
D
C

S
S
a

b

a

A
R
R
A
A

K
H
I
P
M

1

a
t
a
d
c
t
s
o
h
p
a

a
t
o
f
g
p
b
h

1
d

Journal of Molecular Catalysis A: Chemical 332 (2010) 76–83

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

irect synthesis of hydrogen peroxide from hydrogen and oxygen over insoluble
s2.5H0.5PW12O40 heteropolyacid supported on Pd/MCF

unyoung Parka, Dong Ryul Parka, Jung Ho Choia, Tae Jin Kimb, Young-Min Chungb,
eung-Hoon Ohb, In Kyu Songa,∗

School of Chemical and Biological Engineering, Institute of Chemical Processes, Seoul National University, Shinlim-dong, Kwanak-ku, Seoul 151-744, South Korea
SK Energy Corporation, Yuseong-ku, Daejeon 305-712, South Korea

r t i c l e i n f o

rticle history:
eceived 13 May 2010
eceived in revised form 21 August 2010
ccepted 24 August 2010

a b s t r a c t

Insoluble Cs2.5H0.5PW12O40 heteropolyacid supported on Pd/MCF (CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7,
52.6, and 68.9)) was prepared with a variation of Cs2.5H0.5PW12O40 content (X, wt%) for use in direct syn-
thesis of hydrogen peroxide from hydrogen and oxygen. High catalytic performance of CsPW/Pd/MCF-X
vailable online 21 September 2010

eywords:
ydrogen peroxide

nsoluble heteropolyacid
alladium

catalysts compared to Pd/MCF catalyst was attributed to the enhanced acid property of CsPW/Pd/MCF-
X catalysts. Selectivity for hydrogen peroxide and yield for hydrogen peroxide over CsPW/Pd/MCF-X
catalysts showed a volcano-shaped curve with respect to Cs2.5H0.5PW12O40 content. Acidity of the cat-
alysts also showed a volcano-shaped trend with respect to Cs2.5H0.5PW12O40 content. It was revealed
that yield for hydrogen peroxide increased with increasing acidity of CsPW/Pd/MCF-X catalyst. Acidity
of CsPW/Pd/MCF-X catalyst played a crucial role in determining the catalytic performance in the direct

roxid
CF silica synthesis of hydrogen pe

. Introduction

Hydrogen peroxide (H2O2) has been widely utilized in various
reas, including pulp industry, textile industry, and wastewater
reatment [1,2]. Hydrogen peroxide has also been used as a clean
nd strong oxidant in green chemical synthesis such as epoxi-
ation of propylene to propylene oxide [3]. Hydrogen peroxide
urrently provided in the industrial market is mostly produced
hrough the anthraquinone process [1,2]. However, this process has
everal drawbacks such as use of toxic compounds and requirement
f many energy intensive steps for separation and purification of
ydrogen peroxide [1,2]. Therefore, direct synthesis of hydrogen
eroxide from hydrogen and oxygen has attracted much attention
s an economical and environmentally benign process [4–19].

In the direct synthesis of hydrogen peroxide from hydrogen
nd oxygen, several undesired reactions occur simultaneously
ogether with selective oxidation of hydrogen to hydrogen per-
xide (H2 + O2 → H2O2) [1,2]. These undesired reactions include
ormation of water (H2 + 0.5O2 → H2O), hydrogenation of hydro-

en peroxide (H2O2 + H2 → 2H2O), and decomposition of hydrogen
eroxide (H2O2 → H2O + 0.5O2). All these reactions are known to
e thermodynamically favorable and highly exothermic [1,2]. It
as been reported that formation of water and hydrogenation of
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hydrogen peroxide are thermodynamically more favorable than
selective oxidation of hydrogen to hydrogen peroxide [1,2]. Conse-
quently, selectivity for hydrogen peroxide in the direct synthesis of
hydrogen peroxide is limited by these undesired reactions. There-
fore, many attempts have been made to increase the selectivity for
hydrogen peroxide in the direct synthesis of hydrogen peroxide
[10–13].

Various noble metals such as palladium [6–13], palladium–gold
[14–17], and palladium–platinum [18,19] have been used as cata-
lysts in the direct synthesis of hydrogen peroxide from hydrogen
and oxygen. Among these catalysts, palladium is known to be the
most efficient catalyst in the direct synthesis of hydrogen peroxide
[6–13]. Palladium catalyst has been supported on various materials
such as silica, alumina, and carbon for effective dispersion of active
metal component [7].

