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Abstract: A combination of transient methods in a laboratory-scale trickle bed reactor and attenuated
total reflection (ATR)-infrared spectroscopy was applied to gain insight into the reaction mechanism of
the direct synthesis of hydrogen peroxide (DSHP) on a commercial 5 %Pd/C catalyst, with water and
methanol used as solvents. During the transient studies, after the switch from water to methanol, an
oscillatory pattern was observed in which methoxy and hydroxymethyl species were observed prior to
the peroxide species. From the specific position and the maxima in the intensities of these species over
time, an augmented reaction scheme for the DSHP in methanol was proposed, in which methanol can
form hydroxymethyl species which act as co-catalysts to reduce absorbed oxygen species.

Keywords: direct synthesis of hydrogen peroxide; transient studies; solvent effect; in situ FTIR-ATR

1. Introduction

Hydrogen peroxide is widely considered to be a promising and green oxidant because
it produces only water as a stoichiometric co-product and thus avoids toxic waste. The
current industrial method of producing hydrogen peroxide is the anthraquinone process
in which 2-alkyl-anthraquinone is first reduced to 2-alkyl-anthrahydroquinone [1]. In
consecutive steps, the latter is re-oxidized while producing hydrogen peroxide. The process
is cumbersome and involves the recirculation of the working solution in which by-products
and impurities are accumulated. The anthraquinone process is profitable only in very large
production scales.

As an alternative, the direct synthesis of hydrogen peroxide (DSHP) can be achieved
from hydrogen and oxygen in green solvents such as water and alcohols. In recent years,
extensive research efforts have been devoted to direct synthesis, from catalysts to kinetics,
reactors and process concepts. Palladium and gold are catalytically active metals in direct
synthesis. Through direct synthesis, it is possible to reduce the cost of separation, as well
as lowering the overall energy consumption [2-5]. The mechanism for this reaction does
not follow a classical Langmuir-Hinshelwood model. Instead, it has been shown to work
similarly to an oxygen reduction reaction (ORR), as reported by Wilson and Flaherty [6,7]. In
this mechanism, they propose that a proton—electron transfer takes place to reduce the oxygen.

A major role in the reaction is played by the selected liquid phase [8-10]. It has been
shown by several groups that the reaction can only proceed in protic solvents such as
alcohols and water. In aprotic solvents, the reaction does not take place. Even in protic
solvents, the choice of solvent has a major influence on the yield of hydrogen peroxide and
selectivity. In an aqueous environment, significantly lower concentrations of hydrogen
peroxide are obtained, compared to alcohols. This has been traditionally regarded as a
result of the higher gas solubilities in organic solvents [8,10,11]. However, it has been
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shown that the reaction shows a first-order dependency on the hydrogen and a zero-order
dependency on the oxygen partial pressure in ethanol [12,13] and methanol [6], in contrast
to the first-order dependency it has on both reaction gases in water. This stands in contrast
to the earlier findings of our group [14,15], wherein first-order kinetics were found for both
reactants. Additionally, this observation cannot be explained by the higher solubility, but
suggests the participation of the protic solvent in the reaction itself.

Based on these results and in order to further elucidate the mechanism of direct
synthesis, we applied transient techniques in a laboratory-scale trickle bed reactor (TBR),
which has previously turned out to be a potent reactor set-up for the DSHP [16-18], to study
the role of protic solvents in the DSHP. Transient methods have significant advantages
in comparison to classical steady-state experiments. With steady-state experiments, it is
possible to create a global reaction scheme and an overall rate equation. However, this only
allows for limited access to elementary reaction steps on the surface of the heterogeneous
catalyst. In contrast, by disturbing the steady state and measuring the response of the
system after a step-change at the reactor inlet, it is possible to elucidate the reaction
mechanism in a more detailed way. Transient experiments have mainly been applied
for gas—solid or liquid—-solid systems by changing, for example, the flow, temperature,
concentration or isotopic distribution [19-22]. Nonetheless, it was possible to implement
the transient method in the three-phase system by using alcohols as model compounds for
protic solvents in DSHP. To achieve further knowledge and better understanding of which
species in reality are involved in the reaction, FTIR-ATR experiments are applied in the
present work. ATR as a spectroscopic method based on the use of infrared radiation is a
powerful tool to gain insight in reaction mechanisms, due its high surface sensitivity. It
is possible to detect surface intermediates on heterogeneous catalysts during the reaction.
In contrast to diffusive reflectance infra red Fourier transformed spectroscopy (DRIFTS),
however, it can be applied to three-phase systems [23].

