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Kinetic analyses including mass transfer processes were applied for the title reaction and the H2O2

decomposition. Adsorption of Br� ion on the catalyst was also measured. A hydride-hydroperoxy species
H-M-OOH (M, the metal surface) was proposed as the key intermediate in the H2O2 formation, the direct
H2O formation, and the H2O2 decomposition. The H+ added would accelerate Br� adsorption, reductive
elimination and b-elimination of the H-M-OOH species, and desorption of surface H2O2 species. Two
types of metal surface sites were suggested, one of which had a high degree of coordinative unsaturation
and catalyzed the direct H2O formation and the H2O2 decomposition. Both reactions would be inhibited
by adsorption of the Br� and H+ pairs. Another had a low degree of unsaturation and was active for the
H2O2 formation. Sulfur poisoning study revealed that several surface Pd atoms were inactivated at once
by adsorption of a sulfur atom for H2–O2 reaction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Many efforts have been devoted to catalytic synthesis of H2O2 in
water from H2 and O2 since it is a clean oxidizing agent and will
lead a simple manufacturing process. Most of studies were carried
out on Pd catalysts, and Au was also investigated in the form of al-
loy with Pd as reviewed in literatures [1–3]. Recently, Pd or Au–Pd
nano-particle catalysts were intensively studied by several re-
search groups [4–10]. The Pd catalyst was usually combined with
proton and halide ions such as Cl� or Br�.

The synthesis reaction is widely recognized to consist of H2O2

formation, direct H2O formation, and subsequent decomposition
and hydrogenation of H2O2 produced as shown in Scheme 1, in
which rf, rc, rd1, and rd2 represent the respective reaction rates.
However, the detailed reaction mechanisms including the interme-
diates and the role of each component were still under debate
[1–3,11–25]. It is widely accepted that proton and halide ions
accelerate the H2O2 formation and depress the unfavorable side
reactions. Liu and Lunsford claimed that H+ possessed two roles
that it reacted with an active form of oxygen to produce H2O2

and changed the electronic state of Pd surface to facilitate H2O2

formation [11]. The similar interaction between H+ and adsorbed
ll rights reserved.

oto).
O2 was suggested by the others [12]. The adsorption of Cl� or Br�

on Pd was confirmed by EDAX and XPS after the H2–O2 reaction
and was suggested to inhibit homolytic cleavage of OAO bond of
O2 and H2O2 through blocking catalytic sites [13–15]. The H+ was
reported to enhance the adsorption of halide ions by lowering
the pH below the isoelectric point of support and to inhibit the
H2O2 adsorption on the catalyst [13]. On the other hand, the disso-
ciative adsorption of O2 and H2O2 was suggested to proceed on
more energetic Pd sites (defects, edges, corners, etc.), and they
would be blocked by Br� to result in improved selectivity [16].
Br� was also proposed to act as an electron scavenger and inhibit
radical-type decomposition [16].

Many kinds of reaction mechanisms and the roles of additives
were suggested as described above. To reach more clear under-
standing of them, sufficient kinetic studies should be carried
out. One of the reasons for difficulties of the kinetic analyses of
H2O2 synthesis was the transportation limitation of the reaction
gases in water [1]. Liu and Lunsford therefore carried out the ki-
netic studies in ethanol which shows higher solubility of the gas-
ses [11]. Voloshin et al. studied them by using a micro-reactor
since the reaction in the reactor was generally unrestricted from
mass transfer limitation [17,18]. In spite of these previous studies,
it would be desirable to establish a method of kinetic analysis
that was applicable to batch-wise reactions with less assumption.
Another reason for the difficulties of kinetic studies was the
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Scheme 1. Suggested reaction routes in the direct H2O2 synthesis.
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complicated reaction routes as shown in Scheme 1. It was not
easy to determine the individual reaction rates on the basis of
kinetics measurements [3].

We reported a systematic rate analysis method that included
the mass transfer processes of gasses and distinguished the respec-
tive rates of concurrent and consecutive reactions [26]. This meth-
od could be successfully applied to the H2O2 synthesis from H2 and
O2 in water on Pd/C catalyst with H+ and Br� ions. Reaction rate of
H2 (r0) and H2O2 accumulation rate were expressed by Eqs. (1) and
(2). Assuming that rd1 and rd2 were expressed by Eqs. (3) and (4), in
which kd1 and kd2 were the rate constants, and that H2O2 formation
selectivity (Sf, defined by Eq. (5)) and overall H2O2 destruction rate
constant (kd, defined by Eq. (6)) were constant, Eq. (7) was derived.
Here, [H2O2] and [Cat] were the concentrations of H2O2 and cata-
lyst, and kd1 and kd2 included the terms of partial pressures of H2

