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ABSTRACT

A continuous-flow reactor and setup compatible with operando X-ray absorption spectroscopy
(XAS) was designed for safely studying liquid-phase reactions on solid high atomic number
transition metal catalysts (e.g., Au, Pd, Pt) under pressures up to 100 bar with temperatures up to
100°C. The reactor has a stainless-steel body, 2 mm thick polyether ether ketone (PEEK) X-ray
windows, and a low internal volume of 0.31 mL. The rectangular chamber (6 x 5 x 1 mm?) between
the PEEK X-ray windows allows to perform XAS studies of packed beds or monoliths in
transmission mode at any position in the cell over a length of 60 mm. A 146° wide-angle beam
access also allows recording complementary X-ray fluorescence or X-ray diffraction signals. The
setup was engineered to continuously feed a single-phase liquid flow saturated with one or more
gaseous reactants to the liquid-solid XAS reactor containing no free gas phase, for enhanced
process safety and sample homogeneity. The proof-of-concept for the continuous-flow XAS cell
and high-pressure setup was provided by operando XAS measurements during direct synthesis of
hydrogen peroxide at room temperature and 40 bar using 35 + 5 mg catalyst (1 wt.-% Pd/TiOz)
and inline near-infrared (NIR) spectroscopy. The experiments prove that the system is well suited
to follow the reaction in the liquid phase while recording high quality XAS data, paving the way

for detailed studies on the catalyst structure and structure-activity relationships.



I. Introduction

Reactions with gaseous reactants or products over a solid catalyst in presence of a liquid phase
are widely-used in industrial chemistry. These reactions are often performed at high pressures up
to 100 bar and mild temperatures of 0—100 °C over supported metal catalysts in the presence of
organic solvents. For example, selective hydrogenations of functional groups, are commonly
performed at 1-10 bar H» partial pressure and 20—100°C, over Ni or noble metals (Pd, Pt, Ru) in
the presence of aqueous or organic solvents [1,2]. Most catalytic hydrogenation reactions require
both elevated H» pressures and liquid phase H> concentrations to proceed at a reasonable rate,
especially if the active component is evenly distributed in the catalyst particle [1,3]. Therefore, H>
partial pressures up to 100 bar at 25-65°C are also described in the literature for liquid-phase
hydrogenations [4—6]. The need for gaseous reactants at high partial pressures also applies to other
reactions, including selective oxidation. For example, selective oxidation of alcohols and
aldehydes in organic and aqueous liquid solvents are commonly performed over noble metal (Au,
Pd, Pt, Ru) catalysts using molecular O2 [7,8].

A solid catalyst in contact with both gas and liquid (i.e., partially wetted catalyst) generally
catalyzes reactions at the gas-solid interface as well as the liquid-solid interface [9,10]. Under high
pressure but mild temperature, the liquid-phase species are commonly nonvolatile, i.e., less than
10% of liquid feed evaporates [9], so that purely liquid-solid processes are the focus of interest:
(1) Feeding a single gaseous reactant and nonvolatile liquids, the nonwetted interior of the solid
catalyst does not contribute to a reaction and lowers the catalyst efficiency [11,12]. Partial wetting
of the catalyst exterior with liquid-filled pores, as found in trickle-bed reactors, is advantageous
compared to full immersion due to lower external mass transport resistance [9,13—15]. (2) Feeding

multiple gaseous reactants and nonvolatile liquids, the heterogeneously catalyzed gas phase



reactions are commonly detrimental to the catalyst stability or process safety. For example, dry
supported palladium potentially ignites H2/O> gas mixtures (oxyhydrogen reaction thermal
runaway) but the same catalyst immersed in liquid forms hydrogen peroxide (targeted direct
synthesis reaction). Heterogeneous liquid-solid catalytic processes, in particular on high atomic
number transition metal catalysts under high pressure but mild temperatures, are therefore of great
industrial relevance.

For economic and sustainable long-term operation, catalysts must be designed with high activity,
selectivity, and stability as prerequisites. To reach this objective through rational catalyst design,
knowledge of the underlying reaction mechanisms and structure-performance relationships of the
working catalyst are essential [16]. X-ray absorption spectroscopy (XAS) is a powerful non-
invasive characterization tool that provides detailed element-specific insights into the catalyst
structure, such as local coordination environment and oxidation states for both amorphous and
crystalline phases [17,18]. XAS is a bulk-averaging method, requiring good sample homogeneity
in the cross section of the X-ray beam to obtain high-quality and representative data on the sample
structure. The experimental challenge of operando XAS studies with a working catalyst therefore
arises from the mutual consideration of two factors. Firstly, precise control of process conditions
and therefore the chemical environment of the catalyst must be obtained, including mass transfer
limitations which may arise at industrially relevant conditions[19]. Secondly, the sample
environment must not impair the data quality of XAS acquisition at the synchrotron facility [19].

