kind - particularly on collected ambient particles - have remained sparse due to technical challenges in reliably controlling the

temperature (T), pressure (p), and RH over the sample throughout the course of the already challenging STXM experiments. As30

an example, the comparatively simple experimental setup in Pöhlker et al. (2014) was inherently limited by low p conditions,

RH < 87 %, and unregulated T.

Here, we present the development of a gas flow system coupled with a microreactor as an accessory for STXM instruments

for in-situ studies of particles in a controlled gas-phase environment, we emphasize its analytical capabilities and show initial

results. The instrument’s design and construction was inspired by previous developments of environmental chambers for X-ray35

microscopes, namely by Drake et al. (2004), de Smit et al. (2008), Huthwelker et al. (2010), and Kelly et al. (2013). The

microreactor system has been developed according to the following requirements:

– Compactness and portability:

facilitating compatibility of the system with different STXM instruments and application at different synchrotron sites

– Minimal optical path length:40

accounting for short focal lengths in STXM optics, e.g., to allow measurements at the carbon (C) K-edge and at even

lower energies
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– Maximum sample compatibility:

suitable for standard silicon nitride membrane windows (500 � 500 µm2) operated at up to 1000 hPa pressure difference

between the inside of the microreactor and the surrounding STXM enclosure, quick and safe sample (un-)mounting45

– Reliable and stable parameter control:

environmental parameters p, T, and RH tunable over a wide value range; particularly, humidity control in high RH regime

(i.e., 80 % RH up to saturation) and control over T down to 250 K for kinetic studies and freezing experiments

– Extension options:

interfaces to the gas supply circuit for the introduction of reactive atmospheres to study particle/gas phase reactions (e.g.,50

ozonolysis)

2 Technical Description

2.1 Control System Design

The control system is of compact size: The gas mixing and cooling circuits, along with the power converters and electronics

are integrated into a 19-inch enclosure with a height of 4 rack units (total dimensions: 37 � 48 � 17:5 cm3). The relevant parts55

of these circuits and the positions of the environmental sensors (BME280 by Bosch Sensortec (2019)) therein, which were

used throughout the system to trace changes of the p, T, and RH values are shown in Fig. 1. The only external supplies needed,

besides mains voltage, are a vacuum pump and a source of pressurized process gas, such as nitrogen or synthetic air, but

preferably helium to achieve the best signal-to-noise ratio across all reachable absorption edges. However, provision was made

for operation under reactive (e.g., ozone-enriched) atmospheres by using external gas supplies, indicated by the orange dashed60

line in Fig. 1, which can be attached to the system via designated ports.

The tasks of control and data acquisition are performed by the so called ’VBUS system’, which has been developed at the

Max Planck Institute for Chemistry (MPIC). This miniature measurement system consists of microcontroller-based electronic

modules and a flexible software environment including scripts and a graphical user interface (GUI). An example GUI screen-

shot is provided in the supplementary Fig. S1. The gas humidification system is similar to the one used by Huthwelker et al.65

(2010) and mixes wet and dry gas flows to provide a process gas of desired humidity. Upstream, two Bronkhorst® IQ+FLOW®

IQFD-200C mass flow controllers (MFC) assure that the combined flows equal 20 mL min�1. By running one of the gas streams

through a Permapure Nafion humidifier (MH-110-24F-4, 60 cm length), the RH directly after the humidifier can be increased

to up to 70 % RH at ambient system temperature and should not exceed this value to avoid condensation inside the control sys-

tem. The RH values are measured, along with p and T, at three locations within the circuit by Bosch BME280 environmental70

sensors (Bosch Sensortec, 2019), indicated by circles in Fig. 1, labeled with "p, T, RH" and named accordingly: S1) is located

directly downstream of the humidifier. Its RH value is taken as the control variable, which is continuously checked at a rate of

4 Hz against a desired set point. The RH reading typically fluctuates by about �0.05 % RH, which can be taken as the relative

accuracy of the software-implemented proportional-integral (PI) controller that steers the MFCs’ flows; S2) measures p, T, and
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Figure 1. Gas Flow and cooling system schematics of the entire system. Left: X-ray microscope chamber with sketched microreactor. Refer

to Fig. 2 for a detailed view of the microreactor. Right: 19-inch enclosure that includes the control system. S1-S4: p, T, RH environmental

sensors (Bosch BME280); M: Solenoid operated shut off valves (Bronkhorst® EV-02-NC-V); TC: Thermocouple (Omega™ 5TC-TT-TI-4)

RH values inside the microreactor close to the sample; S3) sits symmetrical to S1 in the return flow. This sensor is particularly75

useful to detect losses due to leaks or condensation inside the flow system. S1 and S3 are interfaced via the Inter-Integrated

Circuit (I2C) bus, S2 is mounted onto a separate printed circuit board (PCB) with Serial Peripheral Interface (SPI) capabilities

(compare with Fig. 2).

Stable temperature, T, is critical for accurate RH control. Therefore, our design includes a closed circuit active cooling

system, which combines a Twinbird Corp. SC-UB04 Free Piston Stirling Cooler with a HNP Mikrosysteme mzr®-2921 micro80

annular gear pump. As a coolant the hydrofluoroether C4F9OC2H5 was used, commercially available as 3M™ Novec™ 7200

Engineered Fluid. By controlling the pump speed between 0.3 and 18 mL min�1 via a second software PI-regulator that takes

the T value from inside the microreactor as the control variable, temperatures between the ambient T and 250 K can be set.

The T control system stability, the sensor characteristics, and possible applications for the cooling capabilities will be detailed

in section 3.85
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