(pH2) and O2 (pO2). Sf and kd could be determined from the time
course of [H2O2] based on Eq. (7). The detailed calculation method
was described in the previous paper [26].

r0 ¼ rf þ rc þ rd2 ð1Þ
d½H2O2�=dt ¼ rf � rd1 � rd2 ð2Þ
rd1 ¼ kd1½H2O2�½Cat� ð3Þ
rd2 ¼ kd2½H2O2�½Cat� ð4Þ
Sf ¼ rf =ðrf þ rcÞ ð5Þ
kd ¼ kd1 þ ð1þ Sf Þkd2 ð6Þ
d½H2O2�=dt ¼ r0Sf � kd½H2O2�½Cat� ð7Þ

On the other hand, defining an apparent rate constant (k0a) as
Eq. (8), the relation of k0a with the overall mass transfer coefficient
(kLa) was expressed by Eq. (9), in which k0 and H were the intrinsic
rate constant independent of mass transfer rate of H2 and the
Henry’s law constant of H2, respectively [26]. Mass transfer rate
of O2 was regarded as sufficiently large because of much higher
pO2 than pH2. When the value of kLa of the reaction system is
known, one can calculate k0 from k0a by Eq. (9). In the previous
study, k0 depended on pH2 and was not a constant in a strict sense,
but it is useful as the index in the comparison of the catalytic activ-
ities [26].

r0 ¼ k0apH2½Cat� ð8Þ
1=k0a ¼ 1=k0 þ ½Cat�=ðkLa=HÞ ð9Þ

In the previous paper [26], the H2 and O2 partial pressure depen-
dencies were analyzed by the above method, and also the progress
in reaction was simulated based on them. In this study, we investi-
gated the influence of H+ and Br� ions, the kinetics of H2O2 decom-
position, and the adsorption behaviors of Br� on Pd to discuss the
whole catalytic reaction mechanism.
2. Experimental

2.1. H2O2 synthesis

The H2–O2 reaction was carried out in a 300-ml glass flask
equipped with a magnetic stirrer, a gas baffle, a gas feeding nozzle,
a liquid sampling nozzle, and a thermometer. A football-shaped
stirring rotor of 20 mm in diameter and 45 mm in length was used
to agitate the aqueous suspension and increase gas dispersion. To
avoid ignition by static electricity, all apparatus except for the
reactor was made of stainless steel tube of 1 mm inner diameter.
The dead volume in the reactor was minimized, and the glass plug
was put in the reactor as a safety valve. Pd/C catalyst with 5 wt.%
Pd (AER type suitable to hydrogenation of nitro compounds, the
average particle size of ca. 20 lm) was provided by NE Chemcat
Company, Japan and used for the experiments as received. All gases
were of industrial grades, and respective flow rates were controlled
by mass flow controllers. All experiments were carried out at an
atmospheric pressure.

A selected amount of the Pd/C catalyst was introduced in a cal-
culated amount of water in the flask and activated by supplying H2

(20 Ncm3 min�1) in an aqueous suspension at 30 �C for 1 h. Subse-
quently, N2 gas was introduced to displace the H2 gas, and the
additive(s) was supplied in the form of an aqueous solution. Unless
otherwise stated, H2SO4 was employed as the H+ source and NaBr
as the Br� source. When the effects of H+ and Br� ions were stud-
ied, Na2SO4 was added to regulate the concentration of ½SO2�

4 � spe-
cies to 0.01 N. Finally, the volume of solution was adjusted at
300 ml. After the sufficient displacement with N2, the mixture of
H2, O2, and N2 gases was flowed at a constant rate into the reactor
through the nozzle. The composition of supplied gases was deter-
mined by gas chromatography in advance. The gas flow rate and
the gas composition at the reactor outlet were measured every
30 min to determine the H2 consumption rate and the partial pres-
sure of each gas. A small part of the suspension was picked out at
the same time through the nozzle, and the H2O2 concentration was
analyzed by a UV–Vis absorption method using a titanium sulfate
solution. It was confirmed in separated experiments that no fur-
ther reaction proceeded in the collected solution after mixed with
the titanium sulfate solution.

