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ABSTRACT

The direct formation of hydrogen peroxide from H; and O, was successfully carried out in a capillary mic-
roreactor at room temperature and atmospheric pressure. A key element in sustaining the activity of the
catalyst is the incarceration of the palladium nanoparticles in a cross-linkable amphiphilic polystyrene-
based polymer, prepared following the protocol of Kobayashi [R. Akiyama, S. Kobayashi, J. Am. Chem. Soc.
125 (2003) 3412-3413]. The immobilization effectively reduced the leaching of palladium under acidic
conditions. Applying the catalyst as a coating on the inner walls of a capillary enabled the sustained pro-
duction of 1.1% hydrogen peroxide over at least 11 days. The highest catalyst utilization in a 2 mm cap-
illary reactor was 0.54 moly02/h gpg. When the inner diameter of the reactor capillary was reduced to
530 pm, the rate was enhanced fourfold to 2.28 moly,0,/h gpg corresponding to a turnover frequency
of 0.067 s7".
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1. Introduction

From the view of green chemistry and atom economy, hydrogen
peroxide is the best single-oxygen donor, next to molecular oxy-
gen. The oxygen is cleanly transferred, and the only byproduct is
water. Applications of hydrogen peroxide in organic synthesis are
reviewed in [1]. On a commercial scale, hydrogen peroxide is used
as a bleach in the pulp and paper industry, as a disinfectant in the
cosmetic and pharmaceutical industry and as an oxidant in water
treatment. In highly purified form, it is used for etching and clean-
ing in the electronics industry. Recently, several propylene oxide
plants have come on stream that utilize hydrogen peroxide for
the catalytic oxidation of propylene. However, the hydrogen perox-
ide used by these units is still manufactured by the Riedl-Pfleider-
er process via anthraquinone autooxidation (AO) [2,3]. This now
over 70-year old process remains the only process used commer-
cially to produce hydrogen peroxide. Because of the complexity
of the process, economics of scale dictate the use of big production
units. However, this makes it necessary to transport hydrogen per-
oxide in concentrated form over large distances to the consumers.
The transport costs add substantially to the price of the hydrogen
peroxide for the end user. Therefore, despite its advantage as a
clean oxidant, hydrogen peroxide is still not economically compet-
itive for the production of bulk chemicals or for more widespread
use in wastewater treatment [4]. For most applications, relatively
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dilute solutions of hydrogen peroxide are adequate and an on-site
production would be highly desirable as it would minimize han-
dling and eliminate the need for the transportation of concentrated
hydrogen peroxide over long distances.

Extensive studies have therefore been carried out on the direct
catalytic formation of hydrogen peroxide from hydrogen and oxy-
gen (Scheme 1). The reaction is triphasic, involving a gas (H, and
0,), liquid, and solid phase (catalyst). Control of the selectivity of
hydrogen peroxide formation and its subsequent decomposition
and hydrogenation to water remains a major challenge. In order
to achieve a more favorable equilibrium and higher conversion,
most reported processes involve extreme operating conditions
such as high pressures of 50-96 bar [5-8].

Palladium has been identified as the best catalyst. It has been
used in a variety of forms, e.g., as colloids [9-11] or is supported
on supports such as silica, titania, and zirconia, or as alloys [12-
20] in aqueous or methanolic acid solutions. Using palladium sup-
ported on alumina, Choudhary et al. [16] studied the effect of var-
ious halide ions and established that the best promoter for
hydrogen peroxide formation is the bromide ion. Furthermore,
the leaching of palladium from the support was reduced in the
presence of phosphoric acid. The nature of the support has a major
influence on the selectivity of the catalyst. Edwards et al. [20] ob-
served that the pretreatment of the activated carbon with acetic
acid prior to depositing Au/Pd nanoparticles to form the catalyst
completely suppressed the reduction of hydrogen peroxide by
hydrogen. Using a non-explosive mixture of 3.6% v/v of H, and
7% O, in CO, at a total pressure of 40 bar and at a temperature of
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Scheme 1. Formation of hydrogen peroxide from H, and O, and competing
reactions.

