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Abstract
The in situ generation of H2O2 via the selective reduction of O2 by hydrazine sulfate (in an aqueous medium) has been thoroughly investigated

over the Br-promoted Pd(or PdO)/Al2O3 catalyst. The influence of the following factors have been addressed in this study: (a) Br concentration (in

the reaction medium or incorporated in the catalyst); (b) reaction conditions (viz. reaction time, temperature); (c) concentrations of reducing agent

and phosphoric acid in the reaction medium. Decomposition of N2H4 (from N2H4�H2SO4) and its reaction with H2O2 under similar reaction

conditions (in the absence of O2) have also been studied. H2O2, which is an intermediate product of the O2 reduction, is involved in further

consecutive reactions. It can be converted to water via its decomposition and/or reaction with the unconverted N2H4. In the presence of Br

promoter, the later (reaction with unconverted N2H4) is more dominant. Both the consecutive reactions are drastically retarded in the presence of

protons and Br promoter. A plausible reaction mechanism has been proposed for illustrating the role of the protons and Br promoter in the selective

formation of H2O2 in the O2 reduction process.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The demand for the use of hydrogen peroxide (which is

versatile and environmentally clean oxidizing agent used in a

number of organic oxidation reactions) has been continually

increasing [1–3]. Hydrogen peroxide is produced commercially

mainly by the auto oxidation of hydroanthraquinone, involving

cyclic oxidation and catalytic hydrogenation reactions in a

complex organic solvents [4]. Unfortunately, this process is cost-

effective only for a large-scale production of H2O2

(>20,000 tpa). Since, the transport, storage and handling of

bulk H2O2 are hazardous, the use of in situ generated H2O2 for the

organic oxidation reactions in the synthesis of fine/specialty

chemicals is of great practical importance. Use of the in situ

generated H2O2 in liquid phase organic oxidation reactions has

been reported in earlier studies [3,5–7]. The oxidation of

hydroanthraquinone and direct catalytic oxidation of H2 by O2
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(which is a highly hazardous process [8]) are impractical for the

in situ H2O2 generation. A use of Mn(II, III, IV)-complexes as

homogeneous catalysts for the reduction of oxygen by

hydroxylamine in acetonitrile–water mixture has been suggested

by Sheriff et al. [9–11]. Homogeneous catalysts, however, have

separation problems, making them unsuitable for in situ H2O2

generation. The in situ H2O2 generation should, however, be

from an environment-friendly process (involving only envir-

onmentally benign by-products and easily separable/reusable

catalyst). Moreover, the in situ H2O2 generation process should

operate at conditions that are similar to those used in the organic

oxidation reaction under consideration. It is, however, a very

difficult task to develop an in situ H2O2 generation process,

which satisfies all these stringent conditions.

Recently, we have reported a preliminary study on a new

cleaner route for in situ H2O2 generation. This process involves

H2O2 generation via the selective reduction of O2 by hydrazine

(N2H4 + 2O2! 2H2O2 + N2) over supported Pd catalyst in an

acidic aqueous medium in the presence of Br promoter at

ambient conditions [12]. High H2O2 yields were obtained at

100% N2H4 conversion by this process. The catalyst used in this
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Fig. 1. XRD spectra of (a) Pd/Al2O3, (b) brominated Pd/Al2O3 (calcined in N2

at 400 8C) and (c) brominated PdO/Al2O3 (calcined in air at 500 8C).
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method is highly active and selective and can be easily

separated and also reused. Also, the by-products of the

hydrazine oxidation are only N2 and H2O, which are

environmentally benign and pose no problem for separation.

Although this process is not economically feasible for the

production of bulk H2O2, it provides a promising greener

method for the in situ H2O2 generation for the organic

oxidations in the production of fine/specialty chemicals.

In this paper, we have thoroughly investigated the reduction

of O2 by hydrazine sulfate (which is easier to handle as

compared to hydrazine) to H2O2 over Pd/Al2O3 and brominated

Pd/Al2O3 catalysts in an aqueous medium under different

reaction conditions (viz. concentration of Br� anions or H3PO4

in the reaction medium, loading of Br in brominated Pd/Al2O3,

reaction time and temperature and concentration of hydrazine

sulfate) for understanding the role of protons and Br promoter

in the reaction. A general reaction schemes and plausible

mechanism for the O2-to-H2O2 reduction process have also

been proposed.