The reaction temperature was usually 30 �C, and the agitation
rate was 1355 rpm in the standard experiments. The kLa value in
the experiments was measured by the method described in the
previous paper [26] and was 560 h�1.
2.2. H2O2 decomposition

The reaction was carried out in a 100-ml glass flask. The suspen-
sion containing catalyst was undergone the same pretreatment as
the above, and finally, the volume of solution was adjusted at
98 ml. Then, 2 ml of a 17 wt.% H2O2 solution was added, and the
H2O2 concentration was periodically followed.
2.3. Br� adsorption

The catalyst was activated in the same manner as the above. N2

was then introduced to displace H2, mixture of O2 and N2 (1:9)
gases was flowed for 10 min in order to eliminate possibly ad-
sorbed hydrogen atoms, and finally, N2 was again introduced.
The H2SO4, NaBr, and Na2SO4 solutions of desired concentrations
were added. The mixture was agitated at 30 �C for 1 h. After the
settlement of catalysts, the Br� concentration in the solution was
measured by ion chromatography.
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Fig. 2. Effects of H2 activation of the catalyst and O2 treatment on the H2O2

decomposition activity. [Cat] 151 mg L�1, [H2O2]0 106 mmol L�1, 30 �C. d No H2

activation, s H2 activation (100%, 1 h), D H2 activation (5%, 1 h), � O2 treatment
(100%, 1 h) after H2 activation (100%, 1 h), + O2 treatment (100%, 5 h) after H2

activation (100%, 1 h).
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3. Results and discussion

3.1. Adsorption behavior of Br� ion

It was widely reported that Br� adsorbed on the Pd surface and
influenced the catalyst performance in H2O2 synthesis while acid
assisted the Br� adsorption by raising the acidity at the catalyst
surface [13]. The present study would suggest Eq. (10) in which
H+ and Br� were adsorbed in pairs on the active sites (M, reduced
metal surface), and the adsorption was in equilibrium.

MþHþ þ Br�¢ H�M� Br ð10Þ

The Br� adsorption on the catalyst was quantitatively studied as a
function of the concentrations of H+ and Br�. The results are shown
in Fig. 1, where the numbers on the abscissa indicated the square
roots of [H+][Br�] for convenience because they could represent
the magnitudes of [H+][Br�] in an appropriate abscissa range. [H+]
and [Br�] were varied in the ranges 2.0 � 10�7 to 9.8 � 10�4 and
2.7 � 10�6 to 9.2 � 10�5 N, respectively. The Br� adsorption was lit-
tle observed after the catalyst was deactivated by addition of
Na2S2O3 (S/Pd ratio was 1.32), which confirmed that Br� was ad-
sorbed only on the activated Pd surface and not on the active carbon
support. Fig. 1 shows that the amount of adsorbed Br� depended on
the product of [H+] and [Br�] unequivocally, supporting Eq. (10) that
H+ and Br� were adsorbed in pairs.

Fig. 1 also shows the amounts of Br� adsorbed in the presence of
H2. The great decrement in the Br� adsorption suggested compet-
itive adsorption of HBr and H2 on the catalyst. The experimental
data revealed that most of HBr on the active sites was replaced
by H even at very low H2 partial pressure, but small part main-
tained the affinity for HBr on such conditions. The particle size of
Pd in the present catalyst, measured by TEM, was ca. 3–5 nm in
diameter. The ratio of the surface atoms to the whole atoms of
fcc crystals was calculated to be 0.25–0.4 and that of the edge
and corner atoms was 0.05–0.14. The latter might be the HBr-
preferential sites because of their coordinatively unsaturated
nature, and the most unsaturated corner atoms might adsorb HBr
even in the presence of H2.
3.2. Kinetics of H2O2 decomposition in the absence of H2 and effects of
H+ and Br�

Since H2O2 decomposition was closely related to the H2O2 syn-
thesis, it was studied by a few research groups. The dissociation of
S-poisoned catalyst
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Fig. 1. Adsorption of Br� ion on Pd/C catalyst. [Cat] 160 mg L�1, ½SO2�
4 � 0.01 N, [H+]

2.0 � 10�7–9.8 � 10�4 N, [Br�] 2.7 � 10�6–9.2 � 10�5 N, 30 �C.
H2O2 into 2 OH species [12,13,16] and a redox mechanism ex-
pressed by Eqs. (11) and (12) [27,28] were suggested.