2 °C, these authors obtained a productivity of 0.175 moly,02/h gcat
at a remarkable selectivity of >98%.

An obvious drawback in the formation of hydrogen peroxide
from Hy and O, is the very wide explosive regime, 5-96 vol%, in
the H,/O, system. To avoid the potential hazards from direct con-
tact between H, and O,, catalytic membranes [21-23] and a fuel
cell design [24,25] have been proposed. Melada et al. [22] studied
the continuous formation of hydrogen peroxide over Pd/Pt on car-
bon-coated membranes. A relatively low hydrogen peroxide con-
centration of 400 ppm was obtained using O,-saturated acidic
solutions in the presence of bromide ions and hydrogen, fed in at
3 bar. Another approach is the use of microreactors to achieve the
direct formation of hydrogen peroxide. Microreactors mitigate the
inherent hazards of a thermal runaway because their large surface
to volume ratio allows for highly efficient heat transfer. Further-
more, the free radicals that are needed to sustain the chain reaction
during an explosion are efficiently quenched through wall colli-
sions. The volume hold-up in microreactors is also very small. Mic-
roreactors are therefore inherently safe. In many cases, higher
product yield and purity have been achieved in microreactors than
in conventional equipment due to a much higher gas-liquid mass
transfer coefficient [26]. Another advantage of these small-scale
systems is that they can be built at the point of use, and a simple
numbering-out allows for rapid capacity increases. Despite these
advantages, there are only a few reports on the use of microreactors
for the direct synthesis of hydrogen peroxide. Using a single chan-
nel packed-bed microreactor at 20 bar and 50 °C, Voloshin et al.
[27-29] obtained hydrogen peroxide as a 1.3 wt% solution. Maehara
et al. [30] reduced the total system size by using water electrolysis
to generate H, and O, instead of feeding these gases from gas cylin-
ders. The gases were subsequently passed through a Pd/C-coated
stacked microreactor. A relatively modest hydrogen peroxide con-
centration of 8.3 x 103 mol/L (0.028 wt %) was obtained at 10 °C
in a 0.1 mol/L solution of HCI with a residence time of 93 s.

We have previously reported on the synthesis of hydrogen perox-
ide over silica-supported Pd/Pt using two different packed-bed mic-
roreactor designs [31]. Experiments with a multi-channel design
with multiple parallel channels revealed difficulties in maintaining
a constant and uniform two-phase flow through all channels. Be-
cause of the high surface tension of the liquid, liquid plugs can form,
leading to a much increased pressure drop over the affected channel.
In turn, the gas will flow through the other channels and no catalytic
reaction can take place in the plugged channel.

Microreactors can be made from a wide range of materials, and a
variety of fabrication techniques have been proposed such as LIGA
(German: Lithographie-Galvanoplastik-Abformung, translating to
lithography, electroforming, and molding), DRIE (Deep Reactive
Ion Etching), laser ablation, photolithography, hot embossing, injec-
tion moulding, powder blasting, and microlamination [32]. How-
ever, all these techniques require special fabrication equipment
and skills. Here, we report a simpler, easier, and cheaper design,
namely a single-capillary microreactor for the direct formation of
hydrogen peroxide. As our earlier investigations indicated that the
pressure drop in a packed bed is a major concern, we choose an open
channel wall-coated system instead, where the palladium catalyst
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Fig. 1. Copolymer with polystyrene backbone.

nanoparticles are immobilized within a thin film of polymer. The
polymer-micelle incarceration (PMI) technique developed by
Kobayashi and collaborators is used for the immobilization of palla-
dium [33,34]. In this method, an amphiphilic polystyrene-based
copolymer (Fig. 1) is induced to form micelles within which a solu-
ble palladium precursor is dissolved. The palladium nanoparticles
formed by thermal decomposition are immobilized in the resin by
cross-linking. Previous applications of these polymers for microen-
capsulated scandium, ruthenium, and palladium catalysts have
demonstrated their resistance to leaching [35-39]. This is attributed
to the strong interaction between the m-electrons of the benzene
rings in the polystyrene backbone and the vacant orbitals on the
metal. Because the liquid phase used for the formation of hydrogen
peroxide is normally acidic, the leaching of the metal catalyst is a se-
vere problem. Hence, the polymer-micelle incarceration technique
for immobilizing palladium is evaluated as a potential approach to
overcome or at least to mitigate the leaching problem.