Acids and halides have been used as additives to enhance the
selectivity for hydrogen peroxide in the direct synthesis of hydro-
gen peroxide from hydrogen and oxygen [10–13]. It has been
reported that acids and halides prevent the decomposition of
hydrogen peroxide and inhibit the formation of water [1,2,10–13].
However, acid additives cause the dissolution of active metal com-
ponent from the supported catalyst and accelerate the corrosion

of reactor. Therefore, acidic supports have been investigated in the
direct synthesis of hydrogen peroxide as an alternate acid additive
[20–22].

Heteropolyacids (HPAs) are inorganic acids. It is known that acid
strength of HPAs is stronger than that of conventional solid acids

dx.doi.org/10.1016/j.molcata.2010.08.024
http://www.sciencedirect.com/science/journal/13811169
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23–27]. Therefore, HPAs have been investigated as solid acid cat-
lysts in several acid-catalyzed reactions [23–25]. However, most
f HPAs are highly soluble in polar solvents and have low surface
rea (<10 m2/g) [23–25]. To overcome these problems, insoluble
PA catalysts prepared by exchanging protons with certain cations
ave been utilized in several catalytic reactions [23,24]. It has been
eported that HPA salts with large cations such as K+, Rb+, Cs+, and
H4

+ are insoluble, and have high surface area and porous struc-
ure by forming a tertiary structure [23,24]. In our previous work
21], it was observed that palladium-exchanged insoluble HPA cat-
lysts showed high catalytic performance in the direct synthesis
f hydrogen peroxide from hydrogen and oxygen. However, it was
ifficult to separate palladium-exchanged insoluble HPA catalysts
rom polar solvents because insoluble HPAs were composed of very
ne particles with an average size of ca. 10 nm [24].

Mesoporous silicas have been utilized in many fields of science
nd engineering, including catalysis, adsorption, and separation,
ecause they have uniform pore size, high surface area, and

arge pore volume [28–32]. Especially, it has been reported that
esostructured cellular foam (MCF) silica exhibits an aerogel-

ike 3-dimensional pore structure with large pores in the range
f 10–50 nm [28–30]. Due to its unique pore characteristics, MCF
ilica has been used as an efficient support for covalent immobi-
ization of large molecules such as enzymes [30]. In our previous

ork [22], palladium catalysts supported on SO3H-functionalized
esoporous silicas were prepared using MCM-41, MCM-48, MSU-

, SBA-15, and MCF silica, and they were applied to the direct
ynthesis of hydrogen peroxide from hydrogen and oxygen. Among
he catalysts tested, Pd/SO3H-MCF was found to be the most active
atalyst in the reaction [22]. Thus, MCF silica served as an efficient
upporting material in the direct synthesis of hydrogen peroxide.

In this work, insoluble Cs2.5H0.5PW12O40 heteropolyacid
upported on Pd/MCF was prepared with a variation of
s2.5H0.5PW12O40 content. The prepared catalyst was applied to
he direct synthesis of hydrogen peroxide from hydrogen and oxy-
en, with an aim of utilizing palladium and Cs2.5H0.5PW12O40 as an
ctive metal component and as an alternate acid source, respec-
ively. The effect of Cs2.5H0.5PW12O40 content on the catalytic
erformance of Cs2.5H0.5PW12O40/Pd/MCF in the direct synthesis of
ydrogen peroxide was investigated. A correlation between acidity
nd catalytic performance of Cs2.5H0.5PW12O40/Pd/MCF catalysts
as then established.

. Experimental

.1. Catalyst preparation

MCF silica was synthesized according to the reported method
28–30]. Pd/MCF was prepared by an incipient wetness impreg-
ation method. H3PW12O40 heteropolyacid supported on Pd/MCF
H3PW12O40/Pd/MCF) was prepared by an incipient wetness
mpregnation method with a variation of H3PW12O40 content.
nsoluble Cs2.5H0.5PW12O40 heteropolyacid supported on Pd/MCF
atalyst (Cs2.5H0.5PW12O40/Pd/MCF) was then prepared by an ion-
xchange method, in order to take advantage of high surface area
nd large acidity of Cs2.5H0.5PW12O40 [23,24].