Specialized in situ flow cells have been developed to enable XAS studies in the field of
heterogeneous catalysis, mostly for gas-phase reactions [18—22]. Sample environments for high-
pressure and high-temperature catalytic reactions in dense fluids (liquid phase, supercritical fluids)

are also known [23-27]. The latter are preferentially designed as continuous-flow reactors with



immobilized catalysts, allowing catalytic and XAS measurements in a closed system at the same
time [28,29], with online analysis of reaction products (i.e., operando approach) [20]. Despite the
high significance, in situ XAS reactors for high atomic number transition metal catalysts at mild
temperatures but elevated pressure have hardly been addressed.

In this work, we fill the knowledge gap by describing an in situ XAS liquid-solid flow cell
(Section II) and a continuous-flow setup to feed a single-phase liquid flow saturated with one or
more gaseous reactants (Section III). The direct synthesis of HoO> over a supported palladium
catalyst in ethanol at 40 bar demonstrates the proof-of-concept of operando XAS, and shows the

limitations of packed beds in terms of mass transfer rate and pressure drop (Section IV).

I1. Flow cell
X-ray windows — material and sealing
Appropriate materials for X-ray windows require chemical media compatibility, thermal and
pressure resistance, as well as high X-ray transparency. From a technical perspective, beryllium is
an ideal material for XAS studies at elevated pressures [30]. The low atomic number and density
of beryllium leads to excellent X-ray transparency, strength-to-weight ratio, as well as heat transfer
properties [30]. In contrast, care must be taken with beryllium windows to avoid exposure to the
environment. Beryllium metal and compounds including BeO are classified as carcinogenic and
toxic [31,32]. Hence, unless reaction conditions dictate otherwise, beryllium is generally avoided
as a construction material and should be well protected from the environment if used.
Carbon-related materials (diamond [23,33], vitreous carbon [33,34]) and nitrides (BN [23], AIN
[25]) are also commonly applied in high-pressure or high temperature XAS cells. All are hard,

high-strength materials but they have a brittle nature. Their probability of failure increases with



the part dimensions and is subject to a statistical distribution [35-38]. Moreover, surface quality
is important as only polished surfaces free from flaws result in maximum strength [33,35]. This is
inconvenient for catalytic packed beds with hard catalysts and diluting materials (e.g., Si02, TiO2,
SiC) which can potentially scratch the windows, especially if no further protective foils or coatings
are used. Safe dimensioning of X-ray windows with these materials is therefore not trivial.

Semi-crystalline high-performance thermoplastics built on light atoms (i.e., C, H, N, O) feature
low volumetric X-ray absorption, furthermore allowing facile dimensioning through their elastic-
plastic fracture mechanics. Two examples are polyether ether ketone (PEEK) and polyetherimide
(PEI) which feature higher strength and temperature stability compared to standard engineering
polymers (cf. Table S1). We consider PEEK as the preferred high-performance thermoplastic for
XAS studies: it is highly resistant to ionizing radiation [39] and chemically compatible with most
organic and inorganic chemicals including acids and bases, and (halogenated) hydrocarbons.

The performance of PEEK X-ray windows under elevated pressure and mild temperatures has
already been demonstrated for stirred in situ/operando XAS gas-liquid-solid reactors [24,40] with
different sealing concepts. Bayram et al. [40] constructed a low-volume stirred batch reactor from
a commercial 9/16 in. stainless-steel tee fitting by replacing the stainless-steel compression ring
and olive tube fitting with a custom-made PEEK blind plug serving as the X-ray windows. The
low volume batch cell was employed in a catalytic hydrogenation XAS study at 50 bar H> and
100°C [40]. However, the sealing method of pressing PEEK between stainless steel is unfavorable
for larger X-ray windows because it requires very high contact pressures to ensure tightness.
Grunwaldt et al. [24] developed a 10 mL XAS batch reactor cell with a PEEK inset inserted into
a stainless-steel body. The walls of the PEEK inset function as X-ray windows, enabling operando

XAS studies up to 150°C. With additional beryllium reinforcement (0.5 mm thickness), operando



XAS could be performed at 250 bar and up to 250°C [24]. Polytetrafluoroethylene (PTFE) O-rings
sealed the inlet flange [24] by its plastic deformation. The plasticity of PTFE is suitable for simple
XAS flow cells in the low-pressure range. Recently, we developed a XAS flow cell using flat
polycarbonate X-ray windows pressed onto a PTFE body for pressures up to 10 bar [41]. However,
PTFE O-rings are difficult to insert into non-circular geometries because of their plasticity and
stiffness. On the other hand, elastomer O-rings are widely available in a range of dimensions and
material types. For this reason, we consider PEEK as an X-ray window in combination with an
elastomeric O-ring as an optimal choice for in situ/operando XAS flow cells operating under high

pressure and mild temperature.

