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Abstract

Tubular catalytic membranes (TMCs) active in the direct synthesis of hydrogen peroxide were prepared, characterized, and te
methanol as the reaction medium. Low hydrogen peroxide selectivity was found when only palladium was used as a catalyst, whe
dium/platinum bimetallic samples gave higher productivity and selectivity, with an optimum molar ratio of 18. The H2O2 decomposition rate is
influenced by the feed gases. O2 improves H2O2 stability, whereas H2 causes hydrogen peroxide to decompose at a higher rate. The most
decomposition pathway should be the reduction of H2O2 to water by H2. Bromide ion was used as a promoter and when used in excess (60
causes a decrease in overall catalytic activity.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The direct synthesis of hydrogen peroxide from hydro
and oxygen has been known since the beginning of the
century [1] and is in principle a more economic and en
ronmentally acceptable alternative to the classic antraquin
route. However, to date it has found no industrial appli
tions, despite a large number of patents filed over the pas
years[2–15]. This is due to two main reasons: (i) the ne
to avoid formation of explosive H2/O2 mixtures and (ii) the
still unacceptably low selectivity of the reaction (whose m
product is water). Nonetheless, the interest in the direct
thesis remains very high, as witnessed by Degussa’s re
announcement of the constitution of a joint venture with
nanocatalysis firm to develop and commercialize a direct
thesis process[16].

Scientific works in the open literature began appearing o
recently[17–23], although Pospelova was a pioneer in the fi
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during the 1960s[24–26]. Recently, the use of specially d
signed membranes[27,28] has attracted considerable inter
because it provides a promising approach to overcoming
least in principle, the problems of safety and selectivity[10,
11,27].

Recently[28–30] we reported the use of carbon-coated
ramic membranes containing palladium, which allow the
rect synthesis of hydrogen peroxide. These membranes
designed to feed hydrogen from inside the membrane tow
the external part, where an oxygen-saturated aqueous so
comes in contact with the Pd active phase. This concept
dresses the safety issue, while maintaining interesting pro
tivity, especially if the reaction is carried out under pressu
However, an evaluation of the selectivity of this catalyst
sign remains crucial. In this paper we address this point
report the use of these catalytic membranes in methanol.
allows reliable measurement of H2O2 selectivity with the ad-
ditional advantage of obtaining H2O2 solutions in an organic
solvent. In principle, this could lead to an easier concentra
step (MeOH instead of H2O), a factor that can strongly affe
the price of hydrogen peroxide given the current produc
technology.

http://www.elsevier.com/locate/jcat
mailto:strukul@unive.it
http://dx.doi.org/10.1016/j.jcat.2005.11.008
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2. Experimental

The membranes were 10-cm-long asymmetricα-Al2O3
tubular supports externally coated with a synthetic carbon la
The carbon loading was in the range of 70–80 mg for each t
The coating was performed by MAST Carbon Ltd., Guildfo
UK, and the alumina support was supplied by Hermsdörfer
stitut für Technische Keramik-HITK, Hermsdorf, Germany.

2.1. Sample preparation

The metal deposition procedure was as described p
ously [29]. Carbon-coated membranes (CAMs) were activa
in CO2 at 850◦C and then impregnated by a depositio
precipitation method (a classical method for obtaining eggsh
type catalysts)[31–33]. This technique consists of two step
(i) basification of the membrane surface by soaking in a Na
solution (0.1 M) and (ii) deposition of Pd(OH)2 by precipita-
tion from an acidic PdCl4

2− solution (40 ppm Pd). The pH o
the starting Pd(II) solution was 0.7. Bimetallic samples w
prepared similarly. In this case the metal salt solution wa
PdCl42− + PtCl62− solution with the appropriate Pd/Pt molar
ratio.

During impregnation, Pd(OH)2 (with or without Pt(OH)4)
was deposited into the pore network of the external memb
layer. After metal(s) deposition, membranes were dried,
duced at room temperature in H2 flow, and eventually washe
with distilled water to remove chloride ions. Pd loading w
around 2.5 wt% with respect to carbon loading. The Pd/Pt ratio
was either 10 or 18. Hereafter, the different samples are den
as tubular membrane catalysts (TCMs).