Typical procedures for the preparation of
s2.5H0.5PW12O40/Pd/MCF catalyst are as follows. Palladium
itrate (Pd(NO3)2, Sigma–Aldrich) was supported onto MCF silica.
he impregnated solid was dried overnight at 80 ◦C, and then it

as calcined at 500 ◦C for 3 h. The palladium loading was fixed

t 0.5 wt%. After impregnating H3PW12O40 (Sigma–Aldrich) onto
d/MCF, H3PW12O40/Pd/MCF was dried overnight at 80 ◦C and
alcined at 300 ◦C for 2 h. H3PW12O40/Pd/MCF was dispersed in
istilled water with constant stirring. An aqueous solution of
Fig. 1. Scheme of reaction system.

cesium nitrate (CsNO3, Sigma–Aldrich) was added into the dis-
persed solution, and the mixture was stirred for 12 h. After filtering
and washing a solid product with distilled water, the solid was
dried overnight at 80 ◦C, and finally, it was calcined at 300 ◦C for
2 h to yield Cs2.5H0.5PW12O40/Pd/MCF catalyst. Cs2.5H0.5PW12O40
content (X) in the Cs2.5H0.5PW12O40/Pd/MCF catalysts was adjusted
to 10.0, 21.7, 35.7, 52.6, and 68.9 wt%. Cs2.5H0.5PW12O40/Pd/MCF
catalysts were denoted as CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7,
52.6, and 68.9).

2.2. Catalyst characterization

Cs2.5H0.5PW12O40 content in the catalyst was measured
by ICP-AES analysis (Shimadzu, ICPS-7500). Dispersion of
Cs2.5H0.5PW12O40 on the supported catalyst was examined
by TEM analysis (Jeol, JEM-3000F). N2 adsorption–desorption
isotherm of the catalyst was obtained with an ASAP-2010 instru-
ment (Micromeritics), and pore size distribution was determined
by the BJH (Barret–Joyner–Hallender) method applied to the des-
orption branch of the isotherm. Infrared spectrum of the catalyst
was obtained with a FT-IR spectrometer (Nicolet, Nicolet 6700).
X-ray diffraction (XRD) pattern of the catalyst was confirmed by
XRD measurement (Rigaku, D-Max2500-PC) using Cu-K� radiation
operated at 50 kV and 100 mA. NH3-TPD (BEL Japan, BELCAT-B)
experiment was carried out in order to measure the acidity of the
catalyst. 0.05 g of each catalyst charged into the TPD apparatus
was pretreated at 200 ◦C for 1 h with a stream of He (50 ml/min).
5 mol% NH3/He (50 ml/min) was introduced into the reactor at
50 ◦C for 30 min in order to saturate acid sites of the catalyst with
NH3. Physisorbed NH3 was removed at 100 ◦C for 1 h under a flow
of He (50 ml/min). After cooling the catalyst, furnace temperature
was increased from 50 to 850 ◦C at a heating rate of 5 ◦C/min under
a flow of He (30 ml/min). Desorbed NH3 was detected using a TCD
(thermal conductivity detector).

2.3. Direct synthesis of hydrogen peroxide

Direct synthesis of hydrogen peroxide from hydrogen and oxy-

gen was carried out in an autoclave reactor in the absence of acid
additive. Fig. 1 shows the scheme of reaction system. 80 ml of
methanol and 6.32 mg of sodium bromide were charged into the
reactor. Prescribed amount of each catalyst was then added into
the reactor to keep the identical level of palladium amount in each
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Table 1
CsPW content, surface area, pore volume, average pore size, and acidity of CsPW/Pd/MCF-X catalysts.

Catalyst CsPW content (wt%) Surface area (m2/g)a Pore volume (cm3/g)b Average pore size (nm)c Acidity (�mol NH3/g)

Pd/MCF – 577.8 1.61 8.3 52.8
CsPW/Pd/MCF-10.0 7.0 516.1 1.43 8.1 104.7
CsPW/Pd/MCF-21.7 18.0 460.8 1.30 8.2 105.8
CsPW/Pd/MCF-35.7 31.8 406.4 1.08 8.0 106.2
CsPW/Pd/MCF-52.6 51.9 307.9 0.83 8.1 101.4
CsPW/Pd/MCF-68.9 68.6 245.2 0.60 8.2 74.1
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a Calculated by the BET (Brunauer–Emmett–Teller) equation.
b BJH (Barret–Joyner–Hallender) desorption pore volume.
c BJH (Barret–Joyner–Hallender) desorption average pore diameter.