2. Experimental
2.1. Preparation of polymer-micelle incarcerated palladium (PMI-Pd)

The epoxide-containing polystyrene copolymer was synthe-
sized according to the procedures described in [39]. The exact de-
tails of the preparation can be found in the Supplementary
material. The synthesized copolymer (54 mg) and Pd(PPhs),
(12 mg) were dissolved in THF (1 mL). Cyclohexane (3 mL) was
slowly added to this mixture to form polymer micelles. Glass cap-
illary tubes (ID 2.0 mm; OD 6.5 mm, length 115.0 mm) were
washed successively with 1 N NaOH, water, and ethanol, and were
filled with the polymer solution. When we attempted to use longer
segments of the glass tubes, we observed that it was difficult to
evaporate the solvent hexane from the polymer solution to form
a uniform coating. Therefore, several shorter pieces were coated
on the inside and later combined to provide the necessary length
of the reactor. The tubes were mounted horizontally in a fixture
in which they could be slowly rotated, and left overnight to precip-
itate the polymer micelles onto the glass and to allow the solvent
to evaporate. After drying, a yellow precipitate covered the inner
surface of the tube as a uniform film. The coated glass tubes were
washed with hexane, dried, and subjected to heat treatment for 5 h
at 150 °C. During this heat treatment, the Pd(PPhs), decomposed,
forming the palladium metal nanoparticles, and the film changed
to black color. The glass tubes were then washed with acetonitrile
to remove the liberated triphenylphosphine and any excess (un-
bound) palladium. Washing was continued until all triphenylphos-
phine had been washed out as confirmed by the absence of the UV-
absorption at 266 nm. To analyze for washed-out palladium, all
washings were combined and evaporated to dryness. Concentrated
nitric acid (0.1 mL) was added to dissolve the palladium and the
solution was made up to 10 mL using deionized water. The
washed-out palladium was quantitatively determined by induc-
tively coupled plasma-atomic emission spectroscopy. The amount
of palladium catalyst retained in the coating was then calculated as
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palladium weighed in at the beginning minus the amount washed
out. Typically, more than 90% of the palladium was bound in the
polymer matrix. Transmission electron microscopy (TEM) mea-
surements on the fresh and used PMI-Pd catalysts were performed
with a JEOL JEM 3010 HRTEM at operated at 300 kV. The samples
were mounted by drying a droplet of a suspension containing the
ground sample in ethanol onto the copper grid.

2-Aminopropyl derivatized glass surfaces were prepared as de-
scribed in the literature [33]. The cleaned and washed capillary
tubing was filled with a solution of 2-aminopropyl trimethoxysi-
lane in methanol and left at room temperature for 15 h. It was then
dried before coating with the polymer micelle solution as de-
scribed above.

