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Abstract

Selective oxidation of hydrocarbons with environmentally friendly oxidizing agents is key to a sustainable future.
Therefore, the development of heterogeneously catalyzed reactions using oxidants such as molecular oxygen
and alkyl hydroperoxides is a promising approach. For the application of these oxidants on a large scale, highly
active and selective catalysts must be developed, which requires a rapid screening of a large variety of materials.
We report on a method that enables a volumetric quantification of the O, amount evolved from the
decomposition of alkyl hydroperoxides, which serves as a fast initial screening step for identifying effective
catalysts for hydrocarbon oxidation reactions.
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Introduction

The selective oxidation of hydrocarbons is of high relevance for the chemical industry as it provides access to
many fine chemicals of high value. A total annual capacity of close to 250x10° t organic chemicals are produced
by oxidation, and approximately 50% of the production processes are carried out in the liquid phase.! However,
many of the established liquid-phase oxidation processes are based on the use of stoichiometric oxidizing agents
such as nitric acid and permanganates. Therefore, these processes suffer strongly from the formation of large
guantities of environmentally harmful nitrous oxides or substantial amounts of inorganic solid waste as coupled
products, which contribute to the production of environmental pollutants and climate change.? To overcome
these sustainability issues, both academic and industrial research focus on the development of heterogeneously
catalyzed reactions that offer the possibility of easy recovery and reuse of the involved catalyst. Especially, noble
metal-based catalysts containing Pd, Pt and Au were extensively studied and showed high intrinsic activities,
but due to their lower abundance and high costs, their use needs to be reconsidered.3® Thus, transition metal-
based catalysts have raised much interest due to their favorable catalytic properties and higher resistance to
poisoning, as well as their high thermal stability.” Moreover, transition metal nanoparticles offer a large variety
of catalytic properties, which are strongly determined by their partially filled d-bands.®° Due to the multiple
possibilities to substitute different metals with various valences without changing the overall crystal structure,
transition metal oxide catalysts of the spinel- or perovskite-type offer great potential for fine-tuning their
properties to improve the established liquid-phase oxidation reactions.'® When analyzing their structure and
correlating it to their catalytic properties, it is essential to consider the involved chemical elements, but also
their oxidation state, the site occupation within the crystal structure, the spin state and coordinatively
unsaturated sites at the surface.'l*?

Moreover, the use of environmentally benign oxidizing agents such as 0, H,0, or tert-butyl
hydroperoxide (TBHP) has raised much interest, since the formation of harmful waste can be reduced
significantly. Among these oxidants, molecular O; is the most abundant and least expensive oxidizing agent
providing the highest achievable atom efficiency of 50% for a one O atom transfer. The only by-product is H,0,
which leads to an optimal E-factor of 0.12 However, oxygen transfer into oxygenated products is strongly limited
due to the high dissociation energy of O, and is additionally impeded kinetically by the positive free energy of
the one-electron transfer to form 057.13'* In addition, the reaction of triplet paramagnetic O, with a typically
singlet substrate molecule is forbidden according to quantum mechanical selection rules.'* As a result, most of
the oxidation reactions with molecular O; proceed via one-electron processes induced by the formation of Oy
superoxide or 0,% peroxide anions entering a radical chain mechanism in which a hydroperoxide is a key
intermediate.'> Moreover, the reactivity of O, is restricted, and elevated pressures are required to increase its
solubility and overcome mass transfer limitations.

As an alternative, peroxidic oxidants are promising candidates for liquid-phase oxidation reactions as
they are liquid and highly soluble in suitable solvents. Among the peroxidic oxidants, H,02 provides the highest
atom efficiency of 47%, only forming H,0 as by-product. However, its rapid self-decomposition is often too fast
to efficiently oxidize the reactant molecule. Thus, a large excess needs to be applied, which reduces the overall
efficiency of the process and again increases its environmental impact. To overcome these drawbacks, alkyl
hydroperoxides like TBHP can be used, which provide a higher thermal stability and selectivity.'* Nevertheless,
its lower atom efficiency needs to be considered which is caused by the coupled formation of tert-butanol.3
TBHP is activated by a redox-active transition metal catalyst through its partial decomposition according to
Equations 1 and 2, initiating the radical chain mechanism of a hydrocarbon oxidation reaction.®
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M™* 4 (CH3)3COOH — M®™+D+ 4 (CH;);CO* + HO™ (1)
M@+D+ 4 (CH3);COOH — M™ + (CH3)3;C00° + H* (2)