un. H2/N2 (25 mol% H2) and O2/N2 (50 mol% O2) were bubbled
hrough the reaction medium under vigorous stirring (1000 rpm).
2/O2 ratio in the feed stream was fixed at 0.4, and total feed rate
as maintained at 44 ml/min. Catalytic reaction was carried out

t 28 ◦C and 10 atm for 6 h. In the catalytic reaction, mixed gases
iluted with an inert gas (H2/N2 (25 mol% H2) and O2/N2 (50 mol%
2)) and an autoclave reactor equipped with a flashback arrestor
s well as a safety valve were used in order to solve the safety
roblem. Unreacted hydrogen was analyzed using a gas chromato-
raph (Younglin, ACME 6000) equipped with a TCD. Concentration
f hydrogen peroxide was determined by an iodometric titration
ethod [33]. Conversion of hydrogen and selectivity for hydro-

en peroxide were calculated according to the following equations.
ield for hydrogen peroxide was calculated by multiplying conver-
ion of hydrogen and selectivity for hydrogen peroxide.

onversion of hydrogen = moles of hydrogen reacted
moles of hydrogen supplied

Selectivity for hydrogen peroxide

= moles of hydrogen peroxide formed
moles of hydrogen reacted

.4. Hydrogenation of hydrogen peroxide

80 ml of methanol, 6.32 mg of sodium bromide, and 1.56 g of
sPW/Pd/MCF-35.7 catalyst were charged into the reactor. 3 ml of
0 wt% hydrogen peroxide was then added. H2/N2 (25 mol% H2)
nd N2 were bubbled through the reaction medium under vigor-
us stirring (1000 rpm). H2/N2 ratio in the feed stream was fixed at
.1, and total feed rate was maintained at 44 ml/min. The reaction
as carried out at 28 ◦C and 10 atm for 6 h. Concentration of hydro-

en peroxide was determined by an iodometric titration method
33]. Degree of hydrogenation of H2O2 was calculated according to
he following equation. For comparison, hydrogenation of hydro-
en peroxide was also carried out using 1 g of Pd/MCF catalyst under
he same reaction conditions.

Degree of hydrogenation of H2O2

= moles of hydrogen peroxide hydrogenated
moles of hydrogen peroxide supplied

.5. Decomposition of hydrogen peroxide

80 ml of methanol, 6.32 mg of sodium bromide, and 1.56 g of
sPW/Pd/MCF-35.7 catalyst were charged into the reactor. 3 ml

f 30 wt% hydrogen peroxide was then added. N2 (44 ml/min)
as bubbled through the reaction medium under vigorous stir-

ing (1000 rpm). The reaction was carried out at 28 ◦C and 10 atm
or 6 h. Concentration of hydrogen peroxide was determined by an
odometric titration method [33]. Degree of decomposition of H2O2
was calculated according to the following equation. For compari-
son, decomposition of hydrogen peroxide was also carried out using
1 g of Pd/MCF catalyst under the same reaction conditions.

Degree of decomposition of H2O2

= moles of hydrogen peroxide decomposed
moles of hydrogen peroxide supplied

3. Results and discussion

3.1. Catalyst characterization

Cs2.5H0.5PW12O40 (CsPW) contents in the CsPW/Pd/MCF-X
(X = 10.0, 21.7, 35.7, 52.6, and 68.9) catalysts determined by ICP-
AES analyses are listed in Table 1. Cs2.5H0.5PW12O40 contents in the
CsPW/Pd/MCF-X were in good agreement with the designed val-
ues. This indicates that CsPW/Pd/MCF-X catalysts were successfully
prepared as attempted in this work.

Fig. 2 shows the TEM images of Pd/MCF and CsPW/Pd/MCF-
X (X = 10.0, 21.7, 35.7, 52.6, and 68.9) catalysts. Pore structure
and pore size of CsPW/Pd/MCF-X catalysts were almost identical
to those of Pd/MCF. CsPW/Pd/MCF-X catalysts exhibited a disor-
dered pore structure with large pores in the range of 8–10 nm,
in agreement with the reported results [28,29]. This implies that
MCF silica was successfully prepared and pore structure of MCF
silica was still maintained even after the loading of palladium
and Cs2.5H0.5PW12O40. It was also observed that the amount
of Cs2.5H0.5PW12O40 agglomerates (dark spots) on the catalyst
increased with increasing Cs2.5H0.5PW12O40 content. Furthermore,
small particles of palladium species with an average size of ca.
10 nm were observed in the TEM images of the catalysts, indicat-
ing that palladium species were finely dispersed on the surface of
MCF silica. Palladium dispersion on the catalysts was in the range
of 10.1–12.9% with no great difference.