2. Results and Discussion
2.1. Solvent Step Experiments in TBR

In all the solvent step experiments, it was found, in agreement with previous experi-
ments from Wilson and Flaherty [6] and Biasi et al. [16-18], that after a switch to the alcohol
mixture, an increased concentration of hydrogen peroxide was detected. The change of
the solvent feed resulted in a sharp step-change in the methanol concentration, suggesting
minimal axial dispersion and back-mixing in the catalyst bed. Based on this observation,
we excluded the impact of flow dynamics on the shape of the step of the hydrogen perox-
ide concentration. To minimize the influence of internal mass transfer limitations on the
pores of the catalyst particles, the catalyst was applied as a finely dispersed powder. The
exclusion of internal mass transfer limitations for this catalyst has been shown previously
in the work of Gemo et al. [14]. As a result, the shape of the concentration response is
predominantly dependent on the intrinsic reaction steps. After the switch from water to
methanol (Figure 1), we expected a step shape that follows a similar contour to that of the
solvent step. However, the concentration profile of hydrogen peroxide started to undergo
a pattern of two major maxima and two minor maxima, which are incorporated in an
oscillatory pattern. The concentration pattern was repeated, but with a declining amplitude
approaching a steady state. This behavior was reproducible, as reported in detail in the
Supplementary Information.

The amplitude of the pattern as well as the relative positions of the concentration
peaks after the change to methanol shifted with a change in the concentration, with the
first maxima used as a reference. By lowering the concentration of methanol in the reaction
mixture, the oscillation pattern was stretched, leading to a flattening of the pattern. The
change in the relative position of the maxima is displayed in Figure 2. The height of the step
differs significantly, ranging from around 1.7 up to 5 times the concentration of hydrogen
peroxide reached in water. In contrast, the steady-state concentration only ranges from
1.5 to 2.3 times the maximum concentration of hydrogen peroxide reached in water. It
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seems that the steady state cannot be influenced predominantly by the concentration of
methanol used in the system. A similar effect was observed when changing the temperature
(Figure 2). By lowering the temperature, a similar stretching as well as a lowering of the
maximum amplitude to 2.7 at 10 °C, or 2.2 at 5 °C, was observed. This influence of the
concentration of methanol on the length pattern indicates that the pattern is a direct result
of the available methanol for the reaction. This is further suggested by the strong increase
in the height of the maximum with increasing methanol concentration. The concentration
dependency shows a strong parabolic shape. This cannot be explained by the higher
solubility of the reaction gases in methanol, which would demand a linear increase in
the amount of hydrogen peroxide produced. The steady state remained, besides small
differences, without any major change.

Methanol 100%
°] Max 1 Max 2 Methanol 50%
g Methanol 10%
7 -
S 6
s
S 5
= Max 1
Q 4-
T _ Max 2
(&) 3
T Max 2
2 Max 1
1 -
10 20 30 40 50 60 70

time since switch (min)

Figure 1. Relative transient response of ratio of hydrogen peroxide concentrations (—zasued ) with

Csteadystatewater

a change in methanol concentration after the switch from water to different methanols (8 = 15 °C).