2.2. Characterization

Scanning electron microscopy (SEM) images were obta
with a Jeol JSM 5600 LV (low-vacuum) microscope. The me
brane was gently broken into several chips (10–20 mm)
were subsequently attached on a support with conductive
and put in the microscope chamber.

Transmission electron microscopy (TEM) images were
tained with a Jeol 3010, operating at 300 kV, equipped w
a Gatan slow-scan CCD camera (model 794) and an Ox
Instrument EDS microanalysis detector (model 6636). E
membrane surface was scratched, and the resulting powde
dispersed in isopropyl alcohol, ultrasonicated for 5–10 min
that particles would not settle down, and then deposited on
holey carbon film.

CO chemisorption measurements were carried out at 2◦C
with a pulse technique on a homemade apparatus equi
with a thermostatted reactor and a ESS Genesys quadr
mass spectrometer interfaced to a computer for data colle
and analysis. CO+ fragment (m/z = 28) was used for quant
tative measurements. A 2/1 chemisorption stoichiometry wa
assumed for both CO/Pd[34] and CO/Pt [35].

Calibrations were carried out after each measuremen
injecting a known amount of CO from a calibrated loop. A s
cially shaped sample holder was used to analyze the TCM
r.
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whole. Because CO is strongly chemisorbed on Pd and P
samples were characterized after the catalytic tests. Before
measurement, samples were reduced in situ by passing
H2/He mixture at 25◦C, and then thoroughly evacuated w
He.

Metal loading was determined by atomic absorption sp
troscopy from the solutions used for metal deposition on
membranes. Differences between metal concentration b
and after impregnation gave the amount of loaded metal.
efficiency of this method has been proven previously[30].

2.3. Catalytic tests

Tests were carried out in a semibatch recirculation re
tor as described previously[29], in which the membrane wa
sealed in a tubular holder. From the inner side, H2 was fed
at constant pressure (3 bar) while an oxygen-saturated a
solution was continuously circulated on the outer side of
membrane (on which Pd was deposited) by a peristaltic p
(25 ml/min) equipped with special Tygon® MH tubing. The cir-
culating solution was 100 ml of anhydrous methanol contain
6 ppm Br− and 2.8 g/l H2SO4. Before the catalytic experimen
were begun, the catalyst surface was activated by circulatin
oxygen-saturated solution on the membrane already plac
the reactor and pressurized with N2 from the inner side. Hy-
drogen peroxide concentration was determined by iodom
titration, whereas water content was determined by the
Fischer volumetric method. All kinetic runs were carried o
at room temperature.

Selectivity toward H2O2 at any time was calculated as fo
lows:

SH2O2 = [H2O2]
[H2O2] + [H2O] .

3. Results and discussion

3.1. Catalyst characterization

SEM images given inFig. 1 show the asymmetric structu
of theα-Al2O3 support. The inside macroporous structure
mean pore size of 3 µm, whereas the external thin layer m
pore size is around 100 nm. Carbon coating is hardly visibl
Fig. 1, because carbon did not form an external thick layer,
rather penetrated into the pore structure of the alumina sup
Carbon is spread all over the TCM, but mostly deposited in
100-nmα-Al2O3 external layer, where it generates a micro
orous fine structure. During impregnation and catalytic te
this microporous structure was filled by capillarity with the s
vent.

TEM images of the different samples are shown
Figs. 2a–f. TCM1, containing only Pd, is shown inFigs. 2a
and b. In this sample the metal particles are roundish
evenly spread on the amorphous carbon layer. In presence
(TCM3 and TCM4), particles are smaller, irregularly shap
and grouped in clusters. TCM4 (Figs. 2c, d) shows small parti
cles on carbon and bigger ones near the alumina crystal
EDS analysis confirmed the presence of both Pd and P
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Fig. 1. SEM images of TCM’s: (a) section at low magnification (TCM2), (b)
ternal asymmetric carbon coated layer at high magnification (TCM2).

