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Abstract

Additional evidence is presented for the catalytic role of aqueous colloidal palladium in the direct conversion of H2 and O2 to H2O2.
Reactions typically were carried out at an O2/H2 ratio of 2, and 25◦C, by introducing the gases at 1 atm through a frit into the aque
slurry. The source of palladium was either PdCl2 or reduced palladium supported on silica gel. During the course of the reaction the pall
is distributed among PdCl4

2−, colloidal palladium, palladium deposited on the frit, and Pd/SiO2 when SiO2 is present. Although the amoun
of colloidal palladium differs, depending on its source and the time on stream, the rate of H2O2 formation is proportional to the amoun
of colloid present at a particular time. Maximum rates were observed for colloids prepared from Pd/SiO2; however, the largest H2O2
concentration of 0.7 wt% was attained when PdCl2 was the source of colloidal palladium. The ultimate steady-state concentration of2O2
is, in part, affected by the rate of H2O2 decomposition, which is relatively large over the Pd/SiO2 sample that was tested. The rate
decomposition also is determined by the H+ concentration. Results obtained with a mixture of16O2/

18O2 confirm that oxygen remain
undissociated during the formation of H2O2, which may explain why palladium is uniquely suited as a catalyst for this reaction.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The increasing utilization of hydrogen peroxide as
bleach in the pulp and paper industry, as an oxidant in wa
water treatment, and as a source of oxygen for epox
tion reactions has resulted in renewed interest in the d
formation of H2O2 from H2 and O2. The current com-
mercial method for the production of H2O2 is a circuitous
process that involves the use of alkylanthroquinone and
droquinone intermediates [1]. The raw product mixture c
tains only about 2 wt% H2O2. Although recent advance
in the direct formation of H2O2 have been reported in th
patent literature [2–5], the fundamental studies that h
been carried out on this reaction are limited in both sc
and number. Most notable is the work of Thompson and
workers [6], who investigated the reaction over a cata
containing hafnium phosphate and viologen phospho
with supported Pd. This group reported that 13 wt% H2O2
could be attained by carrying out the reaction at atmosph
pressure in anhydrous methanol. A paper by Choudha
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al. [7], in which they describe a novel membrane reac
also is of interest because such a reactor would enable
to avoid potentially explosive mixtures of H2 and O2 while
maintaining the most efficient ratio of these reagents in
liquid phase.

In a recent paper, we reported on the direct formatio
H2O2 at atmospheric pressure, with the unexpected con
sion that the reaction was mainly catalyzed bycolloidal pal-
ladium [8]. Palladium metal is unique in its ability to ca
alyze this reaction to any significant extent, and it is usu
introduced in a supported form. Typical supports include
ica, silicic acid, carbon, and alumina. Generally, the reac
is carried out in an aqueous slurry that also contains an
such as HCl or HBr. In the presence of HCl, supported0

initially is oxidized, with the formation of PdCl4
2− ions in

solution. The palladium ions then are reduced back to
metal by H2, and some of the metal is present as a c
loid. Evidence for the predominant role of the colloid in t
catalytic reaction principally came from two observatio
(1) after a period of reaction, the rate of H2O2 formation
remained essentially the same after the remaining Pd/SiO2

had been removed from the slurry, and (2) even larger r
of reaction were observed when the source of pallad
was PdCl2; i.e., no SiO2 support was present in the syste
eserved.

http://www.elsevier.com/locate/jcat
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Moreover, electron microscopy confirmed the presence
colloid in the aqueous phase.

To determine whether the predominant role of colloi
palladium in the formation of H2O2 is a more general phe
nomenon, the influence of other factors on colloid conc
trations and reaction rates has been explored. These fa
include types of silica, acid concentration and reaction ti
In addition, experiments involving16O2/

18O2 mixtures pro-
vide insight into the reaction mechanism.

2. Experimental

Most of the reactions reported here were carried ou
760 Torr and 25◦C in a Pyrex reactor, shown in Fig.
that was 22 mm id. The oxygen and hydrogen gases w
allowed to flow through a Kimax 20F fine glass frit th
was located 100 mm below the top of the open reactor.
flow rates, unless noted otherwise, were maintained at 20
min−1 for O2 and 10 mL min−1 for H2 using Scott mass flow
controllers. Note that this is a potentially explosive mixtu
and appropriate precautions should be taken, some of w
are described below.