Thus, an essential role of the applied catalyst is to effectively transform TBHP into highly reactive radicals
that further oxidize the reactant molecules to oxygenated products. Therefore, information about the peroxide
decomposition ability of a catalyst is of high importance when searching for suitable catalysts for the
heterogeneously catalyzed oxidation of hydrocarbons using alkyl hydroperoxides. However, if no reactant is
present, TBHP is unselectively decomposed into tert-butanol and O, where the amount of the latter can be
determined volumetrically and provides information on the activity of the catalyst (Equation 3).

1
(CH3);COOH — (CH;);COH +0, (3)

Moreover, alkyl hydroperoxides are formed during hydrocarbon oxidation reactions as key intermediates
which also need to be decomposed catalytically to form the desired final products.'®> Therefore, TBHP can also
be a suitable reactant to mimic the decomposition ability of a catalyst towards the formed intermediate alkyl
hydroperoxides, for example, when using an alternative oxidizing agent such as 0.

In this work, we report on an efficient method to rapidly screen the activity of various transition metal-
based catalysts of the spinel- or perovskite-type for oxidation reactions with regard to their alkyl hydroperoxide
decomposition ability by performing the decomposition of TBHP in a batch reactor with volumetric
determination of the amount of evolved O; as a function of time. This quantitative method helps to achieve a
quick overview of the TBHP decomposition activity of a large variety of catalysts without having to perform the
laborious oxidation reactions, serving as an initial screening step in the development of highly active and
selective catalysts for hydrocarbon oxidation reactions.

Results and Discussion

To assess the reproducibility of the volumetric measurements of the evolved O, amounts, TBHP decomposition
over a commercial CoFe;0s catalyst was performed four times under standard reaction conditions, which
resulted in nearly equal curves with a high accuracy of +2.4% (Figure S2). Mass transfer limitations were
excluded by varying the stirring speed during the decomposition reaction between 200 and 800 rpm under
otherwise standard reaction conditions (Figure S3). While the evolved O, amount over time increased gradually
with increasing stirring speed up to 600 rpm, similar results within the standard deviation were recorded at 700
and 800 rpm. These results indicate that mass transport limitations can be excluded when stirring with a speed
of 700 rpm, whereas slower stirring limits the reaction rate due to a too slow mass transport in the three-phase
system. Therefore, a stirring speed of at least 700 rpm needs to be applied for reliable results.

The TBHP decomposition experiments provide useful information about the kinetics of the
decomposition reaction. Figure S4 shows the evolved O, amounts during TBHP decomposition over commercial
CoFe,04 as a function of time, using different catalyst amounts between 30 and 70 mg. As expected, the reaction
rate linearly increased with increasing catalyst amount up to 60 mg, which can be explained by the linear
increase of the number of exposed active sites in the reaction volume for the TBHP decomposition reaction.
However, a lower increase than expected was recorded for the reaction using 70 mg catalyst, which indicates
the onset of mass transport limitations.
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Moreover, the volumetric experiments enable the determination of the reaction order of the TBHP
decomposition reaction by performing the decomposition using different initial TBHP amounts between 200
and 700 pL, which corresponds to a TBHP concentration in acetonitrile of 0.10 and 0.36 mol L, respectively
(Figure 1). The linearized plot of the obtained reaction rates as a function of the initial TBHP concentration
resulted in a straight line with a slope of 1.2 indicating first-order reaction kinetics for the TBHP decomposition
over a commercial CoFe,04 catalyst at 60 °C with a high accuracy of R? = 0.991, which is in accordance with other
findings in literature.'’-%°
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Figure 1. Evolved O, volumes as a function of time for TBHP decomposition experiments using different initial
TBHP concentrations (left) and the corresponding linearized plot of the reaction rate as a function of the initial
TBHP concentration after 20 min (right). Reaction conditions: 50 mg commercial CoFe;04, 20 mL acetonitrile,
200/300/400/500/600/700 uL TBHP, 60 °C, 700 rpm.
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Figure 2. The evolved O, volumes as a function of time for TBHP decomposition experiments at different
temperatures (left) and the corresponding Arrhenius plot (right). Reaction conditions: 50 mg commercial
CoFe;04, 20 mL acetonitrile, 500 pL TBHP, 40/50/60/70/80 °C, 700 rpm.