Even when using different alcohols, a similar dynamic pattern was observed. As
seen in Figure 3, an increasing substitution of the hydroxylic carbon led to a proceeding
separation of the first two and the two last maxima, or in case of 2-propanol, to a rapid
decline in the concentration of hydrogen peroxide after the two first maxima. For the
amplitude of the concentration pattern, no coherent trend could be found, so a decrease
in the maximum amplitude from a factor of 5 to a factor of 3.1 in comparison to water
was observed in ethanol. However, by shifting to 2-propanol, the factor measured levelled
around 5.2 again. These observations suggest that at least two or more effects overlap
each other. By using HPLC analysis, we observed additional signals which followed a
similar pattern to the concentration of hydrogen peroxide, but with a phase delay. These
signals could be attributed to formaldehyde and methyl formate when using methanol and
acetaldehyde or acetone for ethanol and 2-propanol, respectively. Especially for 2-propanol,
high concentrations of acetone were detected. The position of the maximum of the patterns
of the dehydrogenation product at the same time as the dehydrogenation products reveals
that their formation is directly related to the formation of hydrogen peroxide, since their
concentration decrease rapidly after the concentration of hydrogen peroxide decreases.
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Further, it indicates that under the conditions present at the time of the maximum, hydrogen
peroxide favors the formation of dehydrogenation products.
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Figure 2. Concentration and temperature effects on the shape of the transient response. (A) relative
times of the maxima in the hydrogen peroxide concentration at different methanol concentrations,
(B) relative times of the maxima in the hydrogen peroxide concentration at different temperatures,
(C) height of the first hydrogen peroxide maximum as function of methanol concentration, and
(D) height of the first hydrogen peroxide maximum as function of temperature.
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the corresponding dehydrogenation of the products of alcohol (8 = 15 °C). (A) methanol, (B) ethanol,
(C) iso-propanol.

2.2. Gas-Step Experiments

By changing the gas flows, we were able to see the dependencies of the concentrations
on the reactants. Switching the gas flow from hydrogen to oxygen led to a small peak in the
hydrogen peroxide concentration when the hydrogen flow was only applied with methanol,
as illustrated in Figure 4. In contrast, a 100-fold higher concentration of hydrogen peroxide
was observed after a switch from oxygen to hydrogen. This observation suggests a strong
dependence of the reaction on the oxygen surface concentration. This was accompanied
by a delayed peak of formaldehyde and methyl formate after the hydrogen peroxide
peak in both cases. However, 10-fold higher concentrations of both dehydrogenation
products are observed in the hydrogen-deficient environment, as observed after the switch
from hydrogen to oxygen. Additionally, this observation in combination with the pattern
observed in the solvent step experiments indicates the reason for the strong minimum in
the transient oscillatory pattern observed. It can be concluded that the minimum in the
hydrogen peroxide concentration is a result of strong hydrogen deficiency on the catalyst
surface, as indicated by the high concentrations of dehydrogenation product. By varying
the exposure time, no major changes in the peak shape were achieved.
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Figure 4. Transient responses of the hydrogen peroxide concentration, formaldehyde (FA) and
methyl formate (MF) concentrations in methanol after the switch from (A) hydrogen-to-oxygen feed
(B) oxygen-to-hydrogen feed.

2.3. Solvent Step Experiments in ATR

The response of the system after the change of solvent is displayed in Figure 2. Firstly,
it is observed that the bands at 1018 cm ™! (v(C-O)), 2945 cm ™! (v(C-H)) and 1450 cm ™!,
assigned to methanol, rise steeply directly after the switch from water [24-26]. A similar
but delayed rise was observed with the bands at 3317 cm ™! [27,28] and 3240 cm ™ [28,29].
These bands are attributed to the (vO-H) vibration of the hydroxymethyl species and the
peroxide species, respectively. At 856 cm~!, a small band was observed, which decreases
in intensity after the switch but is recovered; this is the (vO-O) vibration of absorbed
oxygen [29-33]. In addition, the vibrational band of methoxy species (1373 cm ') slowly
intensifies after methanol is applied [34,35]. Figure 5 depicts how the aforementioned band
progresses over time after the switch to methanol (a series of full spectra is visible in the
SI Figures S6 and S7). All of the observed bands are shown in Table 1.

—— MeOH
1.0 4 Peroxide
—— Hydroxymethyl
Methoxy
0.8 4

Oxygen abs

Absorbance [a.u.]
o o
£ (]

1 1

©
N
1

0.0

T T T T 1
120 125 130 135 140 145 150
TOS[min]

Figure 5. Evolution of the ATR spectra after the switch from water to methanol.