Palladium was introduced as PdCl2 or via a Pd/SiO2
material to 10 or 20 mL of an aqueous phase. Prior to ad
the catalyst, the O2/H2 mixture was allowed to pass fo

Fig. 1. Schematic of the reactor.
s

10–15 min through the solution that was usually acidifi
with HCl. The Pd/SiO2 materials consisted of 5 wt% P
supported on either Davison grade 57 silica or grade
silica. The resulting materials are referred to as Pd/SiO2(57)
and Pd/SiO2(03), respectively. The surface areas and p
diameters of grade 57 silica are ca. 300 m2 g−1 and 15 nm,
respectively; whereas, those of the grade 03 silica are
m2 g−1 and 3 nm, respectively. The preparation of
materials, which included as a final step reduction in2,
has been described previously [9]. After addition of the
to the aqueous phase, the solution or slurry was rap
stirred with an overhead stirrer (∼ 500 rpm) that had a glas
impeller. For longer duration runs, parafilm was loos
placed over the top of the reactor to inhibit evaporat
After different times on stream, small aliquots of the liqu
phase were removed from the reactor, and the H2O2 formed
was analyzed by colorimetry after complexation with
TiOSO4/H2SO4 reagent. The estimated error in the analy
of H2O2 is ±2× 10−4 wt% (±5× 10−5 M).

Contact of the 2:1 O2/H2 mixture with adry Pd/SiO2
catalyst may result in an explosion. After several ho
on stream a small amount of Pd/SiO2 is deposited on th
reactor wall above the liquid phase. This deposited mat
usually has a water film, but to ensure that it did not beco
dry, the stirring occasionally was stopped, the reactor
lowered, and the slurry was swirled so as to remove
solid from the wall. More recently we have found that t
initial introduction of Pd/SiO2 into the solution can resu
in an explosion because the dry catalyst contacts the ex
O2/H2 gas mixture. To avoid this problem, ca. 15 mL
the aqueous solution was removed and slurried with
Pd/SiO2. This slurry was then introduced into the remain
aqueous phase.

The selectivity for H2O2 formation was obtained b
converting the single-pass reactor to a recycle reactor w
made it possible to follow the loss of H2 and O2 during
the reaction. The gas-phase ratio, which initially was 2:1
O2/H2, was followed by gas chromatography. The reac
was carried out for 1 h. From the reactions

(1)yH2 + yO2 → yH2O2,

(2)2xH2 + xO2 → 2xH2O,

it follows, that the H2 selectivity to H2O2 is given by

(3)SH2O2 = [
y/(y + 2x)

] × 100.

The values ofx and y were determined from the O2/H2
ratios before and after reaction, the volume of the sys
the initial and final total pressures, and the amount of H2O2
formed.

The amount of colloid that was formed in the aque
phase during the reaction was determined by first analy
for the amount of Pd2+, using the method of Onishi [10
Then the colloid was oxidized by exposing the solution
air for 12 h, and the solution was again analyzed for Pd2+.
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The difference between the amounts of Pd2+ is taken to be
the amount of colloidal Pd. The estimated error in the coll
concentrations is±3× 10−6 M.

Electron micrographs of the colloidal palladium we
obtained with a Zeiss 10C TEM instrument operating
100 kV. After 1 h on stream an aliquot of liquid was remov
from the aqueous phase and deposited on either a ca
coated copper or gold grid. The liquid was rapidly dried i
vacuum oven at ca. 80◦C.