Based on this knowledge, the apparent activation energy of TBHP decomposition over CoFe;04 can be
determined performing temperature variation experiments (Figure 2). The amount of evolved O; increased

gradually with increasing temperature between 40 and 80 °C. The linearization of the data based on first-order
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reaction kinetics is well-suited for an Arrhenius plot resulting an apparent activation energy of 24.7 k) mol* with
a high accuracy of R =0.996 (Figures 2 and S5). In comparison, Qi et al. found apparent activation energies
between 59 and 142 kJ mol* when investigating the decomposition of TBHP over birnessite-type manganese
oxides.?

Moreover, the stability and reusability of the catalysts under the respective reaction conditions can be
tested in the volumetric measurement set-up by applying the same catalyst several times in the same reaction.
We performed TBHP decomposition three consecutive times under standard reaction conditions over the
commercial CoFe;04 catalyst and found a decrease in the catalytic activity of about 25% (Figure S6). However,
the direct comparison of the evolved O; volume is not valid in this case, as the catalyst was not fully recovered
after each reaction run. Therefore, the comparison of the obtained reaction rates is more reliable, which
indicates a decrease in catalytic activity after the first reaction run, whereas an equal reaction rate was obtained
in the second and third reaction run, respectively. This observation indicates an initial loss of activity over the
commercial CoFe,04 catalyst, which afterwards enables a constant degree of conversion.

In addition, the effect of the solvent was investigated on the TBHP decomposition over CoFe;04
(Figure S7). It becomes clear that acetonitrile is the most suitable solvent for the decomposition reaction, which
has been reported for many reactions where TBHP was involved. It is preferred due to its highly polar, but
aprotic nature.”?? Consequently, the use of acetone and cyclohexane as aprotic solvents was also successful
but led to a lower amount of evolved O;. The protic aromatic benzyl alcohol can also be a suitable alternative
for oxidation reactions using TBHP as oxidant, while protic solvents such as H,0, methanol, ethanol and 2-
propanol strongly inhibited the decomposition reaction.?! The possibility of whether highly reactive species are
formed by the reaction of TBHP with the solvents is currently being studied too. Electron paramagnetic
resonance spectroscopy is the method of choice to investigate the potentially formed radicals, results of which
will be disclosed in other research outputs from our group.

On the one hand, the volumetric gas measurement set-up can provide kinetic information on the TBHP
decomposition reaction. On the other hand, a fast screening of suitable catalysts needs to be established to
compare their relative activity to significantly speed up the development of suitable catalysts for oxidation
reactions with TBHP as oxidant. Therefore, a large comparative study including 42 catalysts was performed
comparing the reaction rate of TBHP decomposition under similar reaction conditions after 60 min (Figure 3).
Obviously, transition metal-based catalysts of the perovskite-type (red) are much more active towards TBHP
decomposition compared with spinel catalysts (green). In addition, clear trends of the catalytic activity can be
observed for all catalyst series. For example, TBHP decomposition experiments over a series of Cosz-xFexOs spinel
catalysts with varying Fe contents verified CoFe;04 to be the most active catalyst. This assumption was also
confirmed when using H,0, as peroxidic oxidant, and a similar volcano trend was observed for the aerobic
oxidation of cyclohexene, indicating that the decomposition reaction of TBHP is also valid to mimic the
decomposition of the in situ formed hydroperoxides within hydrocarbon oxidation reactions.*?
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Figure 3. The reaction rates of TBHP decomposition over a variety of transition metal oxide catalysts as a
function of catalyst composition. Catalysts of the spinel-type are shown in green, and perovskites in red.
Reaction conditions: 50 mg spinel or 20 mg perovskite catalyst, 20 mL acetonitrile, 500 uL TBHP, 60 °C, 700 rpm,

60 min. The catalysts were synthesized using a nanocasting method,? spray-flame synthesis® or were supplied
by Mercke.

Moreover, a series of metal-doped Co2.82Mo.1804 spinel catalysts, synthesized by a nanocasting method
using SBA-15 as template, showed an increasing activity when substituting Co by Cr, Cu, Fe, Ni and Mn. However,
a similar spinel series with KIT-6 as the template?? led to different activities, with Cr being the least active metal,
while the insertion of Mn into the spinel structure again provided the highest reaction rate. Thus, not only the
chemical composition, but also the mesoporous structure of the catalyst has a significant influence on the
catalytic activity.