Flow cell design

The continuous-flow XAS reactor presented in Figure la features a rectangular milled slit
(60 mm x 5 mm x 1 mm, length x depth x width) to incorporate a rectangular-shaped catalyst
packed bed. Alternative catalyst structures are feasible (e.g., monoliths, ceramic foams or 3D-
printed catalytic static mixers [42,43]) provided that an access path for the X-ray beam is available.
All individual parts are described in Table S2. The slit depth of 5 mm was chosen based on a total
absorbance of approx. 2.0-2.5 for a 1 wt.-%Pd/TiO: catalyst around the Pd K edge and a Pd K
edge jump of approx. 0.15. This allows XAS measurements in transmission geometry, which is
the most common and effective acquisition mode in terms of signal quality and acquisition time
[44]. The cell employs 2 mm thick PEEK plates as X-ray windows (Figure 2a). To prevent the
catalyst being blown out under pressure, we incorporated screw-in sinter metal filters
manufactured using electron-beam welding of a sinter metal filter onto a cannulated screw. The

cannulated screws were obtained from commercially available screws (DIN 912 - M5 x 20) by



drilling out a hollow shaft and grinding off the cylinder head and part of the thread. These screw-
in filters (Figure 2b) allow placing the connecting pipes very close to the frit itself to minimize
dead volume. The cell volume between the screw-in filters is 0.31 mL. We note that any porous
filter with a diameter of 4 mm can be used without electron beam welding with no impact on the
function of the cell, although this may result in increased dead volume. These filters can be held
in place (crimped) by correspondingly shortened cannulated screws. For reliable placement of the
cell in the X-ray beam, tapped blind holes were included on one side of the cell (Figure 1b). The
frame without stainless steel crossbars over the X-ray window allows XAS studies in transmission
mode at any position over a maximum total length of 60 mm. We further aimed to obtain a frame
height as low as possible. This also provides beam access over a wide angle (146°) to enable further
X-ray studies with non-perpendicular X-ray beam geometry, e.g., for recording X-ray fluorescence
or X-ray diffraction (Figure 3). The separately detachable frames allow also easy access to
incorporate the sieved catalyst powder or other catalyst structure. The wetted parts of the cell, i.e.,
stainless steel, polyether ether ketone (PEEK) and fluoropolymer rubber gaskets, are compatible
with a wide range of chemicals and thus for a variety of reactions.

A prerequisite for the collection of accurate data is that the concentrations in the measurement
cell are not affected by leakage. Gaseous reactants permeate through PEEK and O-rings via the
bulk solution-diffusion mechanism [45]. A simplified plug-flow model illustrates that permeation
through the PEEK windows is negligible for flow rates higher than 0.001 mL/min (Supplementary
Material, Section SI-3). A helium leak detector system (Pheonix, Leybold vacuum) confirmed a
low experimental leakage rate of the flow cell below 10® mbar L s which is below the usual

acceptable leakage rates of 10°-10 mbar L s [46]. Likewise, the reactor passed the pneumatic



pressure test procedure according to EN 13445-5 [47] for 100 bar nominal operation pressure

(testing pressure 143 bar).

b- cannulated
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Figure 1: (a) Drawing of the assembled in situ continuous-flow XAS cell, numbers refer to list

parts as described in Table S2. (b) Photograph of the manufactured cell.

Figure 2: Detailed view of custom-made parts. (a) Milled PEEK windows and (b) screw-in inserts

with electron beam-welded sinter metal filter.



20 mm
—
Figure 3: Accessibility of the outgoing X-ray beam over a wide angular range, allowing

transmission, fluorescence and diffraction studies on the catalyst.

Maximum operating pressure of PEEK X-ray windows

We considered two failure mechanisms for the PEEK windows. Firstly, the maximum allowable
stress of PEEK may be exceeded. Secondly, “gap extrusion” may cause O-ring scissure, i.e.,
extrusion of the elastomer in the clearance between PEEK plate and stainless-steel body
(Figure S1). We calculated the stresses and deflections of the PEEK plate using finite element
analysis (ANSYS® Mechanical™) on simplified quarter models of the flow cell, respectively (cf.
Figure S2). To address the PEEK material failure, we compared the computed stress to the
maximum allowable stress, a comparative value defined by the yield strength of PEEK (116 MPa,
cf. Table S1) with a safety factor of 1.5 [48]. For a given plate thickness, the pressure was manually
raised until either the maximum allowable stress or the maximum allowable gap for O-rings [49]
exceeded the limits. Firstly, we studied the maximum operating pressure as a function of the X-
ray windows thickness at 23°C, and secondly, we analyzed the temperature-dependent maximum