MþH2O2 !MOþH2O ð11Þ

MOþH2O2 !MþH2Oþ O2 ð12Þ

The time courses of H2O2 decomposition were precisely followed in
a batch reactor, and the results without additives are summarized
in Fig. 2. The reaction proceeded in proportion to [H2O2] and was
drastically accelerated by H2 pre-reduction of the catalyst. The ef-
fect of the pretreatment with 5% H2 for 1 h was the same as that
with 100% H2, suggesting very easy reduction of the catalyst sur-
face. The catalyst that was activated by H2 and then treated by O2

showed somewhat lower activities than that of H2 pre-reduced
one, but much higher activities than that of the unreduced one.
The oxidation of Pd surface, Eq. (13), was reported to generate direct
H2O formation sites in the H2O2 synthesis [12,13,16]. Fig. 2 indi-
cates that the phenomenon was really observed, but the contribu-
tion was not significant. The latter was consistent with the
previous reports [26] that the H2O2 selectivity was independent of
O2 partial pressure, and O2 was not directly involved in the step
to determine the selectivity.

Mþ O2 ! 2MO ð13Þ

On the basis of Fig. 2, one can conclude that the active sites of Pd
existed on the reduced surface. Similar conclusion was recently sug-
gested on Pd/SiO2 catalyst in direct formation of H2O2 from H2 and
O2 [29]. It should be added that the reduced site was responsible for
both formation and decomposition of H2O2.

Fig. 3 shows the time courses of H2O2 decomposition in the Pd/
C-H2SO4 system. Two findings could be pointed out. Firstly, the
respective reaction profiles in the presence of the acid could be di-
vided into two parts; the initial stage in which the reaction rate
gradually lowered (named as stage A) and the period with approx-
imately steady reaction after stage A (stage B). Secondly, the peri-
ods of stages A and the reaction rates at stages B decreased with
increasing acid concentration. The results suggest that the deacti-
vation was caused by the surface oxidation through Eq. (11) which
would be accelerated by acid. The surface oxidation was indeed
reconfirmed by the experiment that the activity was recovered
by H2 treatment of the resulting catalyst. We suppose that the sur-
face oxidation by Eq. (11) and the reduction by Eq. (12) were equil-
ibrated at stage B. It follows that the redox mechanism indeed
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occurred in the presence of H2SO4, but the contribution to the
whole reactions would be small because the reaction rate at stage
B decreased with the increase of H+ concentration, whereas the
rate of the surface oxidation increased.

On the basis of the above results and discussion, the following
reaction mechanism, Eqs. (14) and (15), could be proposed here.
H2O2 would be adsorbed preferentially on the edge and the corner
Pd atoms similarly to HBr, and the resulting hydrido-hydroperoxy
species would release O2 to form the hydride species. The hydride
would readily react with H2O2 regenerating the reduced surface. It
should be noted that the reverse reaction of Eq. (14) could be for-
mally H2O2 formation from H2 and O2. The hydrido-hydroperoxy
species would release H2O by b-elimination resulting in oxidized
species as shown in Eq. (16), which would be included in Eq. (11).

MþH2O2 ¢ H�M� OOH ¢ MH2 þ O2 ð14Þ
MH2 þH2O2 !Mþ 2H2O ð15Þ
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Fig. 5. Time course of H2O2 hydrogenation. [Cat] 166 mg L�1, HBr 0.001 N, H2 feed
rate 6.0, 9.0, and 12.0 Ncm3 min�1, N2 40.0, 30 �C, 1355 rpm.
H�M� OOH!MOþH2O ð16Þ

The correlations in Fig. 2 and the straight-line portions in Fig. 3 can
be analyzed by Eq. (17) where ko

d is the rate constant of H2O2

decomposition.

�d½H2O2�=dt ¼ ko
d½Cat�½H2O2� ð17Þ

The influence of the concentrations of H+ or Br� on the ko
d value was

systematically measured on constant and high [Br�] condition (ser-
ies I) or on constant and high [H+] condition (series II). The results
are summarized in Fig. 4, where [H+] was calculated from the pH va-
lue of the solution after the reaction and [Br�] was obtained by
using the ion chromatography similarly to that in the adsorption
measurements. In the series I, at pH = 7, the relatively high [Br�]
exhibited little inhibition effect, and at pH = 6.5–7, the ko

d value de-
creased drastically with lowering pH. This is consistent with Eq.
(10) that H+ and Br� adsorbed in pairs on the active sites to inhibit
the activity. At pH = 6.5–2, it was decreased stepwise, indicating the
presence of at least three kinds of active sites.

The activity in series II also decreased with increasing [Br�]. If
the H+ and Br� ions inhibited the decomposition alone according
to Eq. (10), the plots of series I and II should fall into a single line,
but it was not the case; actually the correlation line of series II was
somewhat higher than that of series I. The redox reaction by H+,
Eqs. (11) and (12), would be actualized around this region where
the reaction via the hydride species of Eqs. (14) and (15) was
depressed.