2.2. Direct formation of H,0,

Three of the catalyst-coated glass capillary tubes were joined
end-to-end with Teflon tubing to form a reactor of 34.5 cm length.
All other connections were made with standard HPLC fittings.
Hydrogen and oxygen flows were separately controlled via mass
flow controllers (MKS). Typical flow rates were 2 and 4 mL/min,
respectively. The two gases were mixed using a T-coupling. The li-
quid phase, a solution of 0.1 N HCI and 0.281 mM KBr in methanol,
was then added to the gas stream through the side port of another
T-coupling at a rate of 0.5 mL/h via a syringe pump (Harvard Appa-
ratus). The reactor effluent was passed through a gas-liquid sepa-
rator kept in an ice bath. To avoid the accumulation of dangerous
concentrations of hydrogen gas, the outlet of the reactor was di-
luted with nitrogen to below the explosive limit and removed
through a vent line. The system was allowed to stabilize for 2 h
at ambient temperature and pressure before the liquid effluent
was collected. The hydrogen peroxide formed was quantitatively
determined by colorimetry using the TiOSO4/H,SO4 reagent [40].
The UV-absorption of the complex was measured at 425 nm. The
liquid effluent from the microreactor was collected to test for the
leaching of palladium as described above. In order to determine
conversion and selectivity, the total gas flow at the inlet and after
the reactor was determined with a bubble flow meter. Since water
is the only by-product formed, its concentration can then be calcu-
lated from a mass balance. The selectivity is given as moles H,0,/
(H0 + H,0,). The samples of the gas before and after reaction
were also collected with a gas tight syringe and the content of H,
and O, was determined with a gas chromatograph (Hewlett-Pack-
ard 5890 Plus with thermal conductivity detector; column: molec-
ular sieve 5A, 9’ x 1/8"; carrier gas Nj).

2.3. Determination of the length of unit cell

The length of one unit cell refers to the length of one liquid plug
plus one gas plug. Due to the slow pumping speed used in the
experiment, only one liquid plug was observed within the microre-
actor at any one time. Subsequent liquid plugs appeared after the
first liquid plug has passed through the microreactor. Therefore,
the velocity of the liquid plug can be determined from the time re-
quired for a liquid plug to pass through the microreactor. The time
required for the subsequent liquid plugs to appear was also mea-
sured. As the length of the microreactor is known, the distance be-
tween two liquid plugs can be estimated.

3. Results and discussion
3.1. Surface Pretreatment

Surface treatment with an amine functionalizing group had
been reported to covalently link the PMI-Pd to the glass [33].

The free amino group reacts with the oxirane function of the poly-
mer to form a secondary amine which links the polymer covalently
to the capillary wall. However, we found that the presence of the
amine linker was incompatible with the reaction conditions to pro-
duce hydrogen peroxide. The acidic liquid medium used in the tri-
phasic reaction rapidly hydrolyzed the amine bond and weakened
the attachment between the polymer and the glass surface. As a
consequence, the palladium-containing film was washed out from
the reactor, and the production of hydrogen peroxide at a concen-
tration of 200 mM could only be sustained for 2 days. For subse-
quent experiments, the PMI catalyst was therefore deposited
directly on the surface of the glass capillaries without prior chem-
ical surface functionalization.

3.2. Composition of the solvent system

The composition of the solvent system was varied in order to
assess the effect of different modifiers on the direct formation of
hydrogen peroxide (Table 1). Initial trials with pure water gave
low H,0, yields. Methanol was therefore chosen as the solvent be-
cause the solubility of H, is three times and that of O, eight times
higher in methanol than in water [18]. Furthermore, alcoholic
hydrogen peroxide would be compatible with the subsequent pro-
cesses, e.g., in the production of propylene oxide [11-13,26]. Using
pure methanol as the solvent, the hydrogen conversion was as high
as 47%, but hydrogen peroxide was obtained only with a concen-
tration of 28 mM. After the addition of potassium bromide to the
methanol, the concentration increased to 47 mM. Even better re-
sults were obtained when the methanol was acidified. Sulfuric acid
was tested as it does not cause the specific corrosive effects of ha-
lide ions such as pitting and stress corrosion. The achievable
hydrogen peroxide concentration increased significantly, from
28 mM to 156 mM. When the methanol was acidified with hydro-
chloric acid, the final concentration was slightly lower at 107 mM.
A further increase in the hydrogen peroxide concentration was ob-
tained when potassium bromide was added to the acidified meth-
anol. Using MeOH/H,SO,4/KBr as the solvent doubled the hydrogen
peroxide concentration to 278 mM, while in the MeOH/HCI/KBr
system, the hydrogen peroxide obtained had a concentration of
326 mM. With the latter liquid phase composition, the productiv-
ity of the hydrogen peroxide at 0.54 mol/h gp4 is about 10 times
that observed in pure methanol. Both the hydrogen and halide ions
(ClI~ and Br™) are known to promote the hydrogen peroxide yield
by inhibiting its hydrogenation and decomposition [10,14,41].
The halide ions presumably block the active sites (consisting of
ensembles of metal atoms) for the dissociation of the O-O bond.
This is reflected in the dramatic increase in the hydrogen peroxide
selectivity from 0.65% without additives to 77% in the system with
H,S04 and Br~, which is the result of a largely decreased H, conver-
sion (from 47% to only 3.9%). The observed selectivities are compa-
rable to those observed in a batch reactor under 6 bar total
pressure (see data under Supplementary material, Table S-1).