operation pressure for 2 mm PEEK X-ray windows.
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Above a plate thickness of 1 mm, deflection and gap size is the limiting factor at 23°C. Below
1 mm, the internal stress within the PEEK limits the maximum pressure (Figure 4). However, the
strength of PEEK is strongly temperature-dependent: both yield strength and Young's modulus
decrease linearly over a wide range between -50°C and 100°C and deteriorate as the glass-
transition temperature at 143°C [50] is approached (cf. Figure S3a,b). We modeled material
strength properties (yield stress, Young’s modulus) with a stepwise linear behavior (25-125°C ;
125-140°C) with constant coefficients of linear thermal expansion for PEEK (47x10° K! [51])
and also stainless steel (17x10° K'! [52]). The maximum allowable gap size determines the
maximum operation pressure exceeding 200 bar for temperatures up to 75°C (Figure 5). The
maximum operating pressure increases in this temperature range because of larger thermal
expansion of PEEK compared to stainless steel, i.e., the thermal expansion compensates the
pressure-driven clearance elongation. At higher temperature, the maximum operation pressure is
determined by the stress and decreases rapidly (Figure 5). From a mechanical perspective, the
design concept with 2 mm PEEK plates as X-ray windows is particularly suitable for a wide range

of reactions for high pressures up to 100 bar with temperatures up to 100°C.
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Figure 4: Design of the in situ continuous-flow cell against (a) maximal allowable PEEK stress
and (b) O-ring extrusion at 23°C. (¢) Maximal pressure as a function of PEEK window thickness

at 23°C.

Q
©
=]

(o

o

—&— max. allowable stress; ' —&— max. allowable gap size : 250
—&— calculated stress 0.15 —=— calculated gap size 5
Qo
—n
a . c 3 2001 g— ~m
E E 010] 2 \
=3 P 2 1504 n
= N = \
12} "
1%
£ 2 005 E 1004 -
[ZRUTE o g \
S ]
s 50 .\
0.004
04 L 1]
20 T T T T T T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Temperature / °C Temperature / °C Temperature / °C

Figure 5: Design of the in situ continuous-flow cell with 2 mm PEEK X-ray windows against (a)
maximal allowable PEEK stress and (b) O-ring extrusion. (¢) Temperature dependence of overall
maximum operation pressure with 2 mm PEEK X-ray windows using both stress and gap size

criteria.

X-ray absorption of PEEK X-ray windows

For beamline layouts without mirrors for rejection of higher harmonics, the total attenuation
coefficient of the sample and windows should not exceed 1.5. Our design in this environment is
limited to energies above 20 keV (above Mo K edge) with light-atom support materials (e.g., C,
Si02, A12O3) but not with heavier transition metal oxides (e.g., TiO2, CeOz). Beamlines with high
photon flux and mirrors for rejection of higher harmonics allow to measure samples with a total
absorbance of 2.5-3.0. Provided the catalyst is supported on a light-atom material, our cell
equipped with 2 mm PEEK windows allows XAS studies at the Pt L3 (11.56 keV) and Au L3

(11.92 keV) edges and — with thinner 1 mm windows — reaches as low as the Cu K edge (8.98
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keV); see Figure 6. We note that the absorption of PEEK behaves very similarly to that of dense

COz [26]. Hence, the dense phase inside the cell substantially contributes to X-ray absorption at

low X-ray energies (i.e., below 10 keV), requiring an overall short penetration path [26].
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Figure 6: Attenuation length of PEEK at relevant energies around Fe K, Cu K, Pt L3, Au L3, and

Pd K edges. Data obtained from ref. [53] using PEEK formula Ci9H203 and density 1.32 g/mL

according to ref. [54]. The attenuation length is the depth in the material, measured along the

surface normal, at which the intensity of transmitted X-rays drops to 1/e (= 0.37) of its incident

flux.

