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Abstract

Direct oxidation of B to H,O, over powdered PdO-containing fluorinated or sulfateg| ZrO,, CeQ, ThO,, Y»0s3,
Gag 03 catalysts with or without pre-reduction by hydrazine, using a pure water or 0.023@Has reaction medium and a
gaseous feed consisting of 1.7 vol.% id O, in a magnetically stirred glass reactor at’22and atmospheric pressure has
been investigated. The catalysts have been characterized for their surface area and also by CO chemisorption. The performance
of the catalysts in the decomposition of®b at 22°C has also been studied. The results showed a strong influence of catalyst
reduction, fluorination (or chlorination) or sulfatation of the catalyst support and the acidity of reaction medium on both
the conversion and #D, selectivity in the direct oxidation of 41 An acidic medium is essential for achieving both the
high conversion and high selectivity in the ldxidation. The reduced catalysts showed much lowgd4electivity in the
H> oxidation process and much highes®h decomposition activity. The water in the b H,O, oxidation over the above
catalysts is formed in parallel and/or consecutive reactions, depending upon the catalyst used. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction presently practiced anthraquinone process [1] for the
production of HO, has several other limitations; the
Hydrogen peroxide is an environ-friendly strong cost of HO, produced by this process is not low
oxidizing agent. Hence, its demand for domes- enough to use it for producing bulk chemicals and/or
tic/industrial wastewater treatment, water disinfec- for wastewater treatment. It is, therefore, of great
tion, catalytic oxidation processes and other industrial practical interest to produce-@, more economically
applications has been increasing day-by-day. The by a novel process, which is also environmentally
clean, such as that based on the direct oxidation of
" * Corresponding author. Teks91-20-589-3300x2163; Hp. Direct oxidation of H to HO, over different
fax: +91-20-589-3041/3355. ’ Pd-containing catalysts has been disclosed in several
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we have suggested the use of a novel composite also in the decomposition of 4, in a stirred slurry
Pd-membrane catalyst for the non-hazardous direct reactor.

oxidation of H to H20- [2]. Earlier, Fu et al. [4] have

carried out liquid-phase oxidation of;Ho HyO» in

an acidic medium over Pd/fluorinated carbon catalyst 2. Experimental

at high pressures (0.5-2.3 MPa)-al0 to 25°C; the

maximum HO, selectivity reported was 8.7% (at 2.1. Catalyst preparation

41% H, conversion) even in the presence of a0

stabilizer. They have observed that theQ4 decom- The PdO-containing catalysts (Table 1) were prepa-
position to water and oxygen occurs in a consecutive red by impregnating Pdglfrom its HCI solution on
reaction on the same catalyst; the higher thgOp v-Al203, ZrOy, CeQ, Y203 or ThO,, fluorinated
decomposition activity of the catalyst, the lower is y-Al203, Zr0Oy, GaO3, Y203, ThO, or CeQ, and

the HO; selectivity in the H oxidation process. sulfated ZrQ or GaO3 by the incipient wetness
The flammability or explosive range for the con- impregnation technique. After impregnation, the wet
centration of H in Oy is very wide (4—94% Kin Oy). catalyst mass was dried at 100 for 4h and then

Hence, the direct Hoxidation process is highly haza- calcined under static air in muffle furnace at 50
rdous one. However, it can be made non-hazardousfor 3h. The presence of PdO phase in the catalyst
by operating it with the kKl concentrations (in &) far was confirmed by XRD.
away from the explosion range. Fluorination (or chlorination) or sulfatation was
This work was undertaken with the objective of carried out by impregnating the respective support
studying the performance of different supported Pd with ammonium fluoride (or chloride) or #$04
or PdO catalysts (such as Pd or PdO supported on(equivalent to 5wt.% F, Cl or S on the support) from
alumina, zirconia, ceria, thoria, yttria and gallia, with its aqueous solution followed by drying on hot water
or without their modification by fluorination, chlori-  bath and calcining in muffle furnace at 500 for 3 h.
nation or sulfatation) in the direct oxidation of;H The PdO-containing catalysts were reduced by
to H2O, using a mixed H/O, feed (1.7 vol.% H in treating them with an ammonical hydrazine solu-
0O, which is far away from the explosion range) and tion on hot water bath for 2 h followed by washing,

Table 1

Surface properties of the catalyst

Catalysts Surface area fg1) CO chemisorption (at 40C) on
reduced catalysis(umol g—1)