Fig. 3 shows the N2 adsorption–desorption isotherms and
pore size distributions of Pd/MCF, CsPW/Pd/MCF-35.7, and
CsPW/Pd/MCF-68.9. N2 adsorption–desorption isotherm and pore
size distribution of CsPW/Pd/MCF-X catalysts were similar to those
of Pd/MCF. CsPW/Pd/MCF-X catalysts showed IV-type isotherms
with H1-type hysteresis loops, as reported in the previous works
[28–30]. This result also supports that pore structure of MCF sil-
ica was still maintained even after the loading of palladium and
Cs2.5H0.5PW12O40 on the surface of MCF silica, as evidenced by
TEM images. Detailed textural properties of CsPW/Pd/MCF-X cat-
alysts are summarized in Table 1. It was observed that surface
area and pore volume of CsPW/Pd/MCF-X catalysts monotonically
decreased with increasing Cs2.5H0.5PW12O40 content. However,

no noticeable difference in average pore size of CsPW/Pd/MCF-X
catalysts was observed. This may be attributed to the forma-
tion of Cs2.5H0.5PW12O40 aggregates on the pore walls, resulting
in blocking the pore of Pd/MCF [34], because crystal size of
Cs2.5H0.5PW12O40 was similar to pore size of Pd/MCF [24].
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more, peak intensities increased with increasing Cs2.5H0.5PW12O40
content in the catalysts. This indicates that the primary struc-
ture of HPA was still maintained even after the impregnation on
Pd/MCF.

Pd/MCF
Fig. 2. TEM images of Pd/MCF and CsPW/Pd/M

Fig. 4 shows the FT-IR spectra of Pd/MCF, Cs2.5H0.5PW12O40
CsPW), and CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7, 52.6, and
8.9) catalysts. Pd/MCF showed broad bands at around 1000-
300 and 800 cm−1, which were attributed to Si–O–Si bands
35]. Cs2.5H0.5PW12O40 exhibited four characteristic IR bands at
080 (P–O), 985 (W O), 890 (interoctahedral W–O–W), and 810
intraoctahedral W–O–W) cm−1, corresponding to the characteris-
ic IR bands of H3PW12O40 [36]. In the case of CsPW/Pd/MCF-10.0
nd CsPW/Pd/MCF-21.7 catalysts, the characteristic IR bands at

080, 985, 890, and 810 cm−1 were not clearly observed, because
s2.5H0.5PW12O40 content was low. However, these four char-
cteristic IR bands were observed in the CsPW/Pd/MCF-35.7,
sPW/Pd/MCF-52.6, and CsPW/Pd/MCF-68.9 catalysts. Further-
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Fig. 5 shows the XRD patterns of Pd/MCF, Cs2.5H0.5PW12O40
CsPW), and CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7, 52.6, and 68.9)
atalysts. Pd/MCF showed no diffraction peaks due to an amor-
hous nature of MCF silica [35]. The characteristic diffraction
eaks for Cs2.5H0.5PW12O40 were observed in all the CsPW/Pd/MCF-

catalysts, and peak intensities increased with increasing
s2.5H0.5PW12O40 content in the catalysts, as reported in the pre-
ious work [34]. This result also supports that CsPW/Pd/MCF-X
atalysts were successfully prepared in this work.
.2. Catalytic performance in the direct synthesis of hydrogen
eroxide