Table 1

Comparison of different solvent systems for the synthesis of hydrogen peroxide.
Solvent system Conc. of Productivity H, conv. Selectivity®

H;02 (mM)  (mol/h gpa) (%) (%)

MeOH 28 0.05 47 0.65
MeOH/KBr 47 0.08 36 14
MeOH/HCI 107 0.18 nd nd
MeOH/H,S04 156 0.26 20 8.7
MeOH/H,S04/KBr 278 0.46 3.9 77
MeOH/HCI/KBr 326 0.54 nd nd

Reaction conditions: Pd: 0.30 mg; O,: 4 mL/min, H,: 2 mL/min; liquid rate: 0.5 mL/
h, 0.1 N H" and 0.281 mM KBr (aq).
2 Selectivity to H,0,; nd = not determined.
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Fig. 2. TEM images for fresh PMI catalysts with (a) 1 wt%, (b) 2 wt%, (c) 4 wt% Pd and (d) 2 wt% PMI-Pd after reaction.

3.3. Influence of catalyst loading

Different palladium loadings into the polymer were achieved by
varying the amount of Pd(PPhs), in the micelle precursor. Repre-
sentative TEM micrographs of the resulting PMI-Pd catalysts are
shown in Fig. 2. The palladium clusters, represented by the black
dots, are well distributed throughout the polymer support. The
clusters had a relatively uniform particle size around 2.5, 2.7, and
3.6 nm for 1, 2, and 4 wt% Pd loading, respectively (Table 2). Com-
paring their activity, the productivity of hydrogen peroxide nor-
malized to the amount of palladium increased from 0.25 to
0.34 mol/h gpg as the loading increased from 1 to 2 wt%. However,
the productivity became lower when the palladium loading was
further increased to 4 wt%. While the decrease in activity may be
related to the bigger particle size and consequently lower metal
dispersion at the higher metal loading, the initial increase appears

Table 2
Effect of palladium concentration in the polymer film.

to indicate a size effect similar to that observed by Edwads et al.
[20]: the activity of the nanoparticles for H,O, formation is opti-
mum at a certain size, but decreases for even smaller particles, over
which water formation becomes favored.

Several microreactors were prepared with polymer films con-
taining palladium at a concentration of 2 wt% with respect to the
polymer. The amount of catalyst in the reactor was increased by
increasing the film thickness through applying multiple coats of
the polymer. The concentration of the hydrogen peroxide gener-
ated in the microreactor increased linearly from 123 to 254 mM
as the catalyst amount increased from 0.19 to 0.35 mg Pd (Table
3). However, the productivity normalized to the amount of catalyst
remained essentially constant, varying only slightly from 0.32 to
0.36 mol/h gpq. This shows that the polymer film was well pene-
trated by the reactants so that all the encapsulated metal particles
were readily accessible for the reaction. Furthermore, the decom-

Table 3
Influence of palladium loading varied by repeated coating with PMI-2% Pd.

