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Palladium catalysts supported on CsxHz_xPW1,040/MCF (Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7))
were prepared with a variation of cesium content (X), and they were applied to the direct synthesis of
hydrogen peroxide from hydrogen and oxygen. Conversion of hydrogen over Pd/CsXPW/MCF catalysts
showed no great difference, while selectivity for hydrogen peroxide and yield for hydrogen peroxide over

the catalysts showed volcano-shaped curves with respect to cesium content. Acidity of Pd/CsXPW/MCF
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catalysts also showed a volcano-shaped trend with respect to cesium content. It was revealed that yield
for hydrogen peroxide increased with increasing acidity of Pd/CsXPW/MCF catalysts. Among the catalysts
tested, Pd/Cs2.5PW/MCF catalyst with the largest acidity showed the highest yield for hydrogen peroxide.
It is concluded that Pd/CsXPW/MCF efficiently served as an alternate acid source and as an active metal
catalyst in the direct synthesis of hydrogen peroxide.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Direct synthesis of hydrogen peroxide (H,0;) from hydrogen
(H3) and oxygen (O, ) has attracted much attention as an economi-
cal and environmentally benign process [1-7]. It has been reported
that several undesired reactions occur together with selective
oxidation of hydrogen to hydrogen peroxide (H;+0O, — H,0,,
AHgg° = —135.8 kJ/mol, AGy9gk° = —120.4k]J/mol) in the direct
synthesis of hydrogen peroxide [1,2]. These undesired reac-
tions include formation of water (Hy +0.50, — Hy0, AHyggk® =
—241.6kJ/mol, AGyggx° = —237.2kJ/mol), hydrogenation of
hydrogen peroxide (H,0, + Hy — 2H50, AHygg¢° = —211.5kJ/mol,
AGoyggk® = —354.0k]/mol), and decomposition of hydrogen
peroxide (H202 — H,0+0.50,, AH298 k° =-105.8 1(]/1‘1‘101,
AGoggk°® = —116.8 kJ/mol). For this reason, selectivity for hydro-
gen peroxide in the direct synthesis of hydrogen peroxide is
limited. Therefore, many attempts have been made to increase
the selectivity for hydrogen peroxide in the direct synthesis of
hydrogen peroxide [3-7].

Palladium is known to be the most efficient catalyst in the direct
synthesis of hydrogen peroxide from hydrogen and oxygen [3-7].
Palladium catalyst has been supported on various materials such
as silica, alumina, and carbon for effective dispersion of active
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metal component [3-8]. Acids and halides have been used as addi-
tives to enhance the selectivity for hydrogen peroxide in the direct
synthesis of hydrogen peroxide [1-7]. It has been reported that
acids prevent the decomposition of hydrogen peroxide and halides
inhibit the formation of water [1,2,9]. However, acid additives cause
the corrosion of reactor as well as the dissolution of active metal
component from the supported catalyst. Therefore, solid acid sup-
ports have been investigated as an alternate acid source in the direct
synthesis of hydrogen peroxide [10-15].

It has beenreported that acid strength of heteropolyacids (HPAs)
is stronger than that of conventional solid acids [16-20]. Therefore,
HPAs have been utilized as solid acid catalysts in several acid-
catalyzed reactions [16,18]. However, HPAs are highly soluble in
polar solvents and have low surface area (<10 m?/g) [16]. In order to
solve these problems, insoluble HPAs have been prepared by substi-
tuting protons with certain cations such as K*, Rb*, and Cs* [18-21].
Insoluble HPAs have high surface area and porous structure by
forming a tertiary structure [19-21]. In our previous work [10],
we have shown that palladium-exchanged insoluble HPAs exhib-
ited high catalytic performance in the direct synthesis of hydrogen
peroxide from hydrogen and oxygen. However, it was difficult to
separate palladium-exchanged insoluble HPA catalyst from reac-
tion medium because insoluble HPA was composed of very fine
particles with an average size of ca. 10nm [19,20].

Mesostructured cellular foam (MCF) silica has been used as an
efficient support for immobilization of large molecules because it
has a 3-dimensional pore structure with large pores in the range of
10-50 nm [22-25]. In our previous work [15], it was revealed that
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insoluble cesium-exchanged HPA supported on Pd/MCF catalyst
also showed excellent catalytic performance in the direct synthesis
of hydrogen peroxide. However, insoluble cesium-exchanged HPA
was not effectively dispersed on Pd/MCF [15].