The oxygen isotope distribution in the hydrogen per
ide that forms from the reaction of H2 with an 16O2/

18O2
mixture was determined by Raman spectroscopy. A H
probe Raman spectrometer (Kaiser Optical) system that
equipped with a Nd: YAG laser was used for this purpo
Hydrogen peroxide in concentrations as small as 0.05 w
could be detected. The isotopically labeled H2O2 was pre-
pared by reacting18O2 (340 Torr) and16O2 (400 Torr)
with H2 (400 Torr) in a catalyst derived from 5 mg
Pd/SiO2(57) in 10 mL of 1 M HCl. The reaction was ca
ried out in a closed 100-mL Pyrex round-bottom flask. T
slurry was stirred for 8 h with a magnetic stirrer, and d
ing this period 0.4 wt% H2O2 was produced. The H2O2 was
concentrated by pumping on the system for 0.5 h with
solution at 30◦C.

3. Results

3.1. Kinetic results

The formation of H2O2 as a function of time on stream
for four different catalyst systems is depicted in Fig.

Fig. 2. Comparison of H2O2 production over palladium derived from
different sources:�, 10−3 M PdCl2; �, 10−4 M PdCl2; �, 5 wt%
Pd/SiO2(57); �, 5 wt% Pd/SiO2(03).
-

The systems prepared from 10−3 M PdCl2, 44 mg of
Pd/SiO2(57), or 44 mg of Pd/SiO2(03) all contained 2.2
mg of Pd; whereas, the system prepared for 10−4 M PdCl2
contained 0.22 mg of Pd. The liquid volume was 20 mL
will be shown subsequently that Pd was distributed am
the colloid, the frit, and the SiO2 when it was present. A
shorter times on stream (e.g., 2 h) the activity follows
sequence Pd/SiO2(57)> Pd/SiO2(03)> 10−3 M PdCl2 >

10−4 M PdCl2, but as the reaction proceeded, the sys
derived from 10−3 M PdCl2 maintained the largest activity
Selectivities for H2O2 formation, based on H2 consumption,
were 61 and 66% for the Pd/SiO2(57) and 10−3 M PdCl2
systems, respectively.

The variation in activity for the Pd/SiO2(57) and
Pd/SiO2(03) systems is shown in Fig. 3. When 22 m
Pd/SiO2(03) was introduced into the 10 mL of 1 M HCl s
lution, there was an induction period of about 5 min, dur
which time only a small amount of the colloid was form
and, correspondingly, the rate of H2O2 formation was low.
After about 15 min, the colloid concentration and the r
of H2O2 formation reached a maximum and thereafter b
slowly declined. By contrast, with the Pd/SiO2(57) cata-
lyst, the formation of the colloid was rapid, and no indu
tion period was observed. But, with this system as well,
decrease in the colloid concentration at times greater
15 min was accompanied by a decrease in activity.

In a separate experiment, the amount of Pd presen
the colloid, on the silica, and, by difference, on the frit w
determined for a Pd/SiO2(57) system after 10 and 24 h
reaction in 1 M HCl. Of the 2 mg Pd in the system, af
10 h there was 0.2 mg as the colloid, 0.8 mg as Pd/SiO2,
and 1 mg on the frit; whereas, after 24 h there was 0.08
as the colloid, 0.3 mg as Pd/SiO2 and 1.6 mg on the frit
The frit became dark as a result of the Pd deposit. In
presence of the 2:1 O2 to H2 ratio, the amount of palladium

Fig. 3. Formation of H2O2 and variation in colloid concentration durin
the reaction of H2 and O2 in aqueous slurries of (�, 
) Pd/SiO2(57) and
(�, �) Pd/SiO2(03).
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as PdCl42− was small after an initial induction period. Mo
of the Pd resides on the frit for times on stream greater
about 10 h, but the catalytic activity of this form of Pd
relatively small. After allowing the palladium to form on th
frit for 5 h during the reaction of H2 and O2 in a system
derived from 10−3 M PdCl2, the solution with the colloid
was replaced by a fresh 1 M HCl solution, and the rate
determined. The rate of H2O2 formation was 1.4 × 10−5

M min−1, which may be compared to the original rate
1.9 × 10−4 M min−1. Thus, the activity of the Pd on th
frit was more than an order of magnitude less than tha
the colloid in solution. Even this value for the Pd/frit is an
upper limit since a small amount of the Pd was reintrodu
into the solution as a colloid.