Pd loading Coated TEM particle Conc. of Productivity of

(wt%) Pd (mg) size (nm) H,0, (mM) H,0, (mol/h gpq) Amount of Pd (mg) Conc. of H0, (mM) Productivity of H,O, (mol/h gpq)
1 0.14 2.5 71.2 0.25 0.19 123 0.32

2 0.37 2.7 254 0.34 0.28 207 0.36

4 0.59 3.6 293 0.25 0.35 254 0.34

Reaction conditions: 0O,: 4 mL/min; H,: 2 mL/min, liquid (MeOH/HCI/KBr):
0.5 mL/h.

Reaction conditions: 0O,: 4 mL/min; H,: 2 mL/min, liquid (MeOH/HCI/KBr):
0.5 mL/h.
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position of hydrogen peroxide was not significant even at the high-
est loading of catalyst.

3.4. Flow rate of the liquid phase

The flow rate of the liquid plays an important role in the mass
transfer within the microreactor. In a 2-mm ID capillary, increasing
the liquid feed rate from 0.2 to 1.0 mL/h resulted in an increase in
the productivity of hydrogen peroxide from 0.24 to 0.46 mol/h gpq
(Table 4). However, the hydrogen peroxide concentration de-
creased from 409 mM to 160 mM due to dilution by a larger vol-
ume of liquid. Bercic and Pintar [42] found that the gas-liquid
mass transfer in a methane/water system under Taylor flow condi-
tions is well described by the relation

o
((1 — &g)Lyc)’

In this equation «, 3, and y are constants, and Lyc is the length of
one “unit cell”, i.e., of one gas bubble and the liquid plug separating
it from the next gas bubble, ¢, is the volume fraction of the gas
bubbles, and u is the flow velocity of the unit cell. Inspection of this
equation shows that an increase of the flow velocity u or a decrease
of the unit cell length Lyc will have the strongest impact on the
mass transfer coefficient K a. The numerical value for exponent y
in our experiments was calculated to be 0.56.

The flow velocity u remains essentially the same if the liquid
feed rate is varied at constant gas flow rate because under our
experimental conditions, the volume flow rate of the gas is very
much higher than that of the liquid. Therefore, the main parameter
affected by a change in liquid feed rate is the length of the unit cell.
At a higher liquid feed rate, the length of the unit cell becomes

K= (1)

Table 4
Effect of liquid pumping speed in a 2-mm ID capillary reactor.

Pumping speed (mL/h) Conc. of H,0, (mM) Productivity of H,0,

(mol/h gpa)
0.2 409 0.24
05 254 0.34
1.0 160 0.46

Reaction conditions: Pd: 0.35 mg; O,: 4 mL/min; H,: 2 mL/min, liquid (MeOH/HCl/
KBr): 0.5 mL/h.
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Fig. 3. Dependence of the unit cell length (M) and productivity (@) of H,0, on
pumping speed. Reaction conditions: Pd: 0.35 mg; O,: 4 mL/min; H,: 2 mL/min,
liquid (MeOH/HCI/KBr): 0.5 mL/h.

shorter as more liquid plugs are introduced into the channel per
unit time. The shorter unit cell length increases the gas-liquid
mass transfer and therefore leads to higher hydrogen peroxide pro-
ductivity. In Fig. 3 the estimated unit cell length and productivity
of hydrogen peroxide are plotted against different liquid feed rates.
The results are in good agreement with Eq. (1).

3.5. Influence of microreactor diameter

According to Eq. (1), the mass transfer can also be improved by
increasing the flow velocity u of the unit cell. Higher velocity of the
unit cell is achieved by maintaining a constant gas and liquid flow
rate and decreasing the inner diameter of the reactor at the same
time. The results in Table 5 show that the productivity of hydrogen
peroxide increased from 0.34 to 2.28 mol/h gpq when the reaction
was ran in narrower capillaries. The productivity per unit palla-
dium obtained with a microreactor of 0.53 mm diameter was
about six times higher than in one with 2 mm inner diameter.
These results clearly confirm that a smaller diameter resulted in
a higher velocity of the unit cell and therefore a better liquid-gas
mass transfer. However, the concentration of the hydrogen perox-
ide was lower for the smaller diameter reactor. This is due to the
significantly smaller amounts of catalyst-coated on the wall of
the narrower capillary. The amount of catalyst deposited onto
the walls of the capillary depends on the volume of the solution
from which the catalyst was deposited. It will therefore scale with
2 (r is the radius of the capillary) if a constant number of impreg-
nation steps is used.