Table 1. Overview of important bands during the ATR experiments.

Band Species Frequency Source
v (0-0) Oxygen (ads) @ 856 cm 1 [29-33]
v (C-0) Methanol 1018 cm ! [24-26]
v (CH3) Methoxy 1373 cm~! [34,35]
v (O-H) Hydroxymethyl 3317 cm ! [27,28]
v (O-H) Peroxide 3240 cm ! [28,29]

2—very weak.
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As seen in the studies carried out in a laboratory scale trickle-bed-reactor, the transient
response of the hydrogen peroxide concentration to this kind of solvent switch exhibited
an oscillatory pattern in which the dehydrogenation products of methanol are found. In
contrast to the large amplitude of the oscillation observed in the trickle bed reactor, the
oscillations are smaller in amplitude, and no bands corresponding to formaldehyde species
were detected. The pattern in which these oscillations appear in the ATR spectra shows that
firstly, organic products, more specifically, methoxy species and hydroxymethyl species,
emerge after the sharp edge of the band related to methanol and after the introduction
of methanol into the system; then, the adsorbed oxygen and peroxide rise in intensity.
On top of these oscillations, the different targeted bands show behaviors that are quite
distinct from each other. It is evident that firstly, the hydroxymethyl and then methoxy
species reach a maximum in intensity. This maximum of the methoxy species is meanwhile
positioned in-between the two maxima of the peroxide concentration. After the sharp drop
due to the choice of water as baseline, the band attributed to the hydroxymethyl species
rises again slightly and achieves a stable level of absorbance. This happens after the second
peroxide peak, as seen in Figure 6.

0.4 4 Peroxide
—— Hydroxymethyl

=
9,
© 0.2
o
C
©
o L
2 P "
S v
el
<

0.4

-0.6 T T T T 1

7500 8000 8500 9000 9500 10000

TOS [s]
Figure 6. Transient behavior of peroxide and hydroxymethyl species.

Two conclusions can be drawn from these observations. Firstly, the formed methoxy
species are not directly connected to the formation of hydrogen peroxide, in contrast to
the hydroxymethyl species. This assumption is supported by the simultaneous rise of
the hydroxymethyl species and the peroxide. Secondly, the following second maximum
of the hydrogen peroxide signal and the decline of the hydroxymethyl signal indicate a
consumption of the latter species during the formation of hydrogen. The rise of methoxy
species during this consumption reveals the origin of the dehydrogenation products that
are observed in the solvent and gas step experiments. These products are formed by the
consumption of hydroxymethyl species during the formation of hydrogen peroxide during
hydrogen deficiency, as observed in the gas step experiments.

Combining the knowledge gained from the FTIR-ATR experiments, the mechanism
behind the oscillatory pattern is revealed to be closely related to the availability of hydrogen.
During the first maximum, hydroxymethyl species are formed, thereby accelerating the
formation of hydrogen peroxide. During this period, hydrogen is consumed in two pro-
cesses. Firstly, the hydroxymethyl species are regenerated with available surface hydrogen,
as indicated by the absence of dehydrogenation products, as well as the consumption of
hydrogen in the classical ORR-mechanism. These processes consume hydrogen faster than
the mass transfer of hydrogen from the gas phase to the catalyst surface, therefore limiting the
availability of hydrogen on the surface. The second maximum is related to the formation of
hydrogen peroxide in the hydrogen deficiency from hydroxymethyl species, thereby leading
to the formation of the dehydrogenation products due to a lack of hydrogen for the regenera-
tion and consumption of hydroxymethyl species, as observed in the FTIR-ATR experiments;
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this is also due to a significant decrease in the concentration of hydrogen peroxide. After
this minimum, the system stabilizes around a new steady state. From these observations,
a reaction scheme is proposed, as displayed in Scheme 1. These results are similar to those
independently observed by Flaherty et al. [28] in a semi-batch reactor. This further proves the
very essential role of the solvent in the direct synthesis of hydrogen peroxide.