Table 1
CO chemisorption and particle size data

Sample label Pd/Pt
molar ratio

CO adsorption
[mmolCO/gmetal]

Metal particle
size (nm)

TCM1 0.51 8.2
TCM2 0.52 8.3
TCM3 10 0.59 8.0
TCM4 18 0.81 6.4

the analyzed samples. Moreover, alumina crystallites were
identified as the regularly shaped darker regions appearin
the micrographs. TCM3, which has the highest amount of
shows two types of particles: (i) clusters of 8- to 10-nm pa
cles and (ii) very small and evenly spread particles (Figs. 2e, f).

CO chemisorption data are collected inTable 1. These data
indicate improved chemisorption for the most active sam
(TCM4). This is in agreement with TEM observations show
smaller particles for this sample with respect to those sam
containing Pd only (TCM1 and TCM2). TCM3 shows sligh
improved chemisorption, which gives rise to a smaller m
o
in
t,

s

particle diameter, whereas TEM observation shows two ty
of particles, as stated earlier. The mean diameter calculate
chemisorption is clearly an average.

3.2. Catalytic activity in methanol

The catalytic activity of TCMs is to a large extent influenc
by the gas concentration in solution. Solvents capable of
solving H2 and O2 in amounts higher than water could he
improve TCM performance. This is clearly shown by the d
ferent reactivities resulting from replacing water with metha
(Fig. 3). The higher H2 and O2 solubilities[36] gave a higher
H2O2 productivity in methanol with respect to that found in w
ter. As can be seen fromFig. 3, using a 1:1 water/methanol
mixture did not improve catalytic activity. The effect of im
proved gas solubility was probably not the only factor to
considered in this case.

Using a solvent other than water is also mandatory for de
mining H2O2 selectivity. In fact, measurement of the consum
H2 is not reliable with our reactor design; the analysis of w
ter by titration and calculation of the selectivity based on
amount of H2O2 and H2O formed are much easier tasks th
yield reliable data.Fig. 4 shows the concentration profiles f
H2O2 and H2O during a kinetic run. As can be seen, wa
forms at a much higher rate because its overall formatio
a combination of direct synthesis (reaction b inScheme 1) and
H2O2 decomposition (reactions c and d). The observed se
tivity ranges from 2.5 to 3.0% throughout the experiment.

3.3. H2O2 decomposition

Independent tests for H2O2 decomposition were carried o
by placing the catalytic membrane in contact with a sligh
concentrated H2O2 solution (about 0.2%) in the same reac
used for synthesis (Fig. 5). In this case a decrease in the co
centration of H2O2 with time was recorded. The kinetic da
can be fit by a simple first-order decomposition rate equat
and the value obtained for the kinetic constant (Table 2) can
be used as an indication of the catalyst’s ability to favor H2O2
decomposition.

These tests were carried out as follows. Either H2 or O2 was
replaced by N2, as appropriate. The upper curve ofFig. 5 re-
ports the results in the absence of H2 and clearly indicates tha
H2O2 is rather stable in contact with the catalyst in the prese
of O2. This gives an indication of the intrinsic properties of t
catalyst to decompose H2O2 by dismutation, which are almos
negligible. In contrast, the lower curve represents the resul
absence of O2. In this case there is a clear indication that H2O2
is poorly stable in the presence of H2 only. In the case of an
aqueous solution, the decomposition rate in the presence o2
is even higher (Table 2). Finally, when both H2 and O2 were fed,
there was a sort of intermediate situation. This demonstr
that the presence of H2 in the gas feed, although necessary
H2O2 synthesis, also improves the undesired H2O2 decomposi-
tion.

On the basis of thek values reported inTable 2, it appears
that H2O2 reduction (reaction c) is about one order of mag
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. (a and b) TEM pictures of TCM1, (c and d) TEM pictures of TCM4 (Pd:Pt= 18:1), (e and f) TEM pictures of TCM3 (Pd:Pt= 10:1).
be

sa

-
H
ility
e is
tude higher than H2O2 dismutation (reaction d). Hence it can
concluded that the former, caused by H2, is the most likely de-
composition mechanism. Other authors have reached the
conclusions working with powder catalysts[19,37].
me

The k values reported inTable 2merit some further com
ment to justify why hydrogen peroxide decomposition under2

is faster in water than in methanol, despite the higher solub
of hydrogen in methanol. Keep in mind that the Pd surfac
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Fig. 3. H2O2 concentration profiles in different reaction media for TCM
2, 100% methanol;F, 100% water;Q, 50% water and 50% methanol.