PdOA-Al,03 174.0 4.1

PdO/fluorinatedy-Al ,03 203.0 18.8

PdO/chlorinatedy-Al,03 171.0 5.0

PdO/ZrQ 54.5 60.1

PdO/sulfated Zr@ 325.0 7.3

PdO/fluorinated Zr@ 315 4.8

PdO/CeQ 12.4 6.1

PdO/fluorinated Ce® 4.7 17.2

PdO/Y,03 8.1 6.1

PdO/fluorinated ¥O3 12.3 17.5

PdO/ThQ 0.7 3.7

PdO/fluorinated The@ 0.7 4.3

PdO/fluorinated GgD3 19.1 14.1

PdO/sulfated G#3 34.9 3.8

aReduced by a BN, mixture (10% H) at 500°C.
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filtration and drying at 100C in an air oven. The
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reactor containing 0.2 g catalyst and 15Ccatidic

presence of metallic Pd phase in the reduced catalysts(0.02 M sulfuric acid) solution containing 0.2% (w/v)

was confirmed by XRD.
2.2. Catalyst characterization

The surface area of the catalysts was measured
by the single-point BET method, using a Monosorb
Surface Area Analyser (Quantachrome, USA).
Chemisorption of CO on the catalyst, after its reduc-
tion by Hy at 500°C, was measured at 4C using a
GC pulse technique [5].

2.3. Catalytic reactions

The direct oxidation of hydrogen to hydrogen
peroxide reaction over the catalysts was carried out
in a magnetically stirred glass react@rapacity =
250cn?) containing 0.5g catalyst and 150&m
aqueous 0.02M sulfuric acid solution as a reaction
medium by bubbling continuously a hydrogen and
oxygen mixture (1.7vol.% b) at a flow rate of
11.5 cmm3 min~? through the liquid reaction medium
under vigorous stirring at 2Z and atmospheric
pressure (0.95 atm) for a period of 3 h. The concentra-
tion of hydrogen in the effluent gases, after removing
water vapors from them by condensation 4€Q was
measured by an online hydrogen analyzer. After the
reaction, the catalyst from the reaction mixture was
removed by filtration and the filtered reaction mixture
was analyzed for the hydrogen peroxide formed in
the reaction by iodometric titration method.

The decomposition of hydrogen peroxide over the
catalysts was carried out in the magnetically stirred

Table 2

H205. The amount of @ liberated in the decompo-
sition was measured as a function of time using a
constant pressure gas collector [6].

3. Results and discussion
3.1. Catalysts characterization

The catalysts have been characterized for their sur-
face area, CO chemisorption (at 4D) on reduced
catalyst, and relative acidity (measured in terms of the
amount of NaOH required to neutralize the acid sites
on the catalyst). The surface properties of the cata-
lysts are given in Table 1. The results show that the
surface area, CO chemisorption and the relative acid-
ity are strongly influenced by the fluorination, chlo-
rination or sulfatation of the supports (except ThO
used in the catalyst. In general, the acidity is increased
markedly due to the halogenation or the sulfatation of
the support.

3.2. Effect of reaction medium

Results showing the effect of acidity of the aqueous
reaction medium on the performance of the different
supported PdO catalysts in the kb H>O, oxidation
process are presented in Table 2.

The results show strong influence of the acidity
of the aqueous reaction medium on both the conver-
sion and selectivity in the process. All the catalysts
show much higher activity (ficonversion) and b,

Effect of reaction medium on conversion and selectivity in the direct oxidation,ofoHH,0O, over the different catalysts (at 22)

Catalyst Reaction medium

0.02M H,SOy Pure water

Hydrogen H,0, Hydrogen H>0,

conversion (%) selectivity (%) conversion (%) selectivity (%)
PdO/fluorinatedy-Al,03 41.8 30.3 2.6 15.0
PdO/chlorinatedy-Al ;03 43.1 28.6 4.6 8.3
PdO/fluorinated Ce® 34.4 36.4 2.6 15.0
PdO/fluorinated Zr@ 43.0 26.5 18.5 19.3
PdO/ThQ 28.2 47.3 13.9 4.1
PdO/CeQ 21.0 56.1 9.2 6.1
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selectivity when acidic medium (0.02 MJS0Qy) used
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oxidation but much higher $0, decomposition

in the process as compared to the pure water as theactivity. The decrease in the B, selectivity is be-

reaction medium. This is consistent with our earlier
observation that the ¥#0, decomposition activity of

cause of the increased,8, decomposition activity
of the corresponding catalyst after its reduction. These