2. Experimental

The Pd/Al2O3 (Pd loading = 5 wt%) was obtained from

Lancaster (UK). The halogenation of the Pd/Al2O3 catalyst was

done by impregnating the catalyst with ammonium halide from

its aqueous solution, drying and calcining in a flow of oxygen-

free N2 at 400 8C for 1 h for getting brominated Pd0/Al2O3 or in

air at 500 8C for 1 h for getting brominated PdO/Al2O3.

The catalysts were characterized for their bulk Pd species

(Pd0 or PdO) by XRD, using a Holland Phillips PW/1730 X-ray

generator with Cu Ka radiation (l = 1.5406 Å). The average

PdO particle size in the brominated PdO/Al2O3 catalyst was

calculated from the PdO XRD peak (2u = 33.98), using the

Scherrer’s formula. Surface chemical analysis of the catalysts

was done by the X-ray photoelectron spectroscopy (XPS) using

a VG-scientific ESCA-3MK II electron spectrometer, assuming

the binding energy of C1s as 285.0 eV. The electron binding

energies were determined with the accuracy of 0.1 eV. The Pd

particle size in the catalysts was determined by transmission

electron microscope (TEM), using a JEOL model 1200 EX

instrument; the sample for the TEM studies was prepared by

placing a drop of an acetone suspension of the catalyst on a

carbon coated copper grid.

The catalytic reduction of O2 by hydrazine (from hydrazine

sulfate) to H2O2 over the Pd catalysts was carried out in a

magnetically stirred jacketed glass reactor (100 cm3 capacity)

by passing continuously pure O2 (99.5%) through an aqueous

reaction medium in the presence or absence of KBr and/or

phosphoric acid at the following general reaction conditions:

volume of reaction medium = 50 cm3, amount of cata-

lyst = 0.1 g, concentration of hydrazine sulfate = 0.05 mol/

dm3, O2 flow rate = 10 cm3/min, temperature = 27 8C, pressur-

e = atmospheric (0.95 atm) and reaction period = 0.5 h. The

temperature of the reaction was controlled by passing

continuously thermostated water maintained at desired

temperature through the reactor jacket. The H2O2 from the

reaction mixture (after separating the catalyst from the reaction
mixture by filtration) was determined by iodometric titration

and also by decomposing the H2O2 by MnO2 and measuring the

O2 evolved quantitatively, according to the H2O2 decomposi-

tion reaction (H2O2! H2O + 0.5O2); both the methods gave

the same results. The unconverted hydrazine (if any) was

determined by its titration against potassium iodate in a mixture

of aqueous acidic (HCl) and CHCl3 medium. Only N2 and O2

are found in the gaseous products.

Hydrazine decomposition and reaction between hydrazine

and H2O2 (both in the absence of O2) were also studied, using

the same reactor under reaction conditions identical to those

used in the O2 reduction study.

3. Results and discussion

3.1. Characterization of catalysts

XRD spectra of the Pd/Al2O3 and Br promoted Pd/Al2O3

catalysts are presented in Fig. 1. Bulk and surface character-

ization data for the catalysts, obtained from their XRD, TEM

and XPS, are given in Table 1.

For all the catalysts, the bulk Al2O3 phase was g-Al2O3

(major) and u-Al2O3 (minor) (Fig. 1). Both the bulk and surface

palladium in the fresh Pd/Al2O3 was in metallic form (Fig. 1,

Table 1). However, after the use of the Pd/Al2O3 catalyst in the

O2 reduction reaction, the palladium in the catalyst existed in

both the metallic (Pd0) and oxidized (PdO) forms. This is

expected because of the surface/subsurface oxidation of Pd by

hydrogen peroxide produced in the reaction [13]. The XPS of

the Pd/Al2O3 catalyst, used in the O2 reduction in the presence

of bromide anions in the reaction medium, showed the presence

of bromine at an appreciable concentration on the catalyst

surface (Table 1), indicating the adsorption of bromide anions

from the reaction medium on the catalyst during the reaction.