While the incorporation of Mn into the Cos04 spinel structure enhanced the catalytic activity towards
TBHP decomposition, Mn substitution into LaCoO3 was already detrimental at low doping levels and led to a
significant decrease of the reaction rate. Thus, it has to be taken into account that the catalytic behavior of
transition metal oxide-based catalysts strongly depends on their structure, and the substitution of presumably
highly active metal ions may lead to a drastic decrease of the catalytic activity.

LaCoO3 was also the most active sample for TBHP decomposition within a series of La1«xSrkCoOs
perovskites, where the La3* cations were substituted by Sr?* aiming at the creation of highly active oxygen
vacancies.??> However, Sr contents up to 10% did not affect the catalytic activity, whereas higher Sr
concentrations led to a gradual decrease of the decomposition reaction rate. Importantly, the catalytic activity
of three comparable LaCoOs3 samples, synthesized by spray-flame synthesis under similar reaction conditions,
only deviated slightly, which again confirms the high reliability of the volumetric measurements, as well as of
the synthesis method.

While the substitution of metal ions into the perovskite structure decreased the reaction rate of TBHP
decomposition, doping of metals within a LaCoo.9aMo.0603 perovskite series led to a significant increase of the
catalytic activity following the sequence Fe < Mn < Ni < Cr < Cu. LaC00.94Cu0.0603 was found to be the most active
catalyst for TBHP decomposition within the investigated catalyst series. Thus, this comparative study on TBHP
decomposition in a volumetric measurement set-up demonstrates this method to be highly suitable to quickly
screen the decomposition ability of various catalysts towards alkyl hydroperoxides, which can be used as
environmentally benign oxidizing agents for the selective oxidation of hydrocarbons.
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Conclusions

Replacing hazardous oxidants with environmentally more benign oxidizing agents such as alkyl hydroperoxides
is key to the development of new efficient synthesis routes for oxygenated products. Tert-butyl hydroperoxide
is a promising alkyl hydroperoxide for oxidation reactions due to its high thermal stability. It needs to be
decomposed over a suitable catalyst into reactive radicals which then initiate the radical chain mechanism of
hydrocarbon oxidation reactions. Thus, a highly active and selective catalyst is needed to achieve the
heterogeneously catalyzed oxidation using alkyl hydroperoxides as oxygen source. A broad variety of catalysts
must be investigated which results in a significant time-consuming effort when performing the oxidation
reactions in the liquid phase. To overcome this hurdle, we present a fast method to investigate the
decomposition ability of transition metal-based catalysts of the spinel- or perovskite-type towards tert-butyl
hydroperoxide by recording the evolved O, amounts in a volumetric set-up as a function of time. This method
enables a faster investigation of large series of catalysts and serves as an initial screening step for identifying
effective catalysts for hydrocarbon oxidations with alkyl hydroperoxides. The evolved O, volumes, measured
against time during the decomposition of tert-butyl hydroperoxide, were found to vary strongly as a function of
the chemical composition and structure of the catalysts, rendering the O, evolution rate a suitable descriptor
for the activity of the respective catalyst. In addition, the stability of the catalysts can be studied, as well as the
effect of the used solvent. Moreover, the volumetric measurements can provide kinetic information on the alkyl
hydroperoxide decomposition reaction by investigating the effects of the catalyst amount, the reactant
concentration and the reaction temperature. This is highly useful information when studying the overall
hydrocarbon oxidation reaction as it allows to separate the complex oxidation reaction network into different
parts.

Experimental Section

General. TBHP decomposition experiments were carried out in a commercial set-up (GASMESS-5 supplied by
MesSen Nord GmbH, Figure S1). Figure 4 shows a scheme of the volumetric gas measurement device equipped
with a round-bottom flask which is connected to a reflux condenser to avoid the loss of the reaction mixture by
evaporation. The solvent and the respective catalyst are added to the flask and heated to a suitable temperature
by an oil bath. The resulting suspension is stirred continuously, and the actual reaction is started by adding TBHP
rapidly to the flask which is then quickly sealed by a plug. A differential pressure gauge measures the pressure
difference relative to ambient pressure, which is recorded by an electronic device. A constant pressure is
secured by the facile movement of a piston syringe.