3.6. Varying gas ratios and secondary reactions

Scheme 1 shows that except for the decomposition of hydrogen,
all other side reactions involve hydrogen. Therefore, it is crucial to
optimize the ratio of the O,:H, for maximum formation of hydro-
gen peroxide. When the amount of hydrogen is stoichiometric
(1:1) or higher than that of oxygen (2:1), the formation of hydro-
gen peroxide is four to seventeen times lower as compared to that
for a H,:0, ratio of 1:2 (Table 6). An excess of hydrogen favors the
subsequent hydrogenation of hydrogen peroxide to water. There-
fore, a moderate oxygen excess is essential to suppress the reduc-
tion reactions. The H,:0, ratio of 1:2 was established as close to
the economic optimum.

To investigate the secondary reactions that hydrogen peroxide
undergoes in the microreactor, hydrogen peroxide at a concentra-

Table 5
Hydrogen peroxide production in different capillary tubes.

Inner diameter Coated Pd Conc. of H,0, Productivity of H,0,
(mm) (mg) (mM) (mol/h gpq)

2.00 0.37 254 0.34

1.00 0.12 144 0.61

0.53 0.02 81.7 2.28

Reaction conditions: O,: 4 mL/min; H,: 2 mL/min, liquid (MeOH/HCI/KBr):
0.5 mL/h.

Table 6
Variation of H,:0, gas ratio on hydrogen peroxide formation.

Gas ratio (H,:0,)  Conc. of H,0, (mM)  Productivity of H,O, (mol/h gpq)

1:2 254 0.34
1:1 58.8 0.08
231 17.1 0.02

Reaction conditions: Pd: 0.35 mg; O,: 4 mL/min; Hy: 2 mL/min, liquid (MeOH/HCl/
KBr): 0.5 mL/h.
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tion of 200 mM was added to the liquid feed. The hydrogen perox-
ide concentration in the product stream was measured as a func-
tion of the gas phase composition (Table 7). In the absence of
hydrogen, the final concentration of hydrogen peroxide remained
unchanged. Hence, the catalytic decomposition of hydrogen perox-
ide was negligible within the short retention time of about 7-8 s in
the microreactor. A very significant decrease in hydrogen peroxide
concentration was observed in the presence of hydrogen gas. In a
He and H, (2:1) gas mixture, almost half of the initial hydrogen
peroxide was reduced to water, and the hydrogen peroxide con-
centration decreased from 200 mM to 121 mM. Using our standard
synthesis gas mixture of H, and O, in the ratio of 1:2, the decrease
in hydrogen peroxide concentration was smaller, from 200 mM to
165 mM. This was the same concentration that could be obtained
with this reactor in the synthesis mode. Obviously, under these
conditions, the formation of hydrogen peroxide occurs, but at a
lower rate than the reduction of hydrogen peroxide. The final va-
lue, 165 mM, is the steady-state concentration between formation
and decomposition reactions. We conclude that the main second-
ary reaction within our microreactor system is the reduction of
hydrogen peroxide by hydrogen rather than its decomposition.
Our results confirm earlier observations by Han and Lunsford
[10] who had shown that under batch conditions, hydrogen perox-
ide was stable in the presence of O, but was readily reduced to
water by H,.

3.7. Lifetime of the catalyst in the microreactor

The long-term behavior of the microreactor for the continuous
production of hydrogen peroxide was investigated (Fig. 4). A

Table 7
Effect of gas composition on the reduction/decomposition of hydrogen peroxide in
feed.