3.3. Kinetics of H2O2 destruction in the presence of H2

It is widely recognized that H2O2 synthesized from H2 and O2 is
mainly destructed by hydrogenation [12,14,19,20]. We showed in
the previous paper that the destruction rate was proportional to
H2O2 concentration, roughly proportional to H2 partial pressure
and inversely proportional to O2 partial pressure on the Pd/C cata-
lyst in the presence of H+ and Br� [26]. Fig. 5 shows the time
courses of hydrogenation of H2O2 at various H2 pressures in the ab-
sence of O2 on the same catalyst. Clearly, the reaction rate r0 was
independent of [H2O2] and dependent on pH2. The former was quite
different from the previous results but very similar to the depen-
dency reported by Choudhary et al. on Pd/C catalyst [21]. This
means that the kinetic orders with respect to H2O2 and pH2 were
zero and one in the absence of O2, the rate determining step of
the decomposition was the H2 activation, and the reaction between
adsorbed H and H2O2 was sufficiently rapid. The different depen-
dencies on [H2O2] with and without O2 would be due to that O2

and H2O2 compete for adsorbed H in the presence of O2. Note that
r0 for H2–O2 reaction on the same catalyst was linear to H2 concen-
tration in the aqueous phase and slightly depressed by O2 due to its
adsorption on the catalyst surface [26].
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3.4. Effect of H+ and Br� on the H2O2 synthesis

The influences of H+ and Br� concentrations on the H2O2 syn-
thesis were studied in the same manner as that in the H2O2 decom-
position. The results are shown in Fig. 6. Fig. 6a indicates that k0

was linearly reduced in proportion to the product [H+][Br�]. It fol-
lows that the number of the active sites for the synthesis decreased
with the amount of HBr adsorbed.

The Sf values in series II with higher [H+] were larger than those
in series I as shown in Fig. 6b. This indicated that H+ induced the
increment of HBr adsorption and also improvement of the selectiv-
ity, the latter of which will be discussed later.

Fig. 6c shows the kd values in comparison with those of ko
d in

H2O2 decomposition (Fig. 4). The dependencies of kd were entirely
different from those of ko

d, which could be explained by the follow-
ings. Firstly, the decomposition via hydride species (Eqs. (14) and
(15)) was depressed in H2–O2 reaction because O2 lowered the rate
of the forward reaction of Eq. (14) to result in decreasing kd value,
which was pronounced especially in the low HBr adsorption range.
Secondly, the reduced surface could be rapidly regenerated in the
redox system of Eqs. (11) and (12) through Eq. (18) in H2–O2 reac-
tion, which might result in increasing kd values in the range of high
acidity.
MOþH2 !MþH2O ð18Þ
Thirdly, the destruction of H2O2 by hydrogenation, Eq. (15), had a
significant role to raise the kd value in the whole range.
120

80

40

10
-5

10
-4

10
-3

10
-2k

0 
(m

ol
 g

-a
to

m
-P

d-1
 h

-1
 k

P
a-1

)

[H+], [Br ]×10 (N)

k
d,

 k
d 

(L
 m

g-
at

om
-P

d-1
 h

-1
)

S
f (

)

 (0, 0.001, 0.01)

I

I, II

0.5

I

(a)

II

II

1.0

0.8

0.6

0.4

0.2

10
-5

10
-4

10
-3

10
-2

5

0.1

1

10
-5

10
-4

10
-3

10
-2

0

II

II

 (0.01, 0, 0)

 (0, 0, 0)

(b)

(c)

Fig. 6. Effect of H+ and Br� ions on H2–O2 reaction. [Cat] 166 mg L�1, ½SO2�
4 � 0.01 N,

H2 feed rate 7.0 Ncm3 min�1, O2 34.6, N2 13.4, pH2 8.5–9.6 kPa, pO2 58–60 kPa, 30 �C,
1,355 rpm. Series I, [NaBr] 0.001 N (triangle); Series II, [H2SO4] 0.01 N (circle). The
numerical values in parentheses in part (a) were the amounts of added H2SO4, NaBr
and Na2SO4 (N). The solid lines in part (c) were kd of H2-O2 reaction determined by
Eq. (7), while the broken lines k�d of H2O2 decomposition in the absence of H2 which
were identical with the plots in Fig. 4.
3.5. Influence of sulfur poisoning of the catalyst on H2O2 synthesis

In order to reveal catalytically active sites, influence of sulfur
poisoning on the kinetics was investigated. The effect of Na2S2O3

addition before H2 activation of the catalyst is summarized in
Fig. 7. The k0/k00 ratio, in which k00 was the k0 value at no addition
of S, decreased exponentially with the S/Pd ratio, whereas Sf was
almost constant and kd linearly increased.