The brominated Pd/Al2O3 (Br loading = 5 wt%) calcined

under an inert atmosphere (N2) contained palladium mainly in

metallic form with minor amounts of PdO. On the other hand,



Table 1

Characterization data for the palladium catalysts (A: XPS peak area; n.d.: not determined; m: major; s: small and vs: very small or trace amounts)

Catalyst Form of Pd (Pd0/PdO)a Particle size of

Pd or PdO (nm)

Binding energy (eV) Relative surface composition

Al 2p O 1s Pd 3d3/2 Br 3p1/2
ABr 3p1=2

APd 3d3=2

Pd(II)/Pd(0)

Pd/Al2O3 (Fresh) Pd0 (m) 5–7b 74.0 531.2 340.1 – 0.0 0.0

Pd/Al2O3 (used)c Pd0 (m) and PdO (vs) 5–7b 74.1 531.3 340.2 and 343.1 191.2 0.3 0.24

BrominatedPd/Al2O3
d Pd0 (m) and PdO (vs) 10–15b 74.1 531.4 339.9 and 342.6 191.3 3.94 0.19

Brominated PdO/Al2O3
d PdO (m) and Pd0 (s) 15 (av)e n.d. n.d. n.d. n.d. n.d. n.d.

a Determined from XRD.
b Determined by TEM.
c The catalyst was used for the reaction in the presence of bromide anions (1.0 mmol/dm3) in the aqueous medium.
d Calcined under N2 (at 400 8C) and O2 (at 500 8C) atmosphere, respectively.
e Obtained from XRD peak broadening.

Fig. 2. Effect of the concentration of KBr in reaction medium on the hydrazine

sulfate conversion, H2O2 yield, H2O2 formed per mol of hydrazine sulfate

consumed and rate of H2O2 formation in the reduction of O2 over the Pd/Al2O3

catalyst (concentration of hydrazine sulfate = 0.05 mol/dm3, reaction peri-

od = 0.5 h).

V.R. Choudhary et al. / Applied Catalysis A: General 323 (2007) 202–209204
the catalyst calcined under air contained mainly PdO with

minor amounts of metallic Pd (Fig. 1b and c and Table 1). After

the bromination of Pd/Al2O3 catalyst, the Pd particle size

increased appreciably (from 5–7 nm to 10–15 nm) (Table 1).

This is expected because of the sintering of Pd during the

calcination of the brominated Pd/Al2O3 catalyst under N2 (at

400 8C) or air (500 8C).

A comparison of the XPS data for the fresh Pd/Al2O3, used

Pd/Al2O3 and brominated Pd/Al2O3 catalysts (Table 1)

indicates a small change in the binding energies particularly

of Pd 3d3/2 due to the adsorption of Br� anions on the Pd/Al2O3

or because of the bromination of the Pd/Al2O3 catalyst. This

suggests modification of the electronic environment/surface

properties of Pd in the catalyst through the interaction between

Br� anions and Pd on the surface. A similar observation was

also made after the use of Pd/Al2O3 and Pd/C catalysts in the

direct oxidation of H2 to H2O2 in acidic medium containing Br�

anions [14].

3.2. Hydrazine-to-H2O2 conversion over Pd/Al2O3 in

presence of bromide anions in reaction medium

Earlier we have shown that, in the absence of bromide anions

and/or protons, the reduction of O2 by hydrazine over supported

Pd catalysts leads only to the formation of water [12].

Results showing an influence of the concentration of KBr in

the aqueous reaction medium on the H2O2 formation in the O2

reduction by hydrazine sulfate over the Pd/Al2O3 catalyst at

ambient conditions (25 8C and atmospheric pressure) are

presented in Fig. 2. When hydrazine sulfate is used as the

reducing agent in the O2 reduction, the aqueous reaction

medium becomes acidic (with a pH < 2.0) because of the

dissociation of sulfuric acid (associated with hydrazine) in

water.

In the absence of bromide anions, there was no formation of

hydrogen peroxide but hydrazine was completely converted to

water (Fig. 2). However, with a small increase in the

concentration of bromide anions (from 0.0 to 0.3 mmol/

dm3), there was a very sharp increase in the H2O2 yield (from

0.0 to 60%). A further increase in the bromide concentration,

however, caused only a small increase in the H2O2 formation,

without affecting the hydrazine conversion (which was 100% in
a short reaction period of 0.5 h under the ambient conditions). It

may be noted that the observed influence on the H2O2 formation

is essentially only due to the presence of bromide anions and

not because of the associated cations. When the K+ cations were

replaced by the Na+, NH4
+ or H+ cations, there was a little or no

change in the hydrazine conversion and H2O2 selectivity/yield

in the reaction [12]. It is interesting to note that all the above

observations for the hydrazine-to-H2O2 oxidation are quite

similar to that observed for the direct oxidation of H2 to H2O2

over the Pd/Al2O3 catalyst in aqueous acidic medium

containing Br� anions [14]. In the H2-to-H2O2 oxidation, (a)