The rates of H2O2 formation for the systems derived fro
the two supported catalysts and from PdCl2 have been de
termined, and the results are shown in Fig. 4 as a fu
tion of the colloid concentration. Within experimental err
there is a linear relationship between the rate and the co
concentration, which further supports the predominant
alytic role of the colloidal palladium. A specific activity o
80 mmol H2O2 g−1 Pd min−1 was determined from the lin
ear relationship of Fig. 4. The earlier catalytic results, wh
were obtained with 2.2 mg Pd/SiO2(57), indicated that the
specific activity of the solid catalyst itself was only about 3
of the specific activity of colloidal palladium [8].

The role of the HCl in the formation of H2O2 also was of
interest, and in order to avert the complications introdu
by the dissolution of palladium from Pd/SiO2, PdCl2 was
used to form the colloid. The results of Fig. 5A show t
at 0.1 and 0.01 M HCl concentrations, the initial activit
were slightly larger than that of the 1.0 M HCl solution, b

Fig. 4. Variation in catalytic activity for H2O2 formation as a function
of colloid concentration with the colloid being derived from:�, 10−3 M
PdCl2; �, 5 wt% Pd/SiO2(57);�, 5 wt% Pd/SiO2(03).
activities at the lower acid concentrations were not as st
with respect to time on stream. Even the neutral solu
was active after an induction period of several minu
In this case, as well as with the 0.01 M HCl solutio
there was a decrease in activity that resulted from H2O2
decomposition at the lower proton concentrations. Pospe
and Kobozev [11] have shown that the decomposition
H2O2 is strongly inhibited by protons in similar catalyt
systems. This interpretation for the decrease in net H2O2

formation as depicted in Fig. 5A is confirmed by the res
of Fig. 5B. After the steady state was reached, H2O2 was
added to a level of about 0.04 wt%, and it was obser
that decomposition of this added H2O2 rapidly occurred
down to the level of the original steady-state concentrat
Subsequent acidification of the solution to 1 M HCl cau
a net formation of H2O2 at a rate comparable to that fou
for the original 1 M HCl solution (Fig. 5A).

The question arises as to whether the decrease in ac
of the 0.1 M solution also resulted from the approach
steady state (i.e., the more rapid decomposition of H2O2) or
whether colloidal Pd was less stable in the 0.1 M solution
a separate experiment, the reaction was carried out for
during which time the rate had decreased significantly. T
0.1 mg Pd was added as PdCl2 (the same amount of PdCl2 as
was originally present) and the rate increased to the orig
value that is indicated in Fig. 5A. This result confirms t
in the 0.1 M solution, the decrease in net rate results ma
from the loss of palladium rather than the decompositio
H2O2.

The potential influence of the decomposition reaction
the net formation of H2O2 was determined for solutions th

Fig. 5. (A). Formation of H2O2 in aqueous colloids derived from 10−4 M
PdCl2 at different HCl concentrations:�, 1.0 M HCl; �, 10−1 M HCl; �,
10−2 M HCl; ✥, no HCl added. (B) After 80 min H2O2 was added to give
0.04 wt%; after 100 min the solution was acidified to 1 M HCl.
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Table 1
Hydrogen peroxide decompositiona

System Decomposition ratea

(M min−1)

200 mg 5 wt% Pd/SiO2(57) 2× 10−3

20 mg 5 wt% Pd/SiO2(57) 3× 10−4 b

Pd/Frit 4× 10−5

1× 10−3 M PdCl2
c −8× 10−5d

a Decomposition of 2 wt% H2O2 in 1 M HCl in the presence of flowing
O2 and H2.

b The H2O2 formation rate over this catalyst was 1.6×10−4 M min−1

after 5 h.
c The solution remained yellow, indicating that Pd2+ was not exten-

sively reduced.
d A net formation of H2O2 occurred.