Fig. 6 shows the catalytic performance of CsPW/Pd/MCF-X
X = 10.0, 21.7, 35.7, 52.6, and 68.9) catalysts in the direct synthe-
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sis of hydrogen peroxide from hydrogen and oxygen, plotted as
a function of Cs2.5H0.5PW12O40 content. Conversion of hydrogen
over the catalysts showed no great difference, while selectivity for
hydrogen peroxide exhibited a volcano-shaped curve with respect
to Cs2.5H0.5PW12O40 content. As a consequence, yield for hydro-
gen peroxide showed a volcano-shaped curve with respect to
Cs2.5H0.5PW12O40 content. Final concentration of hydrogen per-
oxide after a 6-h reaction also showed a volcano-shaped curve
with respect to Cs2.5H0.5PW12O40 content. Among the catalysts
tested, CsPW/Pd/MCF-35.7 catalyst showed the best catalytic per-
formance in terms of selectivity for hydrogen peroxide, yield for
hydrogen peroxide, and final concentration of hydrogen peroxide.
As mentioned earlier, it was observed that palladium dispersion
on the catalysts was almost identical with no great difference.
Therefore, it is believed that the difference in catalytic perfor-
mance of CsPW/Pd/MCF-X catalysts was attributed to the variation
of Cs2.5H0.5PW12O40 content.

In order to investigate the catalytic active site of CsPW/Pd/MCF-
X (X = 10.0, 21.7, 35.7, 52.6, and 68.9) catalysts, CsPW/MCF-35.7
was employed for the direct synthesis of hydrogen perox-
ide from hydrogen and oxygen. Conversion of hydrogen over
CsPW/MCF-35.7 (1.3%) was significantly lower than that over
CsPW/Pd/MCF-35.7 catalyst (81.2%). Selectivity for hydrogen per-
oxide over CsPW/MCF-35.7 (19.1%) was also lower than that over
CsPW/Pd/MCF-35.7 catalyst (44.1%). As a consequence, yield for
hydrogen peroxide over CsPW/MCF-35.7 (0.3%) was much lower
than that over CsPW/Pd/MCF-35.7 catalyst (35.8%). Final concentra-
tion of hydrogen peroxide after a 6-h reaction over CsPW/MCF-35.7
(0.03 wt%) was also much lower than that over CsPW/Pd/MCF-
35.7 catalyst (1.75 wt%). This result indicates that palladium of
CsPW/Pd/MCF-X catalysts acted as an active site in the direct syn-
thesis of hydrogen peroxide.

For comparison, Pd/MCF catalyst was applied to the direct
synthesis of hydrogen peroxide from hydrogen and oxygen. Con-
version of hydrogen over CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7,
52.6, and 68.9) catalysts (81.2–85.8%) was higher than that
over Pd/MCF (76.4%). Selectivity for hydrogen peroxide over
CsPW/Pd/MCF-X catalysts (34.7–44.1%) was much higher than that
over Pd/MCF (1.6%). Consequently, yield for hydrogen peroxide
over CsPW/Pd/MCF-X catalysts (28.8–35.8%) was much higher than
that over Pd/MCF (1.2%). Final concentration of hydrogen peroxide
after a 6-h reaction over CsPW/Pd/MCF-X catalysts (1.43–1.75 wt%)

was also much higher than that over Pd/MCF (0.08 wt%). It has been
reported that acid additives increase the selectivity for hydrogen
peroxide by preventing the decomposition of hydrogen peroxide,
because the dissociation of hydrogen peroxide (H2O2 ⇔ HO2

− + H+)
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ig. 7. Catalytic performance of CsPW/Pd/MCF-35.7 catalyst in the direct synthe
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s suppressed when hydrogen peroxide is surrounded by pro-
ons (H+ ions) of acid additives [1,22]. Therefore, it can be
nferred that the improved selectivity for hydrogen peroxide over
sPW/Pd/MCF-X catalysts might be attributed to the enhanced acid
roperty of CsPW/Pd/MCF-X catalysts.

.3. Effect of additive on the catalytic performance

Fig. 7 shows the catalytic performance of CsPW/Pd/MCF-35.7
atalyst in the direct synthesis of hydrogen peroxide from hydro-
en and oxygen at different concentration of H3PO4. 0.645 ml of
M H3PO4 solution was added to the reaction medium in order to
ake the concentration of H3PO4 become 1000 ppm. Conversion

f hydrogen in the presence of H3PO4 was almost identical to that
n the absence of H3PO4, while selectivity for hydrogen peroxide
n the presence of H3PO4 was higher than that in the absence of

3PO4. Consequently, yield for hydrogen peroxide in the presence
f H3PO4 was found to be higher than that in the absence of H3PO4.
inal concentration of hydrogen peroxide in the presence of H3PO4
fter a 6-h reaction was higher than that in the absence of H3PO4.