the catalyst showed a little or no activity for the H2O2 formation

but a very high activity for the water formation in the absence of
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Br� anions, (b) with the addition of Br� anions at low

concentration (1.0 mmol/dm3) in the medium, the H2O2

formation is drastically increased, and (c) the cations associated

with Br� anions also showed a little or no effect on the H2O2

formation [14]. The influence of the concentration of Br�

anions on the H2-to-H2O2 oxidation was also more or less

similar to that observed for the hydrazine-to-H2O2 oxidation

(Fig. 2).

There was no Pd leaching from the catalyst during the

reaction (for all the investigated bromide anions concentra-

tions: 0–9 mmol/dm3).

Since, the reaction medium is acidic (pH < 2.0) and its pH is

lower than the isoelectric point of the catalyst support (Al2O3),

only the bromide anions (not the cations associated with the

bromide anions) from the reaction medium are adsorbed on the

Pd/Al2O3 catalyst. This is why the cations showed little or no

effect on the reaction. The modification of the Pd/Al2O3

catalyst through a change in the electronic environment on its

surface due to the bromide anions adsorbed on or close to Pd

seems to be responsible for the observed promoting effect of the

bromide anions on the H2O2 formation. The adsorption of

bromide anions on the catalyst surface during the reaction was

confirmed from the XPS of the used catalyst (Table 1). A large

beneficial effect on the H2O2 formation is observed only when

the Br� anion concentration is increased up to about 2.0 mmol/

dm3. At the higher Br� anion concentration (>4.0 mmol/dm3),

the H2O2 yield is almost leveled off. This suggests that only a

small amount of Br� anions are enough to modify the catalyst

properties for making it active for the selective hydrazine-to-

H2O2 oxidation. Further work is necessary to understand the

role of Br� anions at low concentration for the observed

beneficial effect.

3.3. N2H4-to-H2O2 conversion over halogenated Pd(or

PdO)/Al2O3

Since, the presence of bromide anions (which are essential

for the selective O2-to-H2O2 reduction by hydrazine sulfate) in

the acidic aqueous reaction medium is highly corrosive for

commonly used stainless steel reactors, it will be more

convenient if bromide ions are incorporated in the catalyst

itself. This is done in the following studies on the O2-to-H2O2

reduction by hydrazine sulfate.
Table 2

H2O2 formed in the reduction of O2 by hydrazine from hydrazine sulfate over halogen

oxidized form (reaction period = 1 h)

Halogen added

to Pd/Al2O3

Main phase of palladium

in the catalyst (Pd0/PdO)a

Conversion (%)

Hydrazine O

None Pd0 or PdO 100 2

F or Cl Pd0 or PdO 100 2

I Pd0 or PdO 5 � 2

Br Pd0 100 3

Br PdO 100 3

Moles of N2 formed per mole of hydrazine consumed in all the cases was 1.0.
a Detected by XRD.
3.3.1. Influence of the halogenation of Pd(or PdO)/Al2O3

Results showing the influence of different halogens (viz. F, Cl,

Br and I) incorporated in the Pd/Al2O3 catalyst in its reduced or

oxidized form on the reaction (at 25 8C) are presented in Table 2.

The results of the presence or absence of the different halogens

incorporated in the reduced Pd/Al2O3 catalysts are almost similar

to that observed for the catalyst in its oxidized form. Hydrogen

peroxide in the reaction was formed only when Br was

incorporated in the Pd/Al2O3 (reduced or oxidized forms). In

the absence of any halogen or in the presence of fluorine and

chlorine in the catalyst, the hydrazine was completely converted

but without any (not even trace) formation of hydrogen peroxide.

The presence of iodine in the catalyst caused a large deactivation

due to poisoning of its active sites by the iodine. It may be noted

that the influence of the halogens incorporated in the Pd/Al2O3

catalyst (Table 2) is quite similar to that observed when the

halides are in the reaction medium [12].

A comparison of the results for the Br incorporated Pd0/

Al2O3 and PdO/Al2O3 catalysts (Table 2) indicate that the

catalyst in its reduced form shows a somewhat better

performance.