Fig. 4. H2O2 (2) and H2O (") concentration profiles for a kinetic run o
TCM2.

H2 + O2
k1→ H2O2 (a)

H2 + 1
2O2

k2→ H2O (b)

H2O2 + H2
k3→ 2H2O (c)

H2O2
k4→ H2O + 1

2O2 (d)

Scheme 1. Reactions involved in the direct synthesis of H2O2.

preoxidized before each catalytic experiment, because this
treatment improves the catalytic performance[29]. With MeOH
as the solvent, this may lead to the formation of surface
mate species, blocking the most reactive Pd sites respon
for HO–OH bond breaking, similar to what was observed
Han and Lunsford[38] in ethanol as the solvent.

3.4. Effect of the Br− ions on H2O2 productivity

It is well known that productivity and selectivity towar
H2O2 are improved by promoters, such as acids and brom
ion [15]. In the absence of H+, little H2O2 was produced. More
over, the addition of small amount of Br− reportedly improved
selectivity toward H2O2 [4,20]. Bromide ion is a known poiso
for Pd, blocking the active sites on the catalyst particle surf
Under these circumstances, the improved catalyst perform
observed in the presence of bromide ions could well be du
e-

-
le

e

.
ce
o

Fig. 5. Influence of different feeds on H2O2 decomposition rate for TCM1.

Table 2
Apparent first order rate decomposition constants and H2O2 (mol%) decom-
posed after 7 h for the sample showed inFig. 5(TCM1)

Fed gases kdec
(min−1)

H2O2 decomposed
after 7 h (%)

Only H2 0.00112 34.8
H2 and O2 0.00032 11.6
Only O2 0.00011 3.0
Only H2, in water 0.00428 83.0

Fig. 6. Effect of the Br− concentration on the catalytic activity of TCM2
Squares, 6 ppm Br−; triangles, 60 ppm Br− (filled symbols, H2O2 concen-
tration; open symbols, H2O concentration).

a selective poisoning of certain sites. A test was carried ou
creasing the Br− concentration from 6 to 60 ppm, values with
the optimum range in aqueous medium, as indicated in
cited literature. As can be seen fromFig. 6, an increase of Br−
concentration in MeOH from 6 to 60 ppm was detrimenta
overall catalytic activity. In fact, the overall formation rates
both H2O2 and H2O were smaller for the higher Br− concen-
tration (although, in relative terms, H2O2 decreased much mor
than H2O). Thus, because Br− acts as a poison for catalyt
sites, the proper concentration could be associated with s
tive blocking of the sites responsible for H2O2 decomposition.
An increase above this critical value causes an indiscrimi
poisoning of the catalytic sites, including those active for
synthesis of H2O2. As suggested in previous work[29], H2O2

formation likely requires a smooth metal surface. Highly en
getic sites are able to break both the O2 and the H2O2 molecules
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Fig. 7. Catalytic performance of bimetallic samples (TCM3 and TCM4) c
pared to a monometallic sample (TCM1). Filled symbols, H2O2 concentration;
open symbols, H2O concentration.

Fig. 8. Selectivity comparison for bimetallic and monometallic samples. W
Pd only (TCM1); black, Pd/Pt = 10 (TCM3); dashed, Pd/Pt= 18 (TCM4).

to give adsorbed hydroxyl species that eventually give wa
The results reported herein seem to support this view and
cate that the presence of Br− ions, which bind first to the mor
energetic sites, could be necessary to expose a smooth P
ticle surface. As these sites become occupied, excess Br− also
adsorbs on the other sites, inhibiting overall catalytic activit

3.5. Bimetallic catalysts: effect of the addition of Pt

The addition of a second metal to Pd has been claime
several patents[4,5,7,39]and in the open literature[19,40,41]
to improve catalyst selectivity in the direct synthesis of H2O2.
Platinum was chosen, because it was used successfully in p
examples. For our purposes, Pd/Pt molar ratios of 10 and 1
were selected.