I1. High pressure setup

Process design

Two different continuous experimental configurations are possible for solid-catalyzed liquid-

phase reactions involving gases: (i) a three-phase gas-liquid-solid reactor, i.e., feeding both gas

and liquid; (i1) a two-phase liquid-solid reactor feeding a single-phase liquid flow saturated with
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one or more gaseous reactants upstream of the reactor. We consider the latter as a preferred
configuration for in situ/operando XAS measurements, especially in packed bed reactors. Gas
saturation upstream of the reactor (i.e., spatial separation of gas/liquid mass transfer and
liquid/solid mass transfer) guarantees persistent wetting, which is a prerequisite for sample
homogeneity. Experimental setups which take advantage of gas saturation upstream the reactor
have already been presented for high-pressure hydroprocessing reactions with all hydrogen in the
liquid phase [55,56]. In contrast, two-phase flow in a packed bed with particles smaller than
500 um — also known as micro-packed bed (uPB) [57] — is a complex flow pattern influenced by
interfacial tension which exhibits pronounced gas/liquid phase segregation [58]. Insufficient
contact between the liquid phase and the catalyst may lead to drying. In the case of exothermic
reactions (e.g., hydrogenations or the direct synthesis of hydrogen peroxide), this can provoke
thermal runaway or ignition of the reaction mixture and represents a safety hazard. Moreover,
feeding a bubble-free liquid allows to study reactions with gas mixtures in the explosive range,
such as equimolar H>/O> mixtures without inert gas dilution since no free gas phase is present in
the reactor. These process advantages come at the price of higher system pressure: the spatial
decoupling of liquid phase saturation and reaction limits the amount of gaseous reactant through
its solubility in the liquid phase. This requires a high-pressure setup in order to effectively mimic

industrially relevant process conditions.

High-pressure setup
We designed a continuous-flow test rig for operation pressures up to 100 bar and temperatures
up to 204°C (limited by an optical transmission flow cell, in situ XAS cell temperature limit is

lower as discussed earlier) based on many XAS studies of gas-liquid-solid XAS reactors and also
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liquid-solid XAS reactors feeding liquids [28,59—65], see Figure 7. The test rig is constructed to
dissolve two gases A and B in separate plant sections (referred to as “channels"), then mixing their
bubble-free liquid-phase flows upstream of the in situ continuous-flow XAS reactor. Individual
mass flow controllers (EL-FLOW Select®, Bronkhorst) and HPLC pumps (BlueShadow 40P,
Knauer) directly control gas and liquid flowrates respectively, and operate independently of the
system pressure. Hence, the liquid-phase molar concentration of the reactants is specified by the
flows, provided that the system pressure is high enough for complete bubble-free gas dissolution.
The HPLC pumps are equipped with an automatic pump-head flushing (isopropanol, >99.0%,
VWR Chemicals). For continuous inline-saturation, gas and liquid reaction media are premixed in
a side-tee mixing configuration upstream of the gas absorption columns (upstream concurrent
flow). The columns were engineered from stainless steel pipes, 30 cm (length) x 1/2 in. (OD)
packed with coarse silicon carbide (sieve fraction 150-200 um, Alfa Aesar) for an enhanced mass
transfer rate and reduced fluid holdup. The single-phase liquid streams exiting the gas absorbers
are mixed in a regular tee piece. The feed passes either the in situ continuous-flow reaction cell
containing the catalyst, or a transparent hose bypass, 1/16 in. (ID) % 1/8 in. (OD) % 40 cm (length)
for visual confirmation of the gas dissolution level. Perfluoroalkoxy alkane (PFA) tubing (BOLA,
burst pressure 140 bar, recommended maximal working pressure 35 bar) was chosen because of
low gas permeability as well as good mechanical strength and chemical compatibility. Optical
access by means of a transmission flow cell (3/8 in. Process Flow Cell, Ocean Optics) allows an
inline and time-resolved assessment of the liquid-phase concentrations of the reactor effluent by
ultraviolet-visible (UV-Vis) or near-infrared (NIR) spectroscopy. A dome-loaded backpressure
valve (Research Line, Equilbar) controls the operating pressure which is displayed via a standard

Bourdon-tube gauge (type 213.53, Wika). All pipes are made of stainless steel. Pipes before the
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backpressure valve are sized 1/16 in. (ID) x 1/8 in. (OD), while tubing to the liquid product
container is sized 1/32 in. (ID) % 1/16 in. (OD). Flexible stainless-steel hoses were used directly
before and after the measurement cell to allow free positioning in the X-ray beam. A rotameter
with a needle valve sets a flow of nitrogen (technical grade) to continuously flush the feed solution
containers and the liquid product container, both of which are operated at atmospheric pressure.
This secures a reproducible zero-point through a virtually oxygen-free atmosphere in the feed
containers, as well as a non-flammable gas atmosphere below the lower flammability limit (LFL).
The solvent and product containers are connected to the test rig via screw caps (size GL 45) with
three threaded necks (size GL 14, equipped with tube fittings).