3.3.2. Influence of the Br loading in brominated Pd/Al2O3

Results in Fig. 3 show a very strong influence of the loading of

Br in the brominated Pd/Al2O3 catalysts, particularly at lower Br

loadings (up to the Br loading of 1.0 wt%), on the formation of

H2O2. With increasing the Br loading, the H2O2 formation is

increased sharply, reached to maximum (at the Br loading of

about 1.0 wt%) and then decreased continuously at the higher Br

loadings; the decrease was, however, quite small. This is

expected because of the poisoning of some of the active sites of

the catalysts at the higher Br loadings. The hydrazine conversion

(which was 100% at the lower Br loading) was also decreased but

only to a small extent at the higher Br loading (10 wt%).

The influence of the Br loading (Fig. 3) is almost similar to

that observed when the bromide anions are added to the

reaction medium (Fig. 2), except for the observed small

decrease in the H2O2 formation and hydrazine conversion at the

higher Br loadings in the former case (which may be due to the

much higher surface concentration of Br in case of the

brominated Pd/Al2O3). The observed small decrease in the

hydrazine conversion at the higher Br loadings indicates that

bromine at very high concentrations causes a small deactivation
ated Pd/Al2O3 (halogen loading = 1.0 wt%) catalysts with their Pd in reduced or

H2O2 formed per mol of hydrazine

consumed (mol/mol)

H2O2 yield

(%)

2

1.8 0.0 0.0

1.8 0.0 0.0

1.09–1.53 0.0 0.0

4.0 1.12 56.0

2.5 0.98 49.0



Fig. 4. Effect of the reaction time on the hydrazine sulfate conversion, H2O2

formed per mol of hydrazine sulfate consumed and H2O2 yield in the reduction

of O2 over the brominated Pd/Al2O3 (1.0 wt% Br) catalyst (concentration of

hydrazine sulfate = 0.13 mol/dm3, reaction period = 0.5 h).

Fig. 5. Effect of the reaction temperature on the hydrazine sulfate conversion,

H2O2 formed per mol of hydrazine sulfate consumed and H2O2 yield in the

reduction of O2 over the brominated Pd/Al2O3 (1.0 wt% Br) catalyst in aqueous

medium (concentration of hydrazine sulfate = 0.05 mol/dm3, reaction peri-

od = 0.5 h).

Fig. 3. Effect of the loading of Br in brominated Pd/Al2O3 (calcined at 400 8C
in N2) catalyst on the hydrazine sulfate conversion, H2O2 yield, H2O2 formed

per mol of hydrazine sulfate consumed and rate of H2O2 formation in the

reduction of O2 (concentration of hydrazine sulfate = 0.05 mol/dm3, reaction

period = 1.0 h).
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of the Pd/Al2O3 catalyst due to poisoning of its active sites by

Br. In this case also the effect of both the addition of Br to Pd/

Al2O3 and the Br loading in the brominated Pd/Al2O3 on the

H2O2 formation (Fig. 3) is quite similar to that observed for the

direct oxidation of H2 to H2O2 [15]. In the later case, the

conversion of H2 is decreased and the H2O2 yield is passed

through a maximum with increasing the Br loading [15].

3.3.3. Influence of the reaction conditions

Results showing the influence of reaction time, temperature,

initial concentration of hydrazine sulfate and concentration of

acid (H3PO4) in the aqueous reaction medium on the hydrazine

conversion and H2O2 formation in the reaction over the

brominated Pd/Al2O3 catalyst (Br loading = 1.0 wt%) are

presented in Figs. 4–7, respectively. From the results, following

important observations can be made.

With increasing reaction time, the hydrazine conversion

increases but the H2O2 formation passes through a maximum

(Fig. 4). The observed small decrease of the H2O2 yield (even

when the hydrazine conversion was 100%) at the higher

reaction times shows that hydrogen peroxide is formed as an

intermediate product, which is further converted to water by its

decomposition. The Pd/Al2O3 catalyst is also known to catalyze

the H2O2 decomposition; the rate of H2O2 decomposition is,

however, drastically reduced in the presence of Br in the

catalyst [15] or in the reaction medium [14].

The H2O2 formation passed through a maximum (at about

15 8C) when the reaction temperature was increased (Fig. 5). At



Fig. 6. Effect of the initial hydrazine sulfate concentration on the hydrazine

sulfate conversion, H2O2 formed per mol of hydrazine sulfate consumed and

rate of H2O2 formation in the reduction of O2 over the brominated Pd/Al2O3

(1.0 wt%) catalyst (concentration of hydrazine sulfate = 0.05 mol/dm3, reaction

period = 1.0 h).