To overcome this problem, insoluble cesium-exchanged HPA
was supported on MCF silica prior to the impregnation of palladium
in the present work. For this, a series of CsxH3;_xPW12049 supported
on MCF silica (CsyH3_xPW1,049/MCF) were prepared with a varia-
tion of cesium content (X=1.7,2.0,2.2,2.5, and 2.7) for use as a solid
acid support for palladium catalyst. Palladium catalysts supported
on CSXHg_XPW]204(]/MCF (Pd/CSxH3_xpW12040/MCF) were then
applied to the direct synthesis of hydrogen peroxide from hydrogen
and oxygen. The effect of cesium content on the catalytic perfor-
mance of Pd/CsxH3_xPW15040/MCF catalysts in the direct synthesis
of hydrogen peroxide was investigated. The effect of cesium con-
tent on the acidity of Pd/CsxH3;_xPW1,049/MCF catalysts was also
examined. A correlation between acidity and catalytic performance
of Pd/CsxH3_xPW1,040/MCF catalysts was then established.

2. Experimental
2.1. Catalyst preparation

MCF silica was synthesized according to the reported method
[22]. H3PW13049 HPA supported on MCF silica (H3PW13049/MCF)
was prepared by an incipient wetness impregnation method.
Insoluble CsxH3;_xPW;,049 HPA supported on MCF silica
(CsxH3_xPW13049/MCF) was prepared by an ion-exchange
method with a variation of cesium content. Palladium catalyst
supported on CSXH3_XPW]2040/MCF (Pd/CSxH3_XPW]2040/MCF)
was then prepared by an incipient wetness impregnation method.

Typical procedures for the preparation of
Pd/Cs; 5Hg5PW12049/MCF catalyst are as follows. 0.75g of
H3PW1,040 (Sigma-Aldrich) was impregnated onto 1g of MCF
silica, and it was dried overnight at 80 °C and calcined at 300 °C for
2h.0.127 g of cesium nitrate (CsNOs3, Sigma-Aldrich) was dissolved
in 30ml of distilled water. 1.75g of H3PW{,049/MCF was then
dispersed in the solution with constant stirring, 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
calcined at 300°C for 2 h to obtain Cs; sHg 5PW12049/MCF support.
Palladium nitrate (Pd(NOs),, Sigma-Aldrich) was then supported
onto Cs; 5Hp5PW12049/MCF. The palladium loading was fixed at
0.5 wt%. The impregnated solid was dried overnight at 80°C and
calcined at 300°C for 3 h. The calcined catalyst was reduced at
200°C for 2h with a mixed stream of hydrogen (5 ml/min) and
nitrogen (20 ml/min) to yield Pd/Cs; 5sHg 5PW12040/MCF catalyst.

Cesium content (X) in the Pd/CsxH3_xPW12049/MCF catalysts
was adjusted to 1.7, 2.0, 2.2, 2.5, and 2.7. Pd/CsxH3_xPW15049/MCF
catalysts were denoted as Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and
2.7).

2.2. Catalyst characterization

CsxH3_xPW1,04¢ and palladium contents in the catalysts were
measured by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) analysis (Shimadzu, ICPS-7500). Hydrogen
chemisorption experiment (BEL Japan, BELCAT-B) was conducted
to examine the palladium dispersion of the catalyst. Prior to the
chemisorption measurement, 0.05 g of each catalyst was reduced
at 200°C for 2 h with a mixed stream of hydrogen (2.5 ml/min) and
argon (47.5 ml/min), and subsequently, it was purged at 200 °C for
40 min under a flow of argon (50 ml/min). After cooling the catalyst
to 50°C, the amount of hydrogen uptake was measured by period-
ically injecting diluted hydrogen (5 mol% hydrogen and 95 mol%

Gas inlet (O,/N,) === <= Gas inlet (H,/N,)

Gas outlet Liquid sampling

Cooling

Fig. 1. Scheme of reaction system.

argon) into the catalyst. Palladium dispersion was calculated by
assuming that one hydrogen atom occupies one surface palladium
atom. Pore structure, pore size, and CsyH3;_xPW1,04¢ dispersion of
the catalyst were examined by transmission electron microscopy
(TEM) analysis (Jeol, JEM-3000F). Nitrogen 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. Chemical state of the catalyst was
examined by 29Si CP-MAS NMR and 31P MAS NMR analyses (Bruker,
AVANCE 400 WB). X-ray diffraction (XRD) pattern of the cata-
lyst was confirmed by XRD measurement (Rigaku, D-Max2500-PC)
using Cu Ko radiation operated at 50 kV and 100 mA. Temperature-
programmed desorption (TPD) experiment (BEL Japan, BELCAT-B)
was carried out in order to measure the acidity of the catalyst.
0.05g of each catalyst charged into the TPD apparatus was pre-
treated at 200°C for 1h with a stream of helium (50 ml/min). A
mixed stream of ammonia (2.5 ml/min) and helium (47.5 ml/min)
was then introduced into the reactor at 35°C for 30 min in order
to saturate acid sites of the catalyst with ammonia. Physisorbed
ammonia was removed at 100°C for 1h under a flow of helium
(50 ml/min). After cooling the catalyst, furnace temperature was
increased from 35°C to 900 °C at a heating rate of 5°C/min under a
flow of helium (30 ml/min). Desorbed ammonia was detected using
a thermal conductivity detector (TCD).

