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We show the first catalyst family able to produce hydrogen
peroxide at concentrations higher than 5 wt% in the absence of
any promoter or stabilizing agent in dissolution. The catalysts are
composed of palladium supported on bifunctionalized silica or
resin with acidic groups and bromide.

H,0, is commonly recognized as a green oxidant and a major
chemical commodity produced at an industrial scale by
sequential hydrogenation and oxidation of an alkyl
anthraquinone. However, this process requires high-volume
reactors, large amounts of solvents and costly separation
steps, thus making the process economical only for large
units;' furthermore, the above process is definitely not green.
An attractive alternative is a direct reaction between H, and
0, in the presence of catalysts.” The direct synthesis seems
to be a simple reaction, but there is a complex reaction
network that makes controlling selectivity quite difficult; in
addition to the main reaction, other reactions occur on the
catalysts: a) direct of water, b)
decomposition, and hydrogenation of H,0,, all of which
reduce the selectivity to hydrogen peroxide.*® To solve the
problem of these sequential reactions with palladium
catalysts, stabilizers are required.”® These are typically
mineral acids and halide ions. Unfortunately, the presence of
stabilizers in the reaction medium is a serious problem
because they have to be removed from the product after the
reaction, especially when the H,0, is to be used without
refinement (e.g., epoxidation of propylene). Perhaps, the most
negative effects are the dissolution of the active components
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of the catalyst and the need to work with special equipment
to avoid corrosion.’® These drawbacks can be eliminated by
using supports that contain acidic groups. This type of
catalytic system has been successfully tested by employing
sulfonic acid functionalized supports, such as acidic resins or
functionalized silica, as reported by our group”''* and
others.””' These catalyst types can produce hydrogen
peroxide solutions by the direct reaction between H, and O,
in methanol with high selectivity, at concentrations >10 wt%;
moreover, the above solutions are non-corrosive.

In this work, we report catalytic systems in non-acidic
solutions or other additives. As such, the use of acidic or
bromide-containing stabilizers is avoided. Our alternative fits
well in the principles of green chemistry The catalytic systems
employed consist of supported palladium incorporated on
commercial resin or silica functionalized with acidic groups
and bromide groups to produce H,0O, by direct synthesis
between H, and O, (outside the explosive limits of H,/O,
mixtures) in non-acidic solutions. Bifunctionalized silica with
aryl sulfonic groups (Si-C¢H,-SO;H) and aryl bromide groups
was purchased from Silicycle Inc. (labeled Sil-Br). However, the
resin was modified starting from a resin styrene-divinylbenzene
copolymer functionalized with sulfonic groups (LK2621 kindly
provided by Lewatit). The introduction of bromide groups was
performed using two different methods: a) bromination method
based on H,0,/HBr and b) bromination with Br,.

The bromination method based on H,O,/HBr consists of
the oxidation of hydrobromic acid by H,0, without the use of
any transition metal catalyst (see the ESIT), labeled resin-Bri.
Bromination with Br, consists of the direct addition of Br,
catalyzed by a Lewis acid (see the ESI}), labeled resin-Br2.

Using these supports, three catalysts were prepared to obtain
a Br/Pd weight ratio near 0.64 in the final catalysts (see the
ESIf), no reduction treatment was employed in the preparation
of the catalysts. Such a ratio was selected on the basis of earlier
results,” which demonstrated that this ratio is optimal for
reaching a high hydrogen peroxide yield using acidic resin
catalysts with added bromobenzene in solution as a promoter.
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The concentration of S, Br and Pd of the catalysts was
determined by XRF. The Br concentration in the catalysts was
quite similar to that in the support (result not shown here),
which indicated that no modification occurred during the Pd
incorporation. However, the amount of Br depended on the
matrix used (silica or resin) and the method of Br
incorporation that followed. The bromination method based
on H,0,/HBr yielded a higher extent of Br incorporation than
the Br, method (Table 1). For this reason, the amount of
palladium added to the support was different to reach the
target Br/Pd ratio near 0.64; thus, the palladium content in
each catalyst was different (Table 1).