Fig. 7. Effect of the H3PO4 concentration on the hydrazine sulfate conversion,

H2O2 formed per mol of hydrazine sulfate consumed and H2O2 yield in the

reduction of O2 over the brominated Pd/Al2O3 (1.0 wt%) catalyst (concentra-

tion of hydrazine sulfate = 0.05 mol/dm3, reaction period = 0.5 h).
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the higher temperatures (above 15 8C), the H2O2 formation

decreased very markedly. This is expected because of an

increase in the rate of H2O2 decomposition and/or parallel

direct hydrazine-to-water oxidation at the higher temperatures.

This may, however, also be due to an increase in the rate of the

reaction between the H2O2 formed and unconverted N2H4

(discussed later) at the higher temperatures.

The hydrazine conversion as well as the net H2O2

formation per mole of consumed hydrazine decreased

appreciably (particularly at the higher concentrations) when

the initial concentration of hydrazine sulfate was increased in

the reaction medium (Fig. 6). However, the rate of H2O2

formation first increased and then passed through a maximum

with increasing the hydrazine sulfate concentration. This is

expected because of the reaction between the unconverted

hydrazine and hydrogen peroxide formed (discussed

later), which becomes more and more pronounced with

increasing the hydrazine concentration. However, if the in

situ generated H2O2 is used immediately after its formation

for the organic oxidation, the efficiency of H2O2 generation,

even at a high concentration of hydrazine sulfate can be

increased.

The results in Fig. 7 reveal that, although H2O2 can be

generated in the reaction even without adding any external

mineral acid in the aqueous medium, the formation of

H2O2 increases significantly with increasing acid (H3PO4)

concentration in the reaction medium. The reaction medium

without the addition of mineral acid is also acidic (pH < 2.0).
However, the addition of external acid (i.e. extra protons) to the

medium is beneficial for the H2O2 formation. The observed

beneficing effect of the phosphoric acid may also be because of

the stabilization of the H2O2 formed due to the phosphate

anions in the reaction medium.

3.4. Reaction scheme and mechanism

The O2 reduction by hydrazine sulfate is relatively a fast

reaction [100% conversion of hydrazine in 0.5–1.0 h (Figs. 2

and 3)]. Although the hydrazine (from the hydrazine sulfate) is

completely converted, the observed H2O2 yield is, however,

less than 100%. This reveals that H2O2 is an intermediate

product, which is further converted to water by its decom-

position (H2O2! H2O + 0.5O2) and reaction with hydrazine

(2H2O2 + N2H4! N2 + 4H2O) in consecutive reactions. Water

formation can also occur via the direct oxidation of N2H4 in a

parallel reaction (N2H4 + O2! N2 + 2H2O).

Decomposition of H2O2 over supported Pd catalysts

proceeds with a high rate but it is drastically reduced in the

presence of protons and/or bromine promoter [14–16]. The

observed drastic increase in the H2O2 formation due to the

presence of Br promoter (Figs. 2 and 3) is consistent with the

fact that H2O2 is an intermediate product of the O2 reduction.

This was further confirmed by the reaction between hydrazine

and H2O2 in the absence of O2 (Table 3).

Results of the reaction between H2O2 and N2H4 (Table 3)

showed that, in the absence of the Pd/Al2O3 catalyst, the



Table 3

Results of the reaction between N2H4 from hydrazine sulfate and H2O2 in

aqueous medium containing bromide promoter in the presence and absence of

Pd catalyst [reaction mixture = 4.0 mmol N2H4�H2SO4 + 8.2 mmol H2O2 +

KBr (1.0 mmol/dm3) + 50 cm3 distilled water with or without Pd catalyst

(0.1 g), temperature = 30 8C, reaction time = 0.5 h, pH of the reaction mixture

<2.0]

Catalyst Conversion (%)

N2H4 H2O2

Nil 2.2 2.3

Pd/Al2O3 50.3a 49.8

Pd/Al2O3
b – 5.1

Pd/Al2O3
c – 100

Pd/Al2O3
d 99.6e 96.1

Pd/Al2O3
f 100e 100

a Amount of gas evolved was 2.0 mmol.
b In the absence of N2H4�H2SO4 but in the presence of H2SO4 (4.0 mmol).
c In the absence of N2H4H2SO4, any mineral acid and bromide anions.
d When the reaction medium was neutralized to a pH of 7.0 with alkali.
e Amount of gas evolved was ffi4.0 mmol.
f In the absence of bromide anions.