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. 80 ml of methanol (Sigma-Aldrich) and 6.32 mg of
sodium bromide (NaBr, Sigma-Aldrich) were charged into the reac-
tor. 1 g of each catalyst was then added into the reactor. Hydrogen
(25 mol% hydrogen and 75 mol% nitrogen) and oxygen (50 mol%
oxygen and 50 mol% nitrogen) were separately introduced and
bubbled through the reaction medium under vigorous stirring
(1000 rpm), as shown in Fig. 1. Molar ratio of hydrogen to oxygen
in the feed stream was fixed at 0.4, and total feed rate was main-
tained at 44 ml/min. Catalytic reaction was carried out at 28 °C and
10 atm for 6 h. In this reaction, hydrogen and oxygen were diluted
with nitrogen and were separately introduced into the reaction
medium, and an autoclave reactor was equipped with a flash-
back arrestor as well as a safety valve, in order to solve the safety
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Table 1
CsXPW content, Pd content, and Pd dispersion of Pd/CsXPW/MCF catalysts.

Catalyst CsXPW content (Wt%) Pd content (wt%) Pd dispersion (%)
Theoretical Measured Theoretical Measured

Pd/Cs1.7PW/MCF 44.6 30.1 0.5 0.44 6.6

Pd/Cs2.0PW/MCF 449 36.5 0.5 0.51 7.0

Pd/Cs2.2PW/MCF 45.1 36.0 0.5 0.45 8.6

Pd/Cs2.5PW/MCF 454 34.8 0.5 0.50 6.1

Pd/Cs2.7PW/MCF 45.6 40.4 0.5 0.44 8.1

problem. Unreacted hydrogen was analyzed using a gas chromato-
graph (Younglin, ACME 6000) equipped with a TCD. Concentration
of hydrogen peroxide was determined by an iodometric titration
method [26]. Conversion of hydrogen and selectivity for hydro-
gen peroxide were calculated according to the following equations.
Yield for hydrogen peroxide was calculated by multiplying conver-
sion of hydrogen and selectivity for hydrogen peroxide.

moles of hydrogen reacted
moles of hydrogen supplied

Conversion of hydrogen =

Selectivity for hydrogen peroxide

_ moles of hydrogen peroxide formed
- moles of hydrogen reacted

3. Results and discussion
3.1. Catalyst characterization

CsxH3_xPW1,049 (CsXPW) content in the Pd/CsXPW/MCF
(X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts determined by ICP-AES
analysis is listed in Table 1. Pd/CsXPW/MCF catalysts retained
almost the same CsyHs_xPW;,040 content, because the same

amount of H3PW1,049 was loaded on MCF silica. The measured
CsxH3_xPW1,049 content in the Pd/CsXPW/MCF catalysts was
smaller than the theoretical value. This is because CsxyH3_xPW{3049
located outside pores of MCF silica was removed during the wash-
ing step. Palladium content in the Pd/CsXPW/MCF catalysts is
also listed in Table 1. Palladium content in the catalysts was in
good agreement with the designed value. These results indicate
that Pd/CsXPW/MCF catalysts were successfully prepared in this
work. Palladium dispersion of Pd/CsXPW/MCF catalysts measured
by hydrogen chemisorption is also summarized in Table 1. Palla-
dium dispersion of the catalysts was in the range of 6.1-8.6% with
no great difference.

Fig. 2 shows the TEM images of Pd/MCF and Pd/CsXPW/MCF
(X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts. Pore structure and pore
size of Pd/CsXPW/MCF catalysts were almost identical to those
of Pd/MCF. Pd/CsXPW/|MCF catalysts exhibited a disordered pore
structure with large pores (ca. 10 nm). This implies that pore struc-
ture of MCF silica was still maintained even after the loading of
CsxH3_xPW{,049 and palladium. It was observed that the amount
of CsxH3_xPW1,049 (dark areas) in the catalysts was almost iden-
tical with no great difference, as evidenced by ICP-AES analysis.