Safety note: Catalytic reactions with pressurized gas saturation upstream require special safety
precautions because in many cases oxidizer (e.g., oxygen) and fuels (e.g., hydrogen, hydrocarbons)
are mixed. Safety measures include exclusion of any electronic process measurement and control
devices after mixing gases and liquids in the high-pressure part of the reactor, electrical grounding
of the tubing, reactant gas high-flow mass flow controller shutdown, high-pressure pump
shutdown, nitrogen purging of the containers, and small diameter tubes for minimized liquid
holdup. The total fluid inventory of the high-pressure part of the experimental test rig is less than

50 mL.
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Figure 7: Detailed scheme of the process implementation of the high-pressure setup.

II1. Proof of concept
Direct synthesis of hydrogen peroxide

The developed setup and the in situ continuous-flow cell were tested for direct synthesis of
hydrogen peroxide (H>O2), which is an attractive but as yet uncommercialized green synthesis

route for H>O» synthesis, compared to the established industrial anthraquinone oxidation process
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[66,67]. In this heterogeneously catalyzed reaction, molecular H, and O» are contacted over a
palladium-based catalyst in the presence of a protogenic solvent (water, ethanol, methanol)
[67,68]. The reaction is typically operated between 0—50°C and 1-50 bar [67,68] and is technically
challenging since H> and O form explosive gaseous mixtures over a wide range (4.0-95.2% Hz in
O at atmospheric pressure [69]). In addition, high pressure is preferred due to the limited gas
solubility of H, and O». Elevated reactant partial pressure therefore leads to higher hydrogen

peroxide productivity [70].

Experimental procedure

A 1 wt.-% Pd/TiO; catalyst prepared by wet impregnation [41,71] was contacted in a single-
phase liquid flow of absolute ethanol (> 99.8%, ACS, AnalaR NORMAPUR® VWR BDH
Chemicals) saturated with synthetic air (20.9 + 0.2% O, 5.0 purity, Alphagaz™ 2, Air Liquide)
and H, (5.0 purity, Alphagaz™ 1, Air Liquide) at 40 bar and room temperature. Prior to the
reaction experiments, bubble-free saturation was verified via visual observation in the PFA bypass
tubing with separate dosing of H> and synthetic air, respectively. We found experimentally that
about 3.0 mLnrtp/min of pure Hz dissolves in a flow of 1.0 mL/min ethanol, resulting in a Ha
concentration of 133.8 mmol/L at the outlet of the SiC gas absorber column of the H> channel.
This is close to the thermodynamic limit at 40 bar (136.1 mmol/L at 298.2 K [72]). We were able
to dissolve up to 28.70 mL/min of synthetic air (and thus 6.0 mL/min Oz) in 7.18 mL/min of
ethanol in the O> channel. The synthetic air saturation is not thermodynamically controlled, but
rather kinetically controlled. For both H> and O2, no bubbles were visible for at least 45 minutes.
We note that during this screening, the maximum operation pressure of the PFA tubing was

purposefully exceeded by 5 bar. A 2.5 L volume product collection vessel was used because of the
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high ethanol solution flow rate. The container was flushed with 300 mL/min N> to obtain
nonexplosive conditions below the LFL.

The XAS flow cell was loaded with approx. 35 + 5 mg catalyst (sieve fraction 50-200 pm),
yielding a bed length of about 12 mm. The catalyst was packed between quartz wool, which in
turn was packed between silicon carbide (sieve fraction 50—200 um, Alfa Aesar). The purpose of
SiC layers was to catch fine particles resulting from catalyst attrition which would otherwise clog
the sintered metal filters, causing high pressure drop and ultimately flow blockage. This plugging
method as opposed to pure glass wool was found to achieve a higher mechanical stability of the
packed cell, thus reducing migration of the compact active catalyst zone. The plugging is achieved
by opening the cell from one side and compacting the material in the direction of flow with a fine
rigid wire or spatula. We note that the resulting bed porosity of 65% was higher than the typical
value for a packed bed of monosized spheres (40%). The filling is not enclosed over the entire
circumference (with respect to the compression axis), lowering the effective compressive forces
in the bed. Furthermore, our particle collective was broadly distributed and not spherical.

Operando XAS measurements at the Pd K absorption edge were performed at the CAT-ACT
beamline at the KIT synchrotron radiation source [73] using a 2.5 T wiggler source (40 poles,
48 mm period length) and a double crystal monochromator with a Si(311) crystal pair. The beam
size was 0.6 mm (vertical) x 2 mm (horizontal), allowing the acquisition of XAS spectra at
different positions in the catalyst bed, in particular the inlet and outlet zones. The experiments
were performed in transmission geometry using ionization chambers (Figure 8). To test the catalyst
at different H»:O»> ratios, the ethanol pump rates were kept constant (H> channel: 1.0 mL/min, O2
channel: 7.18 mL/min) but different gas flows were set at the mass flow controllers within the