contained a catalyst and a significantly larger H2O2 concen-
tration of 2 wt%. The experiments were carried out in 10
of 1 M HCl with palladium in one of the relevant forms,
well as O2 and H2 in a 2:1 ratio. The results are given
Table 1. The rate of decomposition was approximately p
portional to the amount of Pd/SiO2(57) catalyst. Over 20 mg
Pd/SiO2(57), the rate of H2O2 decomposition was compa
rable to the net rate of formation that was observed w
the level of H2O2 was much less. The palladium on the f
was about an order of magnitude less active, and the
loid derived from 10−3 M PdCl2 actually resulted in the ne
formation of H2O2. These results, together with those th
demonstrate the loss of palladium to the frit, indicate tha
the lower concentrations of H2O2 attained in the previou
experiments (e.g., those described in Fig. 2) and in 1 M
the H2O2 concentration is limited more by the stability
the colloid than by the decomposition of H2O2, especially
for the systems that did not contain Pd/SiO2.

The effect of O2 and H2 concentration on the reactio
rate was studied in a reactor similar to that descri
above except that the top was closed and the gases e
through tubing. The glass stirrer passed through a
tight seal. The total flow rate was kept constant by us
argon as a diluent. Each reaction rate was determine
a separate experiment, during which the rate was con
for approximately 3 h after an initial transition period. T
palladium was introduced to the system as Pd/SiO2(57). The
results of Fig. 6 show that there is a positive order w
respect to both O2 and H2 up to a certain partial pressur
but at higher pressures the order approaches zero. Her
concept of a reaction order needs to be understood in vie
the fact that the concentration of the colloid is also affec
by the O2 and H2 partial pressures. At the higher O2:H2
ratios, e.g., [12], the palladium was present in solut
mainly as PdCl42−. The yellow color of PdCl42− was clearly
evident. The plateau at the larger O2 partial pressures ma
reflect the steady state between colloidal Pd and PdCl4

2−;
namely, most of the palladium is in the form of PdCl4

2−. The
plateau at the larger H2 partial pressures is more difficult t
interpret, although it may result from a saturation cover
of hydrogen on the surface. The linear region of both cur
d

t

e

Fig. 6. Variation in H2O2 formation rate as a function of (�) O2 or (�) H2
partial pressure in a slurry derived from 2.2 mg of 5 wt% Pd/SiO2(57) in
10 mL of 1 M HCl. Rates are expressed in M min−1 and pressures ar
in Torr. For the variation in O2 pressure, the smallest and largest rat
were O2:H2:Ar = 5:10:45 and 50:10:0, respectively; for the variation
H2 pressures the smallest and largest ratios were O2:H2:Ar = 30:2.5:27.5
and 30:30:0, respectively.

corresponds to an apparent reaction order of 0.8, altho
for the reasons stated above, no fundamental signific
concerning the mechanism can be attached to this value

3.2. Electron microscopy

The electron micrographs shown in Fig. 7 confirm
presence of colloidal palladium in the aqueous phase. Fo
colloid formed from PdCl42− in the 0.01 M HCl solutions
(Fig. 7A), a broad distribution in particle size was appare
with an average diameter of ca. 3 nm. For the colloid form
from Pd/SiO2(57) in 0.1 M HCl, the average diameter w
ca. 6 nm (Fig. 7B). In the latter case, the particles
more clustered. These results may be compared with t
reported by Henglein [12], who observed the formation
Pd colloids following the reduction of an aqueous PdCl4

2−
solution with H2. The colloid was stabilized by sodium
citrate, and a narrow size distribution centered at about 4
was observed.

3.3. Oxygen isotope results

Experiments using a mixture of16O2 and 18O2 were
carried out to determine whether a dissociated form
oxygen is involved in the formation of H2O2. If, indeed,
a dissociated form of oxygen were involved or if oxyg
dissociated and rapidly recombined to produce a diato
species which was then hydrogenated, one would expe
observe a scrambling of oxygen isotopes, and H2

16O18O
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Fig. 7. Electron micrographs of palladium colloids obtained (A) a
exposure of a 10−3 M PdCl4

2− solution, 0.01 M in HCl, to O2/H2 for
1 h at 25◦C or (B) from the aqueous phase over 22 mg Pd/SiO2(57) in
10 mL 0.1 M HCl, after exposure to O2/H2 for 1 h at 25◦C.

would be a major product. Raman spectroscopy was
to determine the isotopic distribution in the product, a
the results of Fig. 8 show that only H2

16O2 with a peak at
879 cm−1 and H2

18O with a peak at 830 cm−1 were present
The Raman shift of 49 cm−1 is in good agreement with th
calculated value based on isotopic masses. No signifi
peak was detected at about 852 cm−1, which is the position
expected for H2 16O18O. Clearly, H2O2 is derived from a
diatomic form of oxygen that presumably is adsorbed on
palladium.
t

Fig. 8. Raman spectra of H2O2 after reacting H2 with (A) an 16O2
18O2

mixture and with (B)16O2.