These catalysts were tested in the direct synthesis of H,O,,
introducing the same amount of palladium in the reactor
modifying the amount of catalyst present in the reactor. The
catalysts were employed as prepared without any reduction
treatment. In all cases, H,0, formation was detected, and the
highest peroxide concentration was obtained using the
catalyst prepared with silica, Pd/Sil-SO;H-Br, where the
concentration of H,0, was approximately 4 wt% and the
selectivity to hydrogen peroxide was 27%, both figures were
clearly lower than those previously reported by our group
using a bromobenzene additive in solution.>” Based on these
non-optimized results and taking into account that the
interaction of palladium-bromine would be less efficient in a
catalyst with tethered Br species, with respect to an additive
in solution, we decided to prepare samples with a higher Br/
Pd ratio, increasing from 0.6 to 1.2. These new prepared
catalysts were shown in Table 2.

This second lot of catalysts were used in the direct
synthesis of hydrogen peroxide at 5 MPa and 40 °C (see the
ESIt), the catalysts were employed as prepared without any
reduction treatment. The hydrogen peroxide concentration
and selectivity profiles, shown in Fig. 1, displayed a behavior
completely different with respect to their counterparts with a
low Br/Pd ratio (Table 1 vs. Table 2), and were quite similar
to those using a reference catalyst with the addition of a
bromide promoter in dissolution (Pd/resin).*” Furthermore,
the new catalytic systems had clearly better profiles from a
sustainability point of view (absence of additives in
dissolution). The concentration of hydrogen peroxide
increases over time, reaching values higher than 6 wt% for
all the catalysts after 3 h of reaction. The highest
concentration of hydrogen peroxide is reached with the
catalyst Pd/resin-Br2b.

The selectivity vs. hydrogen peroxide concentration shows
a slight decrease when the H,O, concentration increases.

Table 1 XRF analysis of the Br, Pd and S contents in the prepared
catalysts

Sample S (Wt%) Br (wt%) Pd (wt%) Br/Pd weight
Pd/resin 10.78 — 2.20 —
Pd/resin-Brl 10.78 1.60 2.20 0.73
Pd/resin-Br2 10.75 0.65 0.94 0.69
Pd/Sil-Br 10.52 1.33 1.73 0.77
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Table 2 Br, Pd and S contents analyzed by XRF for the second family of
catalysts with high amounts of Br incorporated into the support

Sample S (Wt%) Br (wt%) Pd (wt%) Br/Pd weight
Pd/resin-Br1b 10.78 1.60 1.32 1.21
Pd/resin-Br2b 10.75 0.65 0.55 1.18
Pd/Sil-Brb 10.52 1.33 1.11 1.20

However, all the catalysts with bromide incorporated into the
solid have lower selectivity than the reference sample with a
promoter in dissolution. Taking into account that this
procedure is greener, this is a good starting point. The order
of selectivity values follows the same trend as the hydrogen
peroxide concentration. The liquid samples at the end of the
reaction were analyzed by ICP-OES and by ionic
chromatography. No palladium was detected by ICP-OES
(<0.1 Pd ppm) and no bromide ions in solution were
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Fig. 1 H,O, concentration profiles versus time and H,O, selectivity
profiles versus H,O, concentration for the direct synthesis at 40 °C
and 5.0 MPa.
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Table 3 Binding energy (eV) of Pd 3d core levels for the prepared
catalysts. The relative proportion of each peak is given in parenthesis

Sample BE Pd 3ds), (eV)
Pd/resin 337.9 (100)
Pd/resin-Br1b 336.9 (10)
337.8 (90)
Pd/resin-Br2b 337.9 (100)
Pd/Sil-Brb 336.9 (30)
338.0 (70)

detected (<0.5 ppb). The absence of palladium leaching was
previously observed in our previous work where the bromide
promoter was in dissolution.”* This behavior is different to
that in previous work where the bromide promoter was
added to the solid catalyst as NaBr, and H;PO4>" and the
authors found partial leaching of palladium. But in this work
we do not use free acid and ionic bromide species in
solution, and in consequence the palladium leaching is
clearly suppressed.