Gas composition Conc. of H,0, (mM)

He 201
He:H, (4:2) 121
H,:0, (2:4) 165
He:0; (2:4) 198

Reaction conditions: Pd: 0.58 mg; liquid (MeOH/HCI/KBr): 0.5 mL/h; gas flow:
6 mL/min, feed [H,0,]: 200 mM.

0.40 -

0.30 -

0.20 -

0.10 -

H2 O2 productivity (mol/h.g Pd)

OOO T T T T T 1
0 2 4 6 8 10 12
Time (day)

Fig. 4. Productivity of hydrogen peroxide as a function of time. Reaction condition:
Pd: 0.283 mg; O,: 4 mL/min; H,: 2 mL/min, liquid (MeOH/HCI/KBr): 0.5 mL/h.

hydrogen peroxide productivity rate of 0.34-0.35 mol/h gpq wWas
sustained over the first 3 days at a daily operation time of 10 h
(for safety reasons, the reactor was only operated in the presence
of an operator). The productivity decreased over the next 3 days
to stabilize at a constant value of 0.27 mol/h gpg, which is 77% of
the initial activity. The productivity was maintained at this level
until the experiment was terminated after another 5 days. The con-
centration of hydrogen peroxide obtained during the period of
highest productivity was 0.9 wt%.

The observed decrease in activity between day 4 and day 6 can
be attributed to a loss of palladium from the microreactor. This
may be palladium particles which are not tightly incarcerated in
the polymer and can be easily removed by the acidic liquid phase.
Indeed, no further decrease in hydrogen peroxide productivity was
observed with continued operation of the microreactor after this
time. A control experiment, using an acid- and halogen-free solu-
tion of methanol in water as the liquid phase, showed that the
amount of palladium in the reactor effluent was below detection
limit. The palladium content in the film was analyzed by ICP-AES
after the run and was found to be 10% lower than that in the fresh
film. This loss in palladium can account for half of the observed de-
cline in productivity. Another contributing factor is the formation
of bigger palladium particles and agglomeration of palladium clus-
ters. Transmission electron micrographs of the polymer film after
the reaction (Fig. 2d) showed the presence of palladium crystallites
with a diameter of up to 4.8 nm, in addition to many small parti-
cles that were similar in size or even smaller than the 2.7 nm par-
ticles in the as-synthesized film (Fig. 2b). The growth of bigger
palladium particles at the expense of smaller ones (Ostwald ripen-
ing) will result in lower catalyst dispersion which adequately ex-
plains the observed reduction in activity up to day 6. The stable
hydrogen peroxide productivity obtained thereafter suggests that
the tightly bound PMI-Pd crystallites were stable toward leaching
and particle growth.

4. Conclusions

The catalytic capillary microreactor was shown to be a suitable
approach for the intrinsically safe in situ generation of hydrogen
peroxide from the elements. Over a wall-coated Pd nano-particle
catalyst, this reaction takes place under mild conditions, i.e., room
temperature and atmospheric pressure, without dilution by an in-
ert gas. A moderate excess of oxygen in the feed stream over the
stoichiometric 1:1 ratio for O,:H; is necessary to suppress the cat-
alytic reduction of the formed hydrogen peroxide to water. A two-
fold oxygen excess was identified as close to the economic
optimum.

The immobilization of palladium from a soluble precursor using
the PMI method resulted in uniform palladium nanoparticles of
2.5-3.6 nm diameter for palladium loadings of 1-4 wt%. The pres-
ence of bromine and hydrogen ions in the solvent system is essen-
tial for achieving high productivity of hydrogen peroxide. Despite
the corrosive conditions, the PMI catalyst showed little leaching.
The long-time stability of the catalyst could be demonstrated dur-
ing the continuous production of hydrogen peroxide for 11 days.
Using a 2-mm ID microreactor coated with PMI-Pd, a maximum
concentration of 1.4 wt% of H,0, corresponding to a turnover fre-
quency of 0.54 molyoo/hgpqg was obtained in continuous
operation.
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