4. Discussion

4.1. Additional evidence for the role of colloidal palladium

As noted in the introduction, previous results indica
that colloidal palladium may be the predominant ac
phase during the catalytic conversion of H2 and O2 to
H2O2 [8]. Changes in the rate of H2O2 formation, deduced
from the slopes of the H2O concentration curves in Fig.
support this conclusion since they correlate well with
temporal changes in the colloid concentration. This
particularly evident for the Pd/SiO2(03) catalyst, for which
there is a distinct induction period. Moreover, as sho
in Fig. 4, there is a linear relationship between the
of H2O2 formation and the colloid concentration for thr
different catalysts, including the one derived from PdC2.
The fact that the results for the PdCl2-derived system ar
approximately on a common curve with those from the
Pd/SiO2 sources indicates that the colloid can be form
from all three sources, though not with equal efficiency.

The electron micrographs of Fig. 7 independently v
date the presence of the colloids in the aqueous phase
average diameters and the particle size distributions may
however, reflect the actual state of the aqueous phase
the colloids were not stabilized and agglomeration of p
ticles may occur during preparation of the samples. Fo
itously, the average particle diameter of 6 nm for the col
derived from Pd/SiO2(57) is the same as that reported p
viously for the supported palladium [9]. The agreemen
unexpected because the Pd first enters the aqueous ph
PdCl42− and then is reduced to the colloidal palladium.

The palladium is believed to be distributed betwe
its several states according to Scheme 1. Even in a
oxygen-to-hydrogen gas mixture, palladium on the fri
the dominant final state, but in the presence of pure2,
almost all of the palladium reenters the solution as PdCl4

2−.
Variations in the state of palladium, according to Schem
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Scheme 1.

are mainly responsible for the induction period (Fig.
and the different rates of reaction as the O2 and H2
partial pressures are changed (Fig. 6). The induction pe
depicted in Fig. 3 is more pronounced for Pd/SiO2(03)
than for Pd/SiO2(57) because the pore size of the form
is much smaller. Consequently, the generation of PdC4

2−
and its transport to the bulk aqueous phase are inhib
For the practical utilization of this process, one of t
remaining challenges is to stabilize the colloidal palladi
so that it is not transformed into Pd/frit. Attempts to increase
the lifetime and/or the catalytic activity of the Pd syste
by adding reagents that are known to stabilize collo
were unsuccessful. These reagents included sodium ci
poly(vinyl alcohol) and poly(ethylene glycol).

Although it is not explicitly indicated in Scheme 1, HC
plays an important role in the formation of PdCl4

2− from
the reduced forms of Pd. The previous study demonstr
that > 0.01 M HCl was needed to form the colloid from
Pd/SiO2(57) catalyst. The importance of protons in inhib
ing the decomposition of H2O2 has long been known [11
and the results of Fig. 5B confirm this observation. In t
case, PdCl4

2− was used to produce the active phase; th
fore, HCl was not required to generate PdCl4

2− as an inter-
mediate in the formation of colloidal Pd.

4.2. Decomposition of H2O2

At the largest acid concentrations used in this study (1
the decomposition of H2O2 probably does not becom
significant at H2O2 concentrations less than about 0.5 wt
but at larger concentrations the decomposition reaction
well as the loss of colloid, may cause the nonlinear beha
shown in Fig. 2. At considerably larger concentrations,
decomposition reaction, which is first order [11], become
limiting factor, especially with Pd/SiO2(57) as the catalys
(Table 1). Thus, the ultimate H2O2 concentration that ca
be achieved depends on several factors including the so
of Pd, the concentration and stability of the colloid, a
the HCl concentration. Selectivities> 60% were obtained
after 1 h for the conditions of Fig. 2; hence, the H2O2
concentration was about 0.1 wt% and the decompos
,

e

of H2O2 would not have been significant. At longer tim
with larger concentrations of H2O2, the selectivities would
be less.