The degree of TBHP conversion is calculated according to Equation 4, where X is the conversion at time ¢, Vg, rec
is the recorded evolved O; volume, and Vg, ota1 is the total Oz volume which could be evolved at full conversion.
Vo, total is derived using the ideal gas law, where n is the molar amount, R is the gas constant, T is the
temperature and p the pressure. Note that conversions are only comparable in case of equal reaction
conditions.

VOZ,rec _ VOZ,recp

Xt_

= = =100
4
VOz,tOtal %nTBHP R T ( )
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Moreover, the mass- and surface-normalized reaction rates can be derived using Equations 5 and 6, which
enable the direct comparison of the reaction rates achieved by different catalysts under deviating reaction
conditions. The concentration of TBHP in the reaction solution is abbreviated as crgyp, While m¢,¢, t and Sggt
are the catalyst mass, time and specific surface area of the catalyst, respectively.

Xt
C —
. . _TBHP 100 (5)
mass—normalized —
Myt t 5
t
C —
, . _ TBHP 100 (6)
surface+mass—normalized — S
Meat t SBET

" cooling
water differential

pressure gauge

connected to
electronic device

=
=
=

) addition of peroxide

solvent + catalyst

piston syringe
quantifies evolved
gas volume

oil bath

heating plate

Figure 4. Scheme of the volumetric gas measurement set-up showing the flask in which the catalyst and solvent
had been filled before the respective peroxide was added and the volumetric measurement was started. Loss
of the solvent was prevented by a reflux condenser. The evolved gas was quantified by measuring the internal
pressure via a differential pressure gauge, and pressure was kept constant by the automatized movement of
the piston syringe.

Commercial CoFe;04, Co304, Lap.gSro.2Co03, Lag 6Sro.4Co03 and Lag eSro.4Coo.sFeo.403 catalysts were obtained from
Merck. Two series of Co2.82Mo.1604 spinel catalysts with M= Co, Cr, Cu, Fe, Ni, Mn were synthesized using a
nanocasting method with KIT-6- and SBA-15-ordered mesoporous silica as templates. The detailed procedure is
described elsewhere.?? CoxFes—xOs spinel catalysts and a series of LaiSrxCoOs, perovskite catalysts were
synthesized by spray-flame synthesis. The detailed synthesis procedure for these catalysts is described
elsewhere.'?'® A series of LaCo1xMnxO3 nanoparticles was synthesized via spray-flame synthesis. For the
preparation of the precursor solution, the corresponding masses of La(NO3s)s, Co(NOz); and Mn(NOQO3z), were
dissolved in a solvent mixture of 35 vol.% ethanol and 65 vol.% 2-ethylhexanoic acid. The total metal
concentration was kept at 0.2 mol L. The syntheses were carried out in spray flame placed in a reaction
chamber at a pressure of 970 mbar. The precursor solutions were injected via syringe pumps to a capillary of an
external-mixing two-fluid nozzle at a constant flow rate of 2 mL min™* and atomized with 10 sIm (standard liters
per minute) of oxygen used as dispersion gas. A premixed pilot flame (methane and oxygen, 2.5 and 16 sIm,
respectively) was used to ignite and stabilize the spray flame. A coaxial sheath gas flow was set to 140 sIm, while
an additional quench gas flow downstream the reaction chamber was set to 230 sIm. To remove adsorbed water
and combustion residuals from the as-prepared catalyst surface, each sample was calcined in a tube furnace at
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250 °C for 2 h with an air flow rate of 500 L h'. A series of LaC00.94Mo.0603 (M = Co, Cr, Cu, Fe, Ni, Mn) perovskites
was synthesized under similar reaction conditions using La(NOs)s, Co(NOs); and the corresponding metal
nitrates as precursors.

The TBHP decomposition reaction was carried out in the peroxide decomposition setup (Gasmess-5, Figures 4
and S1). As standard conditions, 50 mg catalyst were dispersed in 20 mL acetonitrile in a 25 mL round-bottom
flask using an ultrasonic bath for 2 min. The flask was transferred to the reaction set-up and the solution was
heated to 60 °C and stirred at 700 rpm. 500 uL TBHP were added, the gas volume measurement was started
immediately and the decomposition reaction was run for 90 min. Deviations from the standard procedure are
mentioned in the figure captions.
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