Pd/carbon catalyst decreases markedly with increasingcomparative results clearly show that the catalysts in

the concentration of F50, in the aqueous reaction
medium [7]. In the earlier studies using Pd supported

their oxidized form are more selective and even more
active in the oxidation of K to H,O, but less active

on phosphate viologen phosphonate catalyst usingin the H,O, decomposition.

aqueous HSOy as the reaction medium, there was no
significant production of KO, in the H oxidation,
even at much higher pressure [3]. The® selec-
tivity observed for the present catalysts using 0.02M
H>SO4 or even water as the reaction medium is much
higher than that observed earlier for Pd/fluorinated
carbon catalyst using an acidic medium [4].

3.3. Effect of catalyst reduction

Results in Table 3 show the effect of reduction of
the supported PdO catalysts (by hydrazine) on their
performance in both the Hto H,O, oxidation and
H>O, decomposition reactions at 2€. The kinetic
data for the HO, decomposition (at 22C) over the
catalysts, with or without pre-reduction (by hydrazine)
are presented in Fig. 1. The,B, decomposition
data could be fitted well to first-order rate law: Ifi[1
(1 — x)] = kat, wherex is the fractional decomposi-
tion of H>O, kg the first-order rate constant ahthe
time.

The pre-reduced catalysts (Pdontaining cat-
alysts) showed much lower 4@, selectivity and
also lower activity (except for Pd/CeDin the H,

Table 3

3.4. Comparison of supported PdO catalysts

The PdO-containing catalysts are compared in
Figs. 2 and 3 for their performance both in the bk-
idation and HO, decomposition reactions (at 22),
using 0.02M HSO, as the reaction medium. From
the comparison, following important observations for
the catalyst with different supports can be made.

Al;Oz-supported PdO catalysts-luorination (or
chlorination) has a small effect on the ldonversion
activity but a very large effect on thex, selectivity;
the later is increased drastically by the fluorination or
chlorination of they-alumina. However, the $0, de-
composition (in 3 h) over these catalysts is very small
when compared to thegtonversion. This shows that
the formation of HO, and water in the Kl oxidation
over these catalysts occurs essentially in the parallel
reactions:

o

H,

g
H,0

H,0,

)

Effect of the pre-reduction (by hydrazine) of catalysts on their activity/selectivity in the oxidation td H,O, and in the decomposition

of H,O, reactions

Catalyst Oxidation of K to H,O, (at 22°C)

First-order apparent rate constant foy@4

H> conversion (%)

decomposition (at 22C), ka x 10* (min~1)

HO, selectivity (%)

PdO/fluorinatedy-Al 03 41.8 30.3
Pd/fluorinatedy-Al,03 16.4 17.6
PdOf/fluorinated Zr@ 43.0 26.5
Pd/fluorinated ZrQ 18.5 16.8
PdO/CeQ 21.1 56.1
Pd/Ce 20.3 0.0
PdO/ThG 28.2 47.3
PP/ThO, 18.5 0.0

0.0
1.0

13
9.8

6.3
60.8

51
66.4
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Fig. 1. Kinetic data for the decomposition of,8; (at 22°C) over the different catalysts.
(a1) (b1) (c1)
PdO/y-ALO 0 B
2 3
PdO/ fluorinated y—AIZOS ] A X
(2 wt% F)
PdO/ fluorinated y-Al O, ] 2 X
(5 wt% F)
PdO/ chlorinated y- AL O, — 4 <
(a2) (b2) (c2)
Pdo/ ZrO2 ] b
PdO /sulfated Zr0z _ 777777772 XXXXXXXK)
PdO / fluorinated ZrO, | ]
0 20 40 60 0 10 20 30 0 10 20 30
Catalyst H,conversion (%) H,0O, selectivity (%) H,0, decomposition (%)

Fig. 2. Performance of the alumina- and zirconia-supported (with or without modification) PdO catalysts in the direct oxidatidio of H

H20, (at 22°C) and also in the decomposition 08, (at 22°C).
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Fig. 3. Performance of the ceria-, yttria-, thoria- and gallia-supported (with or without modification) PdO catalysts in the direct oxidation
of Hy to H,0 (at 22°C) and also in the decomposition oh8, (at 22°C).

Because of the very poor activity of the catalysts for
H>0, decomposition, the possibility of water forma-
tion in the H oxidation in the consecutive reaction

Ho & H0, 23%H,0 @)
is small.