The experimental results were interpreted using several models
of the active sites for H2–O2 reaction. At first, it was supposed in
common that S atoms added could be adsorbed on surface Pd
atoms at random, since poisoning of active sites through selective
adsorption of S did not result in the exponential dependence ob-
served in Fig. 7. When a specified Pd atom worked as an active site
and was deactivated by adsorption of a S atom, the decrement in
the number of active sites caused by addition of small amount of
S could be expressed by Eq. (19). Here, N0, x, NA, NA0, and NS were
number of total Pd atoms, Pd dispersion, number of the active Pd
atoms free from S, initial value of NA, and number of S added. Eq.
(20), an integrated form of Eq. (19), showed a linear relationship
between NA/NA0 and NS. This was not the case of Fig. 7 because
NA/NA0 could be replaced with k0/k00.

�dNA ¼ ðNA0=xN0ÞdNs ð19Þ

NA=NA0 ¼ 1� Ns=xN0 ð20Þ

Next, it was considered that adsorption of one S atom induced deac-
tivation of plural Pd atoms at once. The decrement in the active Pd
atoms should change with S addition according to Eq. (190), in
which n represents the number of Pd atoms deactivated by a single
S atom. Integration of Eq. (190) gave Eq. (200), which agreed with the
correlation in Fig. 7.

�dNA ¼ nðNA=xN0ÞdNs ð190 Þ

lnðNA=NA0Þ ¼ �ðn=xÞðNs=N0Þ ð200 Þ

The relationship between k0/k00 and S/Pd values (=NS/N0) in Fig. 7
gave the n/x value of 20. Because the dispersion of an fcc Pd particle
with 3–5 nm diameter was 0.40–0.25, the value of n should be 8–5
including the number of the atoms disabled by HBr adsorption.
There would be two possibilities for deactivation of several Pd
atoms by a single S adsorption. One is that an adsorbed S poisoned
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surrounding several Pd atoms through some electronic effects. An-
other is that molecular rearrangement of H2 and O2 to form H2O2 or
H2O required a surface domain consisting of plural Pd atoms and
was inhibited by adsorption of a single S atom.

The relationship between kd and S/Pd indicated the acceleration
of H2O2 destruction by the addition of S. This indicated that Pd
atoms in the domain would still be effective for H2O2 hydrogena-
tion, or that the destruction proceeded on a smaller domain. Thus,
the competition for activated hydrogen would become advanta-
geous to H2O2 hydrogenation. The electronic effect of S adsorption,
the presence of domain for the H2O2 synthesis, and the accelera-
tion of H2O2 hydrogenation should be confirmed by theoretical cal-
culation in the near future.

3.6. Whole reaction mechanism and the roles of H+ and Br�

Scheme 2 is the whole reaction mechanism suggested on the
basis of the present results. The hydrido-hydroperoxy species
H-M-OOH (III) was treated as the key intermediate in the H2–O2
H2O2

H2O

H2(a)
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H-M-H M•H2O2

H-M-OOH
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Scheme 2. Suggested whole reaction mechanism of H2–O2 reaction on Pd catalyst.
M represents reduced metal surface. Reaction rate of each route depended on the Pd
surface sites such as corner, edge, and plane (see Scheme 3).
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Scheme 3. Schematic energy di
reaction on Pd. The hydroperoxy species assumed in Eq. (14) was
indeed detected in H2–O2 reaction on Au [30]. In this scheme, a
H2 molecule adsorbs dissociatively on the reduced metal surface
(I) (Route h1i) to form the hydride species (II) as is widely sug-
gested. Insertion of O2 to the MAH bond (Route h2i) leads the for-
mation of (III). The species (III) changes into the adsorbed H2O2

species (IV) via reductive elimination and subsequently into H2O2

with regeneration of the reduced surface (Routes h3i, h4i). On the
other hand, b-elimination of III results in the H2O formation and
the oxide species MO (V) (Route h5i, Eq. (16)). MO is also directly
formed by reaction of the reduced surface with O2 (Route h6i, Eq.
(13)). MO is reduced by the hydride species to form H2O, and the
reduced surface can be regenerated (Route h7i, Eq. (18)). In the
H2O2 decomposition, H2O2 adsorbs on the reduced surface and
forms the intermediate III (Routes h4i, h3i, Eq. (14)). The intermedi-
ate releases O2 or H2O (Route h2i, Eq. (14) or h5i, Eq. (16)). The ad-
sorbed H2O2 also reacts with the hydride species to form H2O
(Route h8i, Fig. 5). In conclusions, H2O2 would be produced through
the route h1i–h2i–h3i–h4i, and H2O is directly formed through the
routes h1i–h2i–h5i–h7i, h1i–h6i–h7i, and h1i–h2i–h3i–h8i. H2O2 is
eliminated through the routes h4i–h3i–h2i–h8i, h4i–h3i–h5i–h1i–
h7i, and h4i–h1i–h8i.