allowed range (according to prior testing) of the high-pressure setup (Figure 9). Gas flows to obtain
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the exemplified reference and reaction conditions were 1.0 mLnrtp/min Hz, 1.0 mLntp/min Hz and
4.8 mLntp/min synthetic air to yield a H:O; ratio of 1.0 (reactor feed: 16.4 mol/m?), as well as
14.4 mLntp/min synthetic air for the O condition (reactor feed: 49.4 mol/m?). A fiberoptic NIR
spectrometer (multispec® NIR, tec5) coupled to the high-pressure transmission cell monitored the
absorbance of the reactor effluent between 905 and 2400 nm. Overtones of the O-H vibrations are

accessible via NIR absorption, and thus the liquid phase concentration of H>O; and H»O; the latter

is a by-product in the direct synthesis.

Figure 8: Side view of the X-ray transmission experiment with the flow cell attached to the

hexapod for positioning and steel-jacketed tubing for connection to the reaction equipment.
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Figure 9: Top view of X-ray transmission experiment with high-pressure setup next to the X-ray

experimental table.

Results

XAS spectra of the dry catalyst powder loaded in the flow cell (Figure 10) showed partially
oxidized Pd species, similar to previous observations [41]. Introduction of the liquid flow did not
result in higher noise or glitches in the EXAFS region (Figure 10b) highlighting good mechanical
stability of the packed bed. At the same time, gradual reduction of Pd was observed which
continued even after addition of O to the flowing ethanol (O, was added at 2h 10 min after starting

the liquid flow). The exemplary XAS spectra under H2O> synthesis and reference conditions
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(Figure 11) show only subtle but systematic changes with a switch from pure H> to pure O>. The
spectrum under working conditions with equimolar H»:O» ratio shows features of palladium both
in pure H> and pure Oy, respectively, indicating a good quality of the X-ray data. The strong
absorbance peak at 1940 nm, a combination of the bending mode v> and the asymmetric stretch
mode v3 of the H>O molecule (i.e., v2 +v3) [74], is prominent in the NIR spectrum and suitable for
monitoring the reaction (Figure 12a). Following the absorbance at 1940 nm indicates that the
catalyst and the concentration reached steady-state conditions after 2 h of time on stream (Figure
12b). We note that H>O; can also be determined quantitatively in presence of water, e.g., applying
partial least square (PLS) analysis of the first derivative at around 1500 nm or of the second
derivative at around 1400 nm [75,76]. The O-H combination band [74] of H2O2 and H>O is visible

around 2060 nm as a shoulder of the 1940 nm peak (Figure S5).
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Figure 10: (a) Pd K edge XANES, (b) k*>-weighted EXAFS, and (c) Fourier-transformed k-
weighted EXAFS spectra of the dry Pd/Ti10; catalyst and the same catalyst in ethanol flow. Spectra

are recorded near the end of the catalyst bed.
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Discussion

Both XAS and NIR data prove that the developed setup and measurement cell enable operando
XAS spectra of Pd catalysts with effective control of the reactant concentrations. Our flow cell
design with an extended beam path of 5 mm ensures that sufficient catalyst particles are exposed
to the X-ray beam so that the total penetrated sample thickness is relatively uniform. This avoids
spatial inhomogeneities in the packed bed (e.g., pinholes) which can lead to inhomogeneous beam
penetration [22] and decreased XAS spectral quality. Likewise, a catalyst sieve fraction of small
particles improves sample homogeneity [22]. A fine catalyst powder is also advantageous in terms
of external mass transfer and flow distribution. With smaller particles, higher liquid-solid mass
transfer is obtained, and the plug-flow reactor criterion is reached [77]. However, finer particles
can also result in higher pressure drop, which may cause catalyst migration and reactor blocking
with time on stream. For a given catalyst particle system, the minimum tolerable particle size is
limited and depends on particle shape, mechanical stability, and size distributions among other
factors [78]. On the contrary, larger catalyst particles provoke internal mass transfer limitations.
The selection of the particle size fraction is hence an important parameter for operando XAS
studies in packed beds to balance the pressure drop of the packed bed as well as the external and
the internal mass transport rates. Given the intrinsic reaction kinetics, the combination of the
Weisz-Prater criterion, the Mears criterion, and the Ergun equation may be used to assess a suitable
particle size fraction as outlined below. Details of the calculations are given in the Supplementary
Material, Section SI-6 to SI-10.