The higher HO, selectivity and the lower 0D, de-
composition activity of the fluorinated or chlorinated
Al,0Os3-containing catalyst may be due to its increased
acidity (protonic acidity) resulting from the halogena-
tion of Al,O3 [8].

ZrOz-supported PdO catalystdn this case also,
the HO, selectivity is increased drastically after
the fluorination or sulfatation of the support. How-

ZrOz-supported PdO catalysts also have highObl
decomposition activity, which is decreased after flu-
orination or sulfatation due to the increased acidity.
Hence, the formation of $0, and water in the K
oxidation over these catalysts is expected also by the
consecutive reaction (reaction 2).

CeG-, Y203- and ThQ-supported PdO catalysts
In these cases, the fluorination of support results in an
increase in the biconversion but a decrease in both the
H>0Os selectivity and the KO, decomposition activity
of the catalyst (Fig. 3). The #0, decomposition activ-
ity of PdO/fluorinated Ce®(or ThO,) catalyst is very
low and hence the formation of @, and HO over
the catalyst is expected mainly by the parallel reac-

ever, unlike the alumina-supported PdO catalysts, the tions (reaction 1). However, the)®, decomposition
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activity of the PdO/Th@, PdO/CeQ@ and PdO/¥03

is quite high. Hence, over these catalysts, the forma-
tion of water in the H oxidation is expected mainly
by the consecutive reaction (reaction 2).

PdOf/fluorinated (or sulfated) G&®s3 catalysts
These catalysts showed high ldonversion activity
but very poor selectivity for HO, and also poor
H>0, decomposition activity, indicating formation of
H,O, and KO in the H oxidation mainly by the
parallel reactions (reaction 1).

When compared for the 4D, yield [conversion
(%) x selectivity(%)/100] obtained in the ploxida-
tion process, the catalysts showed the following order
(Figs. 2 and 3): PdOrhO, > PdO/fluorinatedy-
Al;03 > PdO/fluorinated Ce@ > PdO/chlorinated
v-Al203 > PdO/CeQ> PdO/fluorinated ZrQ >
PdO/sulfated ZrQ > PdO/fluorinated ,03 >
PdO/fluorinated ThQ> PdO/fluorinated GaO3 >
PdO/sulfated GaO3 > PdO/Y,03 > PdO/v-Al 203
> PdO/ZrO,.

The H0O; yields obtained over the PdO supported
on ThG (13.3%), fluorinatedy-Al2,03 (12.7%) or
CeQ (12.5%), chlorinatedy-Al,03 (12.3%), CeQ
(11.8%), fluorinated or sulfated Zp®11.4%), and flu-
orinated Y03 (7.4%) catalysts are much higher than
that (3.6%) reported earlier over the Pd/fluorinated
carbon catalyst.

4. Conclusions

From the above studies on the direct oxidation of
H> to H,O, and HO, decomposition reactions over
the different fluorinated or sulfated AD3-, ZrOs-,
CeQ-, Y203-, ThO,- and GaOz-supported PdO or
Pd catalysts, the following important conclusions have
been drawn.

1. The modification by fluorination or sulfatation
of Al,O3 or ZrO, support causes a drastic in-
crease in the B, selectivity of the catalyst
but that of Ce®, Y03 and ThQ results in a
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decrease in the selectivity and an increase in the H
conversion activity of the catalyst in theléxida-
tion. The PdO/Th@, PdO/fluorinated/chlorinated
or sulfated AbO3, ZrO,, and CeQ, and PdO/Ce®
are promising catalysts for the direct oxidation of
H> to HyOo.

The water in the bl oxidation over the supported

PdO catalysts is formed in the parallel and/or

consecutive reaction, depending upon the support

used in the catalyst. It is formed mostly by the
parallel reaction over the fluorinated (or chlo-
rinated) AbO3, CeQ and GaOs and sulfated

Ga03-supported PdO catalysts but by the consec-

utive reaction over the Zr®, CeQ-, Y,03- and

ThO,-supported PdO catalysts.

The catalysts after the reduction of their PdO to

P (by hydrazine) showed much lower selectivity

in the oxidation of H to H,O2 and much higher

H,0O, decomposition activity.

4. Both the activity and b0, selectivity (in the H
oxidation) of the catalysts depend strongly on the
acidity of the aqueous reaction medium; the selec-
tivity is much higher when the reaction medium is
acidic.

2.

3.
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