Choudhary and co-workers [13] have recently shown
the support strongly influences both the rate of formation
the rate of decomposition of H2O2, with PdO/fluorinated-
Al2O3 being among the best of the catalysts that t
studied. Fluorination of the alumina significantly decrea
the rate of H2O2 decomposition.

Clearly, the “support” material can play an importa
role in the steady state concentration of H2O2, which
makes PdCl2 an attractive source of palladium for collo
formation. The data of Fig. 2 show that after 15 h the larg
concentration of H2O2 was attained when the palladium w
introduced as PdCl2, and the results of Table 1 confir
that the system derived from PdCl2 was the only one fo
which there was a netincrease in the amount of H2O2 when
the original solution contained 2 wt% H2O2. Most supports
are considered to be inert with respect to H2O2 formation;
however, Park et al. [14] reported that an H-beta zeolite h
small amount of activity, but poor selectivity, for generati
H2O2.

4.3. Effect of pressure

Reactions were not carried out in this study at to
pressures greater than 760 Torr; although, Izumi et al.
have reported in a patent the weight percent of H2O2 and
the selectivity at the end of 20 h for pressure up to 15.2 ×
103 Torr. Their catalyst was Pd/hydrous silicic acid and
the solution was 0.03 N in HCl and 1 N in H2SO4. The
O2/H2 ratio was 2.5. At 760 Torr they observed 0.78 w
H2O2, which is comparable to the amount shown in Fig
but the selectivity was only 30%. The amount of H2O2
increases almost linearly with pressure up to 7.6× 103 Torr,
while the selectivity increased to a value of 79%. At 15.2×
103 Torr the wt% H2O2 and selectivity were 12.45 and 88%
respectively. These results demonstrate that a signifi
advantage in both H2O2 formation and selectivity can b
gained by operating at higher pressures

4.4. Insight into the reaction mechanism

Although important mechanistic questions remain un
solved, the Raman results shown in Fig. 8 provide strong
idence that oxygen remains in a diatomic form during hyd
genation. This is consistent with the mechanism sugge
by Pospelova and Kobozev [11,15], who proposed that2
is adsorbed in the molecular form on Pd and reacts with
sorbed H to yield HO2 as a surface intermediate. By co
trast, on Pt, which is a catalyst for H2O production, O2 is
believed to adsorb in a dissociative form. The behavio
O2 on Pd dispersed in an aqueous phase is different f
O2 on a Pd (111) surface under UHV conditions for wh



120 D.P. Dissanayake, J.H. Lunsford / Journal of Catalysis 214 (2003) 113–120

tion
was

e
ab-
lu-

idal
ect

s
l

am

he

ro-

En-
mi-

ter,

er
ew

iki

89.

96

. 40

ey,

) 35

em.

117.
961)
Yates and co-workers [16] observed dissociative adsorp
at about 200 K. As expected, dissociative adsorption
accompanied by extensive isotopic mixing when16O2 and
18O2 were employed, but no16O18O cross-products wer
detected when only molecular adsorption occurred. The
sence of isotopic mixing is therefore a valid test for exc
sively molecular adsorption.

5. Conclusions

1. Under the conditions of these experiments, collo
Pd is the principal catalytic component for the dir
conversion of H2 and O2 to H2O2.

2. In the presence of H2, O2, and HCl, the palladium i
present in the colloidal form, as PdCl4

2−, as the meta
supported on the frit, and as Pd/SiO2 if silica is present.
The amount in each form varies with the time on stre
and the O2/H2 ratio.

3. Hydrochloric acid, together with O2, promotes the
dissolution of palladium metal, and protons inhibit t
decomposition of H2O2.

4. Oxygen remains in the diatomic form during the p
duction of H2O2 on palladium.
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