*

H, + 2 2H
02 + Kok —_— 02* *
0"+ H' =—= oon™ -+ *
ooH™ + ¥ —> HO0," . *
Reaction in Methanol
% *
CH;OH + #  ~——> (CH0 + H
. *
CH;0H + Hk ~—— CH,OH + H *
* sk - * *oE
CH,OH + (O ~——— CH)O + OOH
* ok . * w3k
CH,0H + OOH =<~=——= C(CH,0 + H,0,
*
0t +  HY  =——= CHOH + .
CH,0" == CH,0 + .
o0;* _ 5 20
of + H ——» oH" + .
OH* + * _— HzOﬂ< + *
*% * *
OoOH + H ——> 20H + *
*
H,0,™" — > 20H
HZOZ* * —_— H202 + 3k
X* D ———
Hzo Hzo + *

Scheme 1. Proposed reaction steps based on the solvent step FTIR-ATR experiments and the previous
studies from the direct synthesis reaction in water with * and ** representing free sites.

3. Experimental Section
3.1. Materials

5% Pd/C-powder (Sigma-Aldrich, Espoo, Finland) was used as the catalyst as received.
Methanol for HPLC (Sigma-Aldrich >99.9%), ethanol (Altia Etax Aa >99.5%), 2-propanol
(Honeywell, Espoo, Finland >99.5%) and deionized water (R = 16.9 M()cm) were used as
reaction media. All gases, namely CO,, 5%H;/CO,, and O,, were supplied by AGA gas
with 99.99% purity.

3.2. Reactor Setup for the Experiments

The experiments were carried out in a co-current down-flow trickle bed reactor (TBR).
This reactor setup allowed a flexible variation of temperature, solvent, gas feed and liquid
residence time. The experimental set-up is shown schematically in Figure 7. The reactor
was made of AISSI 316 stainless steel, with a 30 cm length and a 1.5 cm inner diameter.
To avoid decomposition of HyO, due to exposure to Fe3* ions, the reactor was passivated
with 40% nitric acid for 4 h. A maximum bed length of 20 cm can be accommodated
in the reactor tube. To regulate the temperature, the reactor was fitted with a cooling
coil connected to an external chiller (Grant LT D6G), which allows reaction temperatures
between —20 °C and 60 °C. The gases were fed via three independent mass flow controllers
(MFC, Brooks'’s 5850 series). All MFCs were calibrated for actual mass flow with a digital
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flowmeter (Humonics 520). The flow rates were calculated with mixture densities, which
were calculated using the Soave-Redlich—-Kwong equation of state with the Boston-Mathias
modifications through Aspen Properties V10. A back pressure controller (Equilibar) was
used to regulate and control the pressure in the reactor. Liquid was fed via a syringe pump
(Eldex) which was fitted with a two-way valve to allow for switching between different
solvents during the experiment. Gases and liquids were mixed in the upper part of the
reactor system before the catalyst bed. The reactor temperature was controlled using a
thermocouple (K-Type, Labfacility Ltd., Bognor Regis, UK) located directly in the catalyst
bed. At the reactor outlet, the product stream could be directed either to the liquid waste or
to a gas-liquid separator, consisting of a three-neck round-bottom flask from which liquid
samples were taken via a peristaltic pump (Heidolph Pumpdrive 5206), and gas samples
via a 100 pL syringe. The piping system consisted of stainless steel AISI 316 with ! /g inch
size elements. In the reactor, the catalyst bed (0.5 cm) was fitted between two plugs of
glass wool. Downstream of the catalyst bed, quartz (Merck pro analysi) was used to locate
the bed in the isothermal zone of the reactor. Quartz was used upstream to allow for mixing
of the liquid and the gases. For safety reasons, the whole set-up was located in a fumehood
equipped with a hydrogen sensor.

1

9,

D(} 13

7 Gas Sampling

Liquid Waste Liquid Sampling
5

Figure 7. Schematic experimental apparatus. (1, 2) Solvent bottles, (3, 4, 5) gas bottles: CO,,
5%H;/CO,, O, (6) syringe pump, (7) mass flow controller (MFC), (8, 9) two-way valves for stopping
the gas flow, (10) cooling coil, (11) thermostat, (12) trickle-bed reactor, (13) back pressure controller,
(14) gas/liquid separator, (15) peristaltic pump.