Fig. 7 andTable 3shows the effect of the presence of t
second metal on the catalytic activity. The best results were
tained with the highest Pd/Pt ratio (lowest Pt amount). As ca
be seen, both productivity and selectivity increased (Fig. 8). As
a general trend,Fig. 8 shows that selectivity decreased w
time as a consequence of increased H2O2 reduction as H2O2
,

r.
i-

ar-

n

ent

-

Table 3
Metal loading and catalytic performance of mono- and bimetallic samples.
is expressed as mol H2O2 formed per mol Pd loaded per hour

Sample
label

Pd loading
(wt%)

Pd/Pt
molar ratio

Final H2O2 conc.
after 7 h (ppm)

TOF after 7 h
(h−1)

TCM1 2.4 265 6.4
TCM2 2.4 245 5.5
TCM3 2.5 10 309 7.6
TCM4 2.4 18 395 10.5

itself builds up in the system. Pd-only TCMs showed a v
low selectivity (4% maximum). The bimetallic samples we
generally better, particularly TCM4 (Pd/Pt 18), which had 3
times the selectivity (12% maximum) with respect to TCM
(Pd only).

Bimetallic Pd/Pt catalysts were successfully used in s
eral epoxidation reactions, mainly propene epoxidation, w
in situ-generated H2O2 from H2 and O2 [42–46]. Both metals
were needed to ensure proper epoxide productivity. The P/Pt
ratio was found to affect both Pd oxidation state and part
features. Hölderich et al.[43,44]found that adding Pt to Pd/TS
1 catalysts stabilized a surface Pd2+ oxidation state and, ove
certain compositions and under specific reduction conditi
influenced the metal particle shape. The optimum level o
was found to be a balance between the desirable increa
Pd2+ concentration and the undesirable changes in the su
morphology of the Pd aggregates, from needle-shaped to s
ical [43,45]. This is in agreement with our TEM observatio
reported above. Pd-only samples had well-developed sp
cal particles, whereas bimetallic samples had irregularly sh
particles. Moreover, the most active sample (TCM4) show
the smallest particles and a spread in the size distribution
Figs. 2c, d).

In our case the effect of Pt addition should not be limi
to the evident Pd particle morphology change (Fig. 2), but also
should also play a role in the overall catalytic cycle. On the
sis of the observations reported by Meiers et al.[43] we believe
that Pt would mainly stabilize an oxidized Pd surface, a c
dition known to favor the formation of hydrogen peroxide, a
reduce the formation of HO-chemisorbed species favored
Pd0 highly energetic sites. In this way there should be a sy
getic effect between the presence of both the second meta
the anion in the proper proportion, which could explain the
proved catalytic performance.

4. Conclusions

In this work, tubular catalytic membranes that are active
fairly selective for the direct synthesis of hydrogen perox
under very mild and safe conditions have been prepared
suitably characterized. Their use in methanol as solvent al
accurate determination of their selectivity in the formation
hydrogen peroxide, a factor that is of foremost importanc
the evaluation of their overall catalytic performance.

A careful analysis of the H2O2 decomposition reaction ind
cates that the preferred decomposition pathway is H2O2 reduc-
tion caused by H2. H2O2 is stable in contact with the cataly
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in the presence of only O2. The presence of promoters like Br−
is necessary, because these promoters adsorb on sites th
able to decompose H2O2 or dissociatively chemisorb O2. An
analysis of their concentration effect indicates that an optim
value is needed to achieve this goal and supports the idea
smooth metal surface is needed to improve productivity and
lectivity. An excess of Br− leads to indiscriminate poisoning o
the surface and is detrimental to overall catalytic activity.

The use of Pd/Pt bimetallic catalysts in the direct synth
of hydrogen peroxide was shown to yield higher activity and
lectivity, with 3 times the selectivity than that of monometal
Pd catalysts when a Pd/Pt ratio of 18 was used.

The selectivities obtained so far by bimetallic catalysts
well below those of industrial interest (selectivity> 60%), but
it must be emphasized that our tests have been carried o
1 bar pressure. Higher pressure generally improves H2O2 selec-
tivity and productivity to a large extent, because H2O2 synthesis
(reaction a inScheme 1) is favored over H2O synthesis (reac
tion b). In fact, tests carried out at�65 bar gave very good pro
ductivity and selectivity results. These data are preliminary[47]
and will be published elsewhere.
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