For the chosen packing method of the 1 wt.-%Pd/Ti0- catalyst, a sieve fraction between 50 and
200 um was found to be suitable for flow rates up to 10 mL/min of ethanol solution, balancing

pressure drop and flow distribution. Assuming the same behavior of 1 wt.-%Pd/Ti0; in ethanol as
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0.5% Pd/(1% C/Al203) in methanol [79] and typical values for the particle porosity and tortuosity
(e = 0.50, T = 4; pra = 20 kg/m?), the H>O, synthesis experiments here were affected by internal
mass transfer limitations. By feeding 16.4 mmol/L of both H> and O, the reaction is so fast (-
ro2/coz = 1 s7) that the effective reaction rate deviates by more than 5% from the intrinsic reaction
rate with particles as small as 30 um in diameter (Figure 13a,b). However, a packed bed of 30 um
spheres (40% bed porosity) causes a pressure drop above 3 bar per centimeter of packed bed length
(Figure 13d) which triggers particle breakdown of the 1 wt.% Pd/TiO; catalyst. On the contrary,
particles larger than 150 pm are affected by external mass transport limitations (Figure 13c). Note
that a reduced amount of the active metal on the support and increased porosity may provide better
catalyst utilization under the same harsh operating conditions. Compared to solvent-free cumene
hydrogenation over a 14.4 wt.-%Ni/Al,O3 catalyst at 100°C, however, internal mass transfer
limitations were found to be negligible for particles larger than 70 pum even at high H»
concentration of 150 mol/m® (corresponding to 40 bar saturation pressure) [80], cf. Figure S6ab.
Furthermore, external mass transport limitations in the packed bed were excluded for particles
below 100 pm, which only cause 0.1 bar pressure drop per centimeter even at a high flow rate of
10 mL/min, cf. Figure Sé6cd.

These two reactions illustrate that the packed bed design is primarily suitable for in
situ/operando X AS studies with moderate reaction rates. The rectangular geometry of our cell with
appropriate X-ray windows and a wide-angle accessibility is also well suited for using structured
catalysts, such as thin catalyst coatings for very fast reactions, but this was not yet addressed in
the present study. The in situ continuous-flow XAS cell and high-pressure setup therefore
constitute a versatile setup for in situ/operando XAS of catalytic reactions, paving the way to a

better understanding of catalyst systems under industrially relevant conditions.
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IV. Conclusions

A versatile continuous-flow XAS reactor with gas and liquid dosing system are presented. The
setup enables operando XAS measurements of liquid-phase reactions over solid high atomic
number transition metal catalysts under pressures up to 100 bar and temperatures up to 100°C. We
detail the design steps taken to ensure high-quality transmission XAS data without compromising
the process engineering aspects, using the example of the direct H.O» synthesis from molecular
H> and O as a challenging heterogeneously catalyzed reaction. The application of the relatively
X-ray transparent thermoplastic PEEK as X-ray windows allows assisted design using finite
element analysis. Moreover, within certain geometric constraints the XAS cell permits
complementary fluorescence and diffraction measurements. The setup allows mixing of two liquid
flows (each mixed with a gas stream) with easy variation of the liquid and/or gas ratios. Single-
phase flow through the packed bed avoids distribution problems known in micro-packed beds. The
catalytic activity can be monitored by inline optical (e.g., NIR or UV-Vis) spectroscopy but also
combined with other online spectroscopic techniques. The functionality was demonstrated with
data obtained on a typical Pd-based catalyst for direct H2O2 synthesis, and the limitations of packed
beds regarding mass transfer and pressure drop were outlined. The application of the presented
cell and dosing unit will offer new possibilities for better understanding the structure and
mechanism of heterogeneously catalyzed reactions at mild temperatures but high pressures, such

as selective oxidation or hydrogenation reactions.

SUPPLEMENTARY MATERIAL
The following files are available free of charge. SI-1, Properties of thermoplastics; SI-2, Part list
of the flow cell; SI-3, Dimensioning of the PEEK X-ray windows; SI-4, Estimation of hydrogen

permeation through PEEK X-ray windows; SI-5, Near-infrared (NIR) spectra of water and
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hydrogen peroxide in ethanol; SI-6, Weisz-Prater criterion; SI-7, Mears criterion; SI-8, Ergun
equation; SI-9, Kinetics of direct synthesis of hydrogen peroxide; SI-10, Kinetics of solvent-free

cumene hydrogenation (PDF).
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NOMENCLATURE

EXAFS, extended X-ray absorption fine structure; ID, inside diameter; LFL, lower flammability
limit; NIR, near-infrared; OD, outside diameter; PEEK, polyether ether ketone; PEI

polyetherimide; PFA, perfluoroalkoxy alkane; PLS, partial least squares; PTFE,
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polytetrafluoroethylene; UV-Vis, ultraviolet—visible; XAS, X-ray absorption spectroscopy;

XANES, X-ray absorption near-edge structure; uPB, micro-packed bed.
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