3.3. Solvent Step Experiments

The solvent step experiments were carried out with 150 mg of 5 %Pd/C (catalyst
powder mixed with 3 g of quartz) at P = 20 bar, V) = 1 mL-min! and Vg =4 mL-min—1.
All the experiments followed a similar procedure. Firstly, the loaded reactor was brought
to a working pressure of 20 bar with CO, and then exposed to the reaction gas mixture
(4% Hy, 76% COy, 20% Oy) for 1 h. CO, has been proven before to enhance the direct

synthesis with a combination of two main effects. The first is its tendency to form carbonic
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acid. Acidic solutions are known to stabilize and enhance direct synthesis. In addition,
CO; is known to significantly increase the volume of solutions under pressure, leading to
higher concentrations after relaxation. These factors make CO; an attractive co-fed gas to
enhance possible changes in concentrations after a solvent switch. [36,37] The liquid flow
was started using pure water as the feed. The time at which the first droplet of liquid was
visible at the outlet was marked as ty. From then on, ca. 700 uL of the liquid sample and 50
uL of the gas samples were withdrawn every 20 min until 80 min. After this period, the
feed was switched to the alcohol mixture, followed by a waiting period of 10 min; every
2 min, a sample was taken and analyzed. Each experiment was carried out three times.
Following this procedure, three types of solvent step experiment were conducted:

Investigation of the influence of the alcohol concentration on the shape of the step
response. For these experiments, the reaction temperature was fixed at 15 °C. Methanol
was used as a model compound. To examine the influence of the alcohol concentration
on the step shape, the experiments were carried out at three different concentrations of
methanol: 10% in water, 50% in water and 100% were chosen, respectively.

Investigation of the influence of the temperature on the shape of the step response.
The temperature effect was studied using methanol as the solvent. All chosen temperatures
were kept low to minimize the potential influence of the product decomposition on the
step shape. The experiments were carried out at 5 °C, 10 °C and 15 °C.

Investigation of the influence of the type of the alcohol on the step shape. To investi-
gate the effect of different alcohols as potential reducing agents, alcohols with increasing
substitution of the hydroxyl carbon were selected. For this reason, methanol, ethanol
and 2-propanol were used in the experiments. During these experiments, the reaction
temperature was 15 °C.

3.4. Gas-Step Experiments

To investigate the effect of the surface concentrations of the gases on the reaction, gas-
step experiments were applied. Similar conditions to those of the solvent step experiments
prevailed. The general procedure was analogous to the solvent step experiments. After the
pressure was reached, the dry catalyst was shortly exposed to one of the selected gases before
the methanol feed was switched on. The gas feed was switched to the other gas after a variable
time. The conducted experiments can be categorized two ways, as described below.

The influence of the surface concentration of oxygen on the reaction. Following the
general procedure, the catalyst was exposed to 20% O, in CO; for 1 h with methanol,
after which the gas mixture was changed to 5% H; /CO,. After the switch, a sample was
withdrawn (=500 uL) in one minute intervals. The sampling period was varied based on
the measured temperature of the catalyst bed, and the sampling was continued for at least
60 min.

The influence of the surface concentration of hydrogen on the reaction. In contrast to
the corresponding experiments started with oxygen, the exposure time of the dry catalyst
to 5% Hj in CO, was varied time-wise. This is due to the fact that for hydrogen, significant
differences were observable. The duration of the pre-treatment was varied from 15 min to
3 h. The sampling policy was identical to the previously described one.