Fig. 8 shows the catalytic performance of Pd/MCF catalyst in the
irect synthesis of hydrogen peroxide from hydrogen and oxygen

t different concentration of H3PO4. In the absence of H3PO4, yield
or hydrogen peroxide over Pd/MCF catalyst was very low, because
electivity for hydrogen peroxide over the catalyst was extremely
ow. Selectivity for hydrogen peroxide in the presence of H3PO4

as 10 times higher than that in the absence of H3PO4. This was

ig. 8. Catalytic performance of Pd/MCF catalyst in the direct synthesis of hydrogen per
3PO4.
hydrogen peroxide from hydrogen and oxygen after a 6-h reaction at different

in good agreement with the fact that acid additives enhanced the
selectivity for hydrogen peroxide by preventing the decomposition
of hydrogen peroxide [1,22]. Yield for hydrogen peroxide in the
presence of H3PO4 was much higher than that in the absence of
H3PO4. Final concentration of hydrogen peroxide in the presence
of H3PO4 after a 6-h reaction was also much higher than that in
the absence of H3PO4. This indicates that formation of hydrogen
peroxide over Pd/MCF catalyst was very sensitive to the amount of
H3PO4 additive.

Direct comparison of Figs. 7 and 8 reveals that the catalytic
performance of Pd/MCF catalyst was much more sensitive to the
amount of H3PO4 additive than that of CsPW/Pd/MCF-35.7 cata-
lyst. Furthermore, the catalytic performance of CsPW/Pd/MCF-35.7
catalyst even in the absence of H3PO4 was much higher than that of
Pd/MCF catalyst in the presence of H3PO4. This result implies that
Cs2.5H0.5PW12O40 served as an efficient and alternate acid source
in the direct synthesis of hydrogen peroxide from hydrogen and
oxygen.

Pd/MCF catalyst was also applied to the direct synthesis of
hydrogen peroxide from hydrogen and oxygen in the presence of
HBr instead of NaBr. One may expect that the catalytic performance
of CsPW/Pd/MCF-X catalysts in the presence of NaBr will be similar

to that of Pd/MCF catalyst in the presence of HBr, if HBr formed
by an ion-exchange reaction between NaBr and Cs2.5H0.5PW12O40
only acts as an acid source in the direct synthesis of hydrogen per-
oxide. To clarify this, 0.078 ml of 1 M HBr solution was added to
the reaction medium as a halide and an acid additive. Conversion

oxide from hydrogen and oxygen after a 6-h reaction at different concentration of
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catalysts was closely related to the acidity of the catalysts, as shown
in Fig. 12. Yield for hydrogen peroxide increased with increasing
acidity of CsPW/Pd/MCF-X catalyst. Among the catalysts tested,
CsPW/Pd/MCF-35.7 catalyst with the largest acidity showed the
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Fig. 9. Catalytic performance in the hydrogenation of hydrogen peroxide an

f hydrogen and selectivity for hydrogen peroxide were 61.7 and
1.1%, respectively. As a consequence, yield for hydrogen perox-

de was 13.0%. Final concentration of hydrogen peroxide after a
-h reaction was 0.77 wt%. Selectivity for hydrogen peroxide and
ield for hydrogen peroxide over Pd/MCF catalyst in the presence
f HBr were much higher than those over the catalyst in the pres-
nce of NaBr. However, selectivity for hydrogen peroxide and yield
or hydrogen peroxide over Pd/MCF catalyst in the presence of HBr
ere much lower than those over CsPW/Pd/MCF-X (X = 10.0, 21.7,

5.7, 52.6, and 68.9) catalysts in the presence of NaBr. Therefore, it
s reasonable to conclude that Cs2.5H0.5PW12O40 of CsPW/Pd/MCF-

catalysts played an important role as a solid acid in the direct
ynthesis of hydrogen peroxide.

.4. Catalytic performance in the hydrogenation of hydrogen
eroxide and the decomposition of hydrogen peroxide

Fig. 9 shows the catalytic performance in the hydrogenation
f hydrogen peroxide and the decomposition of hydrogen per-
xide over Pd/MCF and CsPW/Pd/MCF-35.7. Both Pd/MCF and
sPW/Pd/MCF-35.7 showed high activity for hydrogenation of
ydrogen peroxide. This indicates that the enhanced acid prop-
rty of CsPW/Pd/MCF-35.7 catalyst showed no significant effect
n the prevention of hydrogenation of hydrogen peroxide. On
he other hand, activity for decomposition of hydrogen perox-
de over CsPW/Pd/MCF-35.7 catalyst was much lower than that
ver Pd/MCF. This implies that the enhanced acid property of
sPW/Pd/MCF-35.7 catalyst inhibited the decomposition of hydro-
en peroxide. Therefore, it can be said that CsPW/Pd/MCF-X
X = 10.0, 21.7, 35.7, 52.6, and 68.9) catalysts increased the selec-
ivity for hydrogen peroxide by preventing the decomposition of
ydrogen peroxide.