Fig. 8. Reaction scheme for the O2-to-H2O2 reduction by hydrazine.
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reaction between H2O2 and N2H4 was very slow but it

proceeded with a considerable rate in the presence of the

catalyst. However, the H2O2 conversion in the absence of the

reducing agent (i.e. the H2O2 decomposition alone in the

presence of bromide anions and H2SO4) was quite small. The

conversion of N2H4 (50.3%) and H2O2 (49.8%) and gas evolved

(2.0 mmol) in the reaction confirm the reaction stoichiometry

(i.e. N2H4 + 2H2O2! N2 + 4H2O). The observed decrease in

the H2O2 yield/selectivity with increasing the initial concen-

tration of hydrazine sulfate (Fig. 7) is consistent with the

conversion of H2O2 (after its formation) by its reaction with the

unconverted hydrazine. When the aqueous solution of

hydrazine sulfate was neutralized by alkali to a pH of about

7.0, the reaction between the hydrazine and H2O2 was much

faster (Table 3) than in the absence of the neutralization (i.e. in

the presence of protons). In the absence of bromide anions, the

reaction was found to be very fast; it was completed within a

period of just 2.0 min. These observations clearly reveal that the

reaction is very strongly influenced by the presence of both

protons and bromide anions; it is drastically retarded in the

presence of acid (protons) and/or bromide anions. Thus, the role

of protons and bromide anions in the O2 reduction by hydrazine

sulfate seems to enhance the net H2O2 formation by drastically

inhibiting/retarding the consecutive reactions, H2O2 decom-

position and reaction between H2O2 and unconverted N2H4.

Decomposition of N2H4 (in the absence of O2) over the Pd/

Al2O3 catalyst (at 30 and 50 8C) in the presence or absence of

bromide anions in aqueous medium has also been studied. At a

temperature of 30 8C, therewas very little or no decomposition of

N2H4 in the presence or absence of bromide anions. However, at

the higher temperature (50 8C), the decomposition of N2H4 was

appreciable (11%), even in the presence of bromide anions.

Based on the above discussion, we propose a reaction

scheme, presented in Fig. 8, for the parallel and consecutive

reactions involved in the O2-to-H2O2 reduction (or N2H4-to-

H2O2 oxidation). The results (Figs. 4–6) are consistent with the

consecutive reactions involved.
It is interesting to note that, in the absence of bromide

promoter, there was no formation of H2O2 in the O2 reduction

by hydrazine sulfate (Figs. 2 and 3, Table 2); the H2O2

formation is drastically increased because of the addition of Br

promoter, even at a small concentration, in the reaction medium

(Fig. 2) or in the catalyst (Fig. 3). However, when the aqueous

reaction medium containing hydrazine sulfate was neutralized

to a pH of 7.0, no H2O2 formation was observed even in the

presence of Br promoter. It may be noted that, even in the

absence of protons (or in a neutral reaction medium), the

addition of bromide anions to the reaction medium resulted in a

very large decrease in the rate of H2O2 decomposition [14].

Thus, the presence of both protons and Br promoter is essential

for the selective H2O2 formation in the O2 reduction. This

observation is consistent with what observed in the H2-to-H2O2

oxidation over Pd/Al2O3 catalyst in aqueous medium [14].

The observed highly positive promoting effect of the

bromide anions (adsorbed or incorporated in the catalyst) as

compared to that of the other halides (fluoride, chloride and

iodide) is expected most probably because of their intermediate

reducing strength (electron donating ability). We propose the

following mechanism involving both the ionic and free radical

reactions, some of which are similar to that described earlier for

the direct H2-to-H2O2 oxidation [14], for the N2H4-to-H2O2

oxidation in the presence of protons and bromide anions:

S þ Br� ! S � Br� (1)

S þ O2 ! S � O2 (2)

S � O2þ S � Br� ! S � O2
-þ S � Br (3)

Sþ N2H4

! S � N2H4�!
S

�S�H
S � N2H3�!

S

�S�H
S � N2H2�!