This second group of fresh catalysts was characterized by
XPS. The chemical state of Pd was determined from the binding
energy of the Pd 3ds, peak of the XPS spectra (Table 3). Most of
the samples showed the presence of two palladium species, a
minor component at 336.9 eV typical of palladium oxide
supported species and a main component at a higher binding
energy (338.0 eV). This component could be attributed to
oxidized Pd species interacting with -SO;H groups.” No signal
of reduced palladium species was detected, as expected
because the samples were analyzed without any reduction
treatment. The proportions of both Pd species were different
among the prepared catalysts. The main component was a
high binding energy species in all cases. The catalysts with a
high proportion of palladium species with a binding energy of
338.0 eV had the highest selectivity for hydrogen peroxide.
This observation was in agreement with previous experimental
work where catalysts with more Pd(i) species interacting with
the acidic groups (high BE) gave higher selectivity to H,0,”"*
and in agreement with recent studies where oxidized species
favored the selectivity to hydrogen peroxide.>?

We have made some XPS measurements of used catalysts,
and the palladium signal has several components detecting
the presence of a mixture of metallic palladium and oxidized
species. There are several players in the reaction system, an
excess of oxygen (around 46.4%) and methanol both have an
opposite effect on the palladium oxidation state for a
reaction at 40 °C. However, the treatment of the samples
after use in the reaction, washing and drying for instance,
makes it very difficult to obtain an accurate ratio of oxidized/
reduced species which are really in the catalysts in the
reaction media.

Finally, we decided to check the effect of the interaction
of palladium and bromine species on the decomposition of
hydrogen peroxide. For this purpose, the catalysts were tested
with 10 wt% hydrogen peroxide at 40 °C (Fig. 2) (see the
ESIt). In addition, we included the use of two reference
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Fig. 2 Hydrogen peroxide decomposition test at 40 °C for the resin
supported catalysts with different Br/Pd ratios.

catalysts, a Pd/resin catalyst and Pd/resin + homogeneous
PhBr as a promoter.”> The change in the hydrogen peroxide
concentration profiles was different depending on the
catalysts employed. When a Pd/resin catalyst without the
presence of a bromine promoter was used, the hydrogen
peroxide concentration fell quickly to zero in approximately
90 min. However, in the presence of bromine promoters, the
concentration of hydrogen peroxide was kept quite high,
decreasing by less than 10% after 3 h. However, different
behavior was detected among the samples. A low decrease in
hydrogen peroxide was observed for the Pd/resin +
homogeneous PhBr, while the other catalysts followed the
order Pd/resin-Br2b < Pd/resin-Brib < Pd/SilBrb.

These results clearly showed that there is an interaction of
bromine and palladium that affects the ability to decompose
the hydrogen peroxide. In addition, the catalysts with a high
ability to decompose hydrogen peroxide reached
selectivity to hydrogen peroxide in direct synthesis (Fig. 1
and 2). We do not indicate that there is a direct relationship
between hydrogen peroxide decomposition and selectivity,
because other important reactions must be taken into
account in the reaction mechanism (for instance, the
hydrogenation of H,0,). But the measurement of the
hydrogen decomposition curves can be a simple and quick
indication of the presence or not of the interaction between
palladium and bromine species.

This kind of catalyst is a very interesting starting point for
direct synthesis on acidic/bromide supports and opens new
ways to approach the difficult application of direct hydrogen
peroxide synthesis at an industrial scale.

low

Conclusions

Herein, we show the possibility of producing hydrogen
peroxide at high concentrations (>5 wt%) by direct synthesis
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in the absence of acid and halide promoters in dissolution,
which is a greener option with respect to the present state of
the art. For this purpose, we prepared catalysts based on Pd
on supports in which both acidic and bromide groups were
incorporated. This methodology was employed in two
different kinds of supports, silica and resins. All prepared
catalysts produced H,O,, but there was a tremendous effect
on the catalytic behavior based on the Br/Pd ratio and not
the concentration of Br. The more selective catalysts had a
high proportion of Pd species interacting with the sulfonic
groups (BE 338.2 eV).
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