3.5. Sample Analysis

All samples were analyzed with two different methods of liquid chromatography. The
concentration of hydrogen peroxide was determined with an HPLC (Agilent 1100 series)
fitted with a UV-Vis-Detector. Some 15 pL of a sample was injected into a reverse-phase (RP)
column (Ultra Techsphere ODS 5u) with water (V = 0.5 mL-min~') as the eluent at 40 °C.
The detection was carried out at A = 195.8 nm, with references at A = 360 nm and A = 100 nm.
To analyze the concentrations of the oxidation products of the alcohols, the liquid samples
were analyzed with a separate RP-HPLC (HP 1100 series; Aminex HPX-87H). This method
was based on a similar method published by Fatunmbi et.al [38], and modified to fit the
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needs of the analysis. The gas samples were injected directly into the GC (Agilent 6980 N;
HP-Plot Q and HP-Molsiv) with nitrogen as the carrier gas (V = 9.4 mL-min~1) at 35 °C.

3.6. Deposition of the Catalyst on the ATR-Crystal

The catalyst suspension was prepared by mixing 1 mg of 5 %Pd/C (Aldrich) with 1 mL
of pure ethanol (Altia Oy). The suspension was mixed with a Vortex and then sonicated
for 30 min. Some 400 puL of the catalyst suspension was then pipetted on to the crystal and
subsequently air-dried at room temperature [27]. During the experiments, no leaching of
the catalyst was observed.

3.7. FTIR-ATR Setup

All spectra were recorded on an IRTracer-100 (Shimazu) spectrometer fitted with
Harrick-Horizon optics and an MCT-Detector. The spectra were recorded every 10 s,
producing an average of 10 scans with a resolution of 8 cm~!, with unpolarized IR-radiation
at an incident angle of 65° using a ZnSe-Crystal. The temperature of the ATR cells (1 =5 cm,
w =1 cm) was kept constant during the experiment. For the experiment, the cell was fed
from four liquid reservoirs in which the solvent was saturated with H, and Oy, respectively.
As can be seen in Figure 8, the final reaction mixture could be freely determined by mixing
the feed streams from different reservoirs pumped by two different peristaltic pumps
(Ismatec Reglo Digital).

exhaust exhaust

exhaust

Ik

exhaust F2
waste

Sample

I

ATR-Crystal

IR-Source Detector

exhaust exhaust

sampling

3
exhaust

exhaust F4

Figure 8. Flow scheme of the FTIR-ATR setup.

3.8. Solvent Step Experiments in ATR

The solvent step experiment consisted of two major parts. Firstly, the direct synthesis
was performed in water. To achieve this, a flow of unsaturated water was applied through
the ATR cell under reaction conditions (V = 0.2 mL/min; ¥ = 15 °C). Under these conditions,
the background scan was recorded. After switching to a 1:1 mixture of Hp- and O;-saturated
water, the scanning began. After reaching the steady state in the presence water, the system
was switched to the analogous system, using methanol as a solvent.
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4. Conclusions

In this work, we applied solvent step-change experiments in a laboratory-scale trickle
bed reactor as well as in an in situ FTIR-ATR device to elucidate the reaction mechanism
of the direct synthesis of hydrogen peroxide in methanol. In these experiments, similar
transient responses for both setups were observed. Spectral reasons for these patterns
were found. Based on these findings and existing knowledge of the mechanism in water,
the previously proposed mechanism for methanol by Flaherty [28] was confirmed, and
further confirmed for higher alcohols. This mechanism involves the transfer of protons
from the alcohol to oxygen, in which the hydroxyalkyl formed acts as a co-catalyst which is
regenerated with surface hydrogen. If the concentration of hydrogen is not sufficient, the
hydroxyalkyl species react further to their corresponding carbonyl species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13040753/s1, Figure S1: TEM images of the purchased 5%Pd/C
catalyst (Sigma-Aldrich); Figure S2: Particle size distribution of the purchased 5%Pd/C catalyst
(Sigma-Aldrich); Figure S3: Proof of reproducibility of the transient response of the hydrogen
peroxide concentration after the switch from water to 10% methanol in water; Figure S4: Proof of
reproducibility of the transient response of the hydrogen peroxide concentration after the switch from
water to 50% methanol in water; Figure S5: Proof of reproducibility of the transient response of the
hydrogen peroxide concentration after the switch from water to 100% methanol in water.; Figure Sé:
Time dependency of the observed FTIR-Spectra during the solvent switch from water to methanol;
Figure S7: Spectrum after the switch from water to methanol. (TOS = 7780 s).
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