.5. Acidity of Cs2.5H0.5PW12O40/Pd/MCF catalysts

Fig. 10 shows the NH3-TPD profiles of Pd/MCF and
sPW/Pd/MCF-X (X = 10.0, 21.7, 35.7, 52.6, and 68.9) catalysts.
cidity of CsPW/Pd/MCF-X catalysts was measured from the peak
rea of the catalysts. Acidity of the catalysts is summarized in
able 1. It is interesting to note that acidity of the catalysts showed
volcano-shaped trend with respect to Cs2.5H0.5PW12O40 content.
mong the CsPW/Pd/MCF-X catalysts, CsPW/Pd/MCF-35.7 showed
he largest acidity. It has been reported that H3PW12O40/SBA-15
ith high H3PW12O40 loading showed a relatively low acidity,

ecause H3PW12O40 formed aggregates on the pore walls and
locked the pore [36]. In this work, it was also observed that many
ggregates of Cs2.5H0.5PW12O40 were out of the pore of Pd/MCF, as
CsPW/Pd/MCF-35.7Pd/MCF

decomposition of hydrogen peroxide over Pd/MCF and CsPW/Pd/MCF-35.7.

shown in the TEM image of CsPW/Pd/MCF-52.6 catalyst (Fig. 11).
This indicates that Cs2.5H0.5PW12O40 formed aggregates in the pore
and blocked the pore of Pd/MCF. This result supports that acidity
of CsPW/Pd/MCF-X decreased due to the restricted contact of
ammonia (in the measurement of acidity) with Cs2.5H0.5PW12O40,
when large amount of Cs2.5H0.5PW12O40 was loaded on Pd/MCF.

3.6. Effect of acidity on the catalytic performance

Experimental observations revealed that yield for hydrogen per-
oxide over CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7, 52.6, and 68.9)
800700600500400300200100

Temperature (ºC)

Fig. 10. NH3-TPD profiles of Pd/MCF and CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7, 52.6,
and 68.9) catalysts.
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Fig. 11. TEM image of CsPW/Pd/MCF-52.6 catalyst (low magnification).
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ighest yield for hydrogen peroxide. It has been reported that
cidity on the catalyst surface is a crucial factor determining the
atalytic performance in the direct synthesis of hydrogen peroxide,
ecause protons prevent the decomposition of hydrogen peroxide
y surrounding hydrogen peroxide [22]. Therefore, it is concluded
hat the improved yield for hydrogen peroxide over CsPW/Pd/MCF-
5.7 catalyst was attributed to the enhanced acidity of the catalyst.

. Conclusions

Insoluble Cs2.5H0.5PW12O40 heteropolyacid supported on
d/MCF (CsPW/Pd/MCF-X (X = 10.0, 21.7, 35.7, 52.6, and 68.9)) was
repared with a variation of Cs2.5H0.5PW12O40 content (X, wt%).
he prepared catalyst was then applied to the direct synthesis

f hydrogen peroxide from hydrogen and oxygen. Selectivity for
ydrogen peroxide, yield for hydrogen peroxide, and final con-
entration of hydrogen peroxide over CsPW/Pd/MCF-X catalysts
howed a volcano-shaped curve with respect to Cs2.5H0.5PW12O40
ontent. Acidity of the catalysts also showed a volcano-shaped
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trend with respect to Cs2.5H0.5PW12O40 content. It was revealed
that yield for hydrogen peroxide increased with increasing
acidity of CsPW/Pd/MCF-X catalyst. Among the catalysts tested,
CsPW/Pd/MCF-35.7 catalyst with the largest acidity showed the
highest yield for hydrogen peroxide. It is concluded that acidity of
CsPW/Pd/MCF-X catalyst played an important role in determining
the catalytic performance in the direct synthesis of hydrogen
peroxide.
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