S

�S�H
S � N2H�!S

�S�H
N2 (4)

S � O2
� þ S � H ! S � HO2

� þ S (5)

S � HO2
� þHþ ! S � H2O2 (6)

S � H2O2þ S ! 2S � OH (7)

S � H2O2þ S � H ! S � OH þ H2O þ S (8)

S � OH þ S � H ! H2O þ 2S (9)

2S � OH ! H2O þ S � O þ S (10)

S � O2
� þHþ ! S � HO2 (11)

S � HO2þ S � H ! S � H2O2þ S (12)
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S � O2þ S ! 2S � O (13)

S � O þ 2S � H ! 3S þ H2O (14)

S � H2O2 ! S þ H2O2 (15)

S � Br þ S � H ! S � Br� þHþ þ S (16)

where S is adsorption or active (Pd) site.

Thus, the protons and bromide anions are expected to take

part in the O2 reduction by hydrazine according to reactions (1),

(3), (6) and (11) and the two are regenerated in reaction (16). In

the presence of bromide anions, reaction (7) (homolytic

dissociation of H2O2 to two OH radicals) seems to be inhibited,

thereby reducing the water formation reactions (9) and (10). In

the absence of protons, the H2O2 forming reactions (6), (11) and

(12) do not occur, resulting in the formation of water by

reaction (14). Also, in the presence of both the acid and bromide

anions, the H2O2 decomposition activity of the catalysts is

drastically reduced [14,15] and also the reaction between the

H2O2 formed and the unconverted N2H4 is retarded, thereby

increasing the net formation of H2O2 in the O2 reduction. In the

presence of bromide anions, the dissociative adsorption of O2

[reaction (13)] and consequently reaction (14) leading to direct

water formation are eliminated or drastically reduced [14],

ultimately causing an increase in the selectivity for H2O2

formation. It is also interesting to note that the influence of the

presence of acid and bromide anions on the H2O2 formation in

the O2 reduction by hydrazine is quite similar to that observed

in the H2-to-H2O2 oxidation (i.e. O2-to-H2O2 reduction by H2)

and also the proposed mechanism for both the reactions are

complementary/consistent with each other [14].

4. Conclusions

Following important conclusions have been drawn from the

selective O2 reduction by hydrazine sulfate to H2O2 over Pd(or

PdO)/Al2O3 catalyst in an acidic aqueous medium in the

presence of Br promoter (at different concentrations), either

added to the reaction medium or incorporated in the catalyst, at

the different reaction conditions:

V.R. Choudhary et al. / Applied Cat
(1) T
he formation of H2O2 is drastically increased with

increasing the concentration of Br promoter either in the

acidic reaction medium or in the catalyst, particularly at low

concentrations of Br (0–1.0 mmol/dm3 in the reaction

medium or 0–1.0 wt% in the catalyst). At a very high

concentration of Br in the catalyst (above 5.0 wt% Br), the

catalyst is at least partially deactivated due to poisoning of

its active sites by Br.
(2) T
he presence of both the protons and Br promoter is a must

for the generation of H2O2 in the O2 reduction by hydrazine.

The main role played by both the protons and Br promoter

in the O2-to-H2O2 reduction is to drastically reduce the rate

of water forming reactions by the decomposition of H2O2

and reaction of H2O2 with unconverted hydrazine in the

consecutive reactions and direct water formation from

hydrazine in the parallel reaction.
(3) F
or the generation of H2O2, it is not necessary to add external

protons to the reaction medium, as the aqueous solution of

hydrazine sulfate is itself acidic (pH < 2.0). However, the

addition of external acid (H3PO4) to the reaction medium has

beneficial effect on the H2O2 formation.
(4) T
he H2O2 yield in the reaction is passed through a maximum

with increasing the reaction time and/or the temperature, it is

increased with increasing the concentration of H3PO4 added

to the reaction mixture but it is decreased with increasing the

concentration of hydrazine in the reaction mixture. Thus,

H2O2 is an intermediate product of the reaction and its net

rate of formation is mainly controlled by the two consecutive

reactions, H2O2 decomposition and the reaction between

H2O2 and unconverted hydrazine; both the reactions are

strongly inhibited in the presence of bromide promoter and/

or protons. In the presence of protons and bromide promoter,

the reaction with hydrazine occurs more predominantly than

the H2O2 decomposition.
A general reaction scheme involving parallel and con-

secutive reactions and also a plausible reaction mechanism

involving a number of elementary ionic and free radical

reactions for the generation of H2O2 in the O2 reduction process

have been suggested.
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