It was clarified in the previous paper [26] that activation of H2

(Route h1i) was certainly the rate determining step in the presence
of sufficient H2 on the present catalyst system, although the rate
determining step would move to the reductive elimination of the
hydrido-hydroperoxy species at lower pH2 region. It was also
shown that another hydride species MH2 would be involved in
the reductive elimination. The reaction rates of the respective
routes shown in the scheme should be dependent on the situations
of Pd active sites. Here, two kinds of sites, Sites A and B, were sug-
gested and depicted qualitatively in Scheme 3. Unsaturation de-
grees of Pd atoms on Site A were higher than those on Site B. The
former site would be a Pd atom at a corner, an edge or a defect
Pd, while the latter at a flat surface. Because the unsaturation de-
gree or activity of Site A would be higher than that of Site B,
H2O2 would more easily adsorb on Site A and its desorption would
be less easy. The hydrido-hydroperoxy intermediates III at Site A
thus showed preferential formation of H2O by the b-elimination
or of the hydride species by O2 elimination. It could be suggested
that Site A was highly active not only for H2O2 decomposition
but also for non-selective H2O2 formation in H2–O2 reaction. In
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contrast, Site B would produce H2O2 from H2 and O2 more
smoothly and decompose H2O2 less easily. It would be reasonable
that HBr was more easily added onto Site A to make the site inac-
tive. Accordingly, addition of H+ and Br� caused the decrease in the
total activity, the increase in H2O2 selectivity as well as the depres-
sion of H2O2 decomposition.

The results in Fig. 1 indicated that Site A could be divided into
two kinds of sites; one could adsorb HBr even in the presence of
H2 and another only in the absence of H2. Although the former site
would be more responsible for the side reactions, contribution of
the latter could not be neglected. Since the H2 activation was a rate
determining step in the H2–O2 reaction and concentration of ad-
sorbed H should be kinetically controlled, HBr might partly adsorb
on the latter site even in the presence of H2 showing a Langmuir–
Hinshelwood type depression effect. Moreover, it should be noted
that the [H+][Br�] range in Fig. 6 (10�8–10�5 N2) was much larger
than that in Fig. 1 (0–10�8 N2), and therefore, HBr could adsorb
on the latter site in competition with H2 in the H2–O2 reaction.
The decrease in k0 with increasing value of [H+][Br�] in Fig. 6a
might be due to the above mechanism. The difference of the
edge/corner site and the flat sites should be investigated in near
future.

Action of H+ was rather complicated. H+ was so far confirmed to
promote the adsorption of Br� (Eq. (10)) and the oxidation of the
reduced metal surface (Eq. (16)). The latter action would be accel-
eration of b-elimination of the key intermediate (III) as illustrated
in Scheme 4a. Because this route was included in direct H2O forma-
tion and H2O2 decomposition by redox mechanism, H+ would
accelerate both. In a similar manner, H+ might promote reductive
elimination of the intermediate III as shown in Scheme 4b. This
would compete with the direct H2O formation through
Scheme 4a. Furthermore, H+ would assist desorption of H2O2 from
the intermediate IV by protonation (Scheme 4c). Thus, H+ would
increase the H2O2 selectivity, since otherwise, the adsorbed H2O2

species IV was possibly hydrogenated before desorption. This
might be the reason that the series II in Fig. 6b with higher
H2SO4 concentration afforded higher H2O2 selectivity.

The comparison among the experimental results in Fig. 6a with
H2SO4, NaBr, and Na2SO4 of (0.01 N, 0 N, 0 N), (0, 0.001, 0.01), and
(0, 0, 0) was very significant. Although the concentration of H2O2

detected in each reaction was very low, it was analyzed to obtain
Table 1
Estimated Sf values without H2SO4 or NaBr. Reaction conditions were the same as those i

Added amount (N) r0 (mmol L�1 h�1)

H2SO4 NaBr Na2SO4

0.01 0 0 23.8
0 0.001 0.01 24.3
0 0 0 20.4

* Linearly increased with time.
** Estimated by Sf = k�d[H2O2][Cat]/r0.
*** Estimated by Sf = d[H2O2]/dt/r0.
further information. Table 1 shows the detail, in which ko
d values

were obtained by separate experiments. When NaBr was not
added, the ko

d value was very large and [H2O2] was almost constant
during the reaction, indicating formation and destruction of H2O2

were balanced. Thus, Sf was estimated by Sf = ko
d[H2O2][Cat]/r0

which was derived from Eq. (7) by substituting ko
d for kd. Note that

the Sf values contained large errors because of the substitution and
the small values of [H2O2]. On the other hand, when NaBr and
Na2SO4 were added without H2SO4, ko

d was small and [H2O2] in-
creased linearly with reaction time due to the small H2O2 destruc-
tion rate. The H2O2 formation rate was thus directly estimated and
Sf was calculated by Sf = d[H2O2]/dt/r0.

As shown in Table 1, the estimated Sf value with no additives
was fairly high, and the value of k0 was only about half of that in
the other two cases (Fig. 6a) indicating that Site A was little active
for H2–O2 reaction in the absence of the acid and the salts. It fol-
lows that H2O2 was produced on Site B and destructed on Site A.
Besides H+, the salt ions would also accelerate the b-elimination
of H-M-OOH species probably because b-elimination was accom-
panied with charge transfer.

It is also noteworthy that k0 was fairly large in the presence of
NaBr, Na2SO4, and no H2SO4, whereas the ko

d value was consider-
ably decreased. This suggests that adsorption of H2O2 was hindered
by HBr adsorbed in equilibrium on Site A, whereas H2 could be still
activated by eliminating HBr presumably due to the unsaturated
nature of the site. The small Sf values in the presence of the acid
or the salt ions suggested that most of H2 activated on Site B was
consumed on Site A probably for reduction of MO species to pro-
duce H2O. Site A would be blocked more effectively with the
increasing value of [H+][Br�].

It should be noted that H2O2 destruction by hydrogenation, rd2

in Scheme 1, included not only the simple hydrogenation (Eq. (15))
but also the redox mechanism (Eqs. (11) and (18)) as Abate et al.
pointed out [12]. Since H+ accelerated the latter, clearly H+ had
both the negative effect to consume H2O2 and the positive effects
to assist HBr adsorption and raise H2O2 selectivity.

4. Conclusions

Kinetic analyses including mass transfer processes of direct
H2O2 synthesis and H2O2 decomposition were carried out over
Pd/C catalyst in water containing H+ and Br� ions. The Br� ion
adsorption equilibrium was also measured. The following whole
reaction mechanism, the roles of H+ and Br�, and the situation of
active sites were revealed or suggested.

(1) The hydrido-hydroperoxy species H-M-OOH was the key
intermediate of H2O2 formation, direct H2O formation, and
H2O2 destruction. H2O2 was produced by reductive elimina-
tion of H-M-OOH. On the sites with higher degree of coordi-
native unsaturation, the b-elimination of H-M-OOH tended
to form MO. MO further reacted with the hydride species
to regenerate the reduced metal surface. H2O was possibly
n Fig. 6.

[H2O2] (mmol L�1) Sf (�) k�d (L mg-atom-Pd�1 h�1)

0.06 0.1** 600
–* 0.02*** 3.1
0.12 0.9** 2100
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formed through oxidation of the reduced metal surface by
O2, but the contribution was small in this catalyst system.
H2–O2 reaction proceeded in proportion to H2 concentration
as activation of H2 was rate determining but the rate deter-
mining step moved to the reductive elimination step in the
range of low H2 partial pressure. O2 depressed the whole
reaction through Langmuir-type adsorption inhibition and
also hydrogenation of H2O2 through competition for the
hydride species.

(2) Br� and H+ adsorbed in pair on the sites with higher degree
of coordinative unsaturation and blocked the sites to depress
the side reactions. H+ facilitated the adsorption of HBr and
the b-elimination and reductive elimination on H-M-OOH.
In addition, H+ accelerated desorption of H2O2, which was
formed by reductive elimination of H-M-OOH to reduce
the hydrogenation before desorption. H2O2 decomposition
over the catalyst without Br� mainly proceeded through
the reaction that H-M-OOH released O2 and the resultant
MH2 reacted with H2O2. The difference between the edge/
corner and plane sites was also discussed.

(3) Several surface Pd atoms were inactivated at once by
adsorption of a sulfur atom for H2–O2 reaction, whereas
H2O2 destruction was rather accelerated. Electronic effects
of the adsorbed S and requirement of a domain consisting
of plural Pd atoms for H2–O2 reaction were considered as
possible reasons.
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