Fig. 3 shows the nitrogen adsorption-desorption isotherm
and pore size distribution of Pd/Cs2.5PW/MCF catalyst. All the
Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts showed

S0nm
—

Fig. 2. TEM images of Pd/MCF and Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts.
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Fig. 3. Nitrogen adsorption-desorption isotherm and pore size distribution of
Pd/Cs2.5PW/MCF catalyst.

almost the same nitrogen adsorption-desorption isotherm and
pore size distribution as MCF silica (these are not shown here).
Pd/CsXPW/MCF catalysts showed IV-type isotherms with H1-type
hysteresis loops, as reported in literatures [22,25]. This result also
indicates that pore structure of MCF silica was still maintained even
after the loading of CsxH3_xPW1,049 and palladium on the surface
of MCF silica, as evidenced by TEM images.

Detailed textural properties of MCF silica and Pd/CsXPW/MCF
(X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts are summarized in
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Table 2
Surface area, pore volume, and average pore size of MCF silica and Pd/CsXPW/MCF
catalysts.

Catalyst Surface area Pore volume Average pore
(m?/g)? (cm?/g) size (nm)*
MCF silica 559 1.93 8.0
Pd/Cs1.7PW/MCF 517 1.44 7.9
Pd/Cs2.0PW/MCF 488 132 79
Pd/Cs2.2PW/MCF 446 1.30 8.3
Pd/Cs2.5PW/MCF 469 1.31 8.1
Pd/Cs2.7PW/MCF 489 1.31 7.6

2 Calculated by the BET (Brunauer-Emmett-Teller) equation.
b BJH (Barret-Joyner-Hallender) desorption pore volume.
¢ BJH (Barret-Joyner-Hallender) desorption average pore diameter.

Table 2. Surface area and pore volume of Pd/CsXPW/MCF cat-
alysts were lower than those of MCF silica due to the loading
of CsxyH3_xPW1,049 and palladium. However, average pore size
of Pd/CsXPW/MCF catalysts was similar to that of MCF silica.
This may be attributed to the blockage of pores of MCF silica by
CsxH3z_xPW1,04¢ formed on the pore walls of MCF silica, because
crystal size of CsyH3;_xPW7,049 was similar to pore size of MCF
silica, as reported in the previous work [15]. It is interesting to
note that there was no noticeable difference in surface area, pore
volume, and average pore size of Pd/CsXPW/MCF catalysts. This is
because similar amount of CsyH3;_xPW7,049 was loaded on MCF
silica. All the Pd/CsXPW/MCF catalysts still retained unique pore
characteristics of MCF silica.

Fig. 4 shows the 29Si CP-MAS NMR and 3'P MAS NMR spec-
tra of MCF silica, H3PW1,049, and Pd/CsXPW/MCF (X=1.7, 2.0,
2.2, 2.5, and 2.7) catalysts. In the 2°Si CP-MAS NMR spectra,

(b)
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Fig. 4. (a) 29Si CP-MAS NMR spectra and (b) 3'P MAS NMR spectra of MCF silica, H3PW1,040, and Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts.
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MCEF silica showed three resonance peaks at around —95.5, —104,
and —115ppm. These peaks were attributed to Si(OSi),(OH),,
Si(0Si)3(OH), and Si(0Si)y4, respectively [25]. Pd/CsXPW/MCF cat-
alysts also exhibited the same resonance peaks as MCF silica. This
indicates that MCF silica and CsxH3z_xPW1,04¢ did not chemically
interact in the catalysts. It is believed that CsyH3_xPW1,049 was
immobilized on MCF silica by being caged in the pores of MCF silica,
because crystal size of CsxyH3_xPW1504¢ was similar to pore size of
MCFsilica, as shown in TEM images. This result also implies that the
framework structure of MCF silica was still maintained even after
the impregnation of CsyHs;_xPW7,049 and palladium, as evidenced
by TEM images and nitrogen adsorption-desorption isotherms. In
the 3P MAS NMR spectra, all the Pd/CsXPW/MCF catalysts showed a
resonance peak at around —15.5 ppm. This chemical shift was sim-
ilar to that of H3PW1,049 (—16.0 ppm). It has been reported that
small difference in chemical shift was attributed to the difference
in the degree of hydration [27,28]. This indicates that the primary
structure of H3PW1,049 was also maintained even after the impreg-
nation onto MCF silica and the substitution of protons with cesium
ions. All these results support that Pd/CsXPW/MCF catalysts were
successfully prepared as attempted in this work.

Fig. 5 shows the XRD patterns of Pd/MCF, Cs;5Hg5PW13040,
and Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts. Pd/MCF
showed no diffraction peaks due to an amorphous nature of MCF
silica [25]. All the Pd/CsXPW/MCF catalysts exhibited the charac-
teristic diffraction peaks for CsxyHs_xPW15049. These diffraction
peaks were identical to those for Cs;s5Hps5PW;2040, indicat-
ing that the crystalline structure of CsxyHs_xPW;1,049 was not
changed even though cesium content (X) was varied. It was
observed that peak intensities were similar with no great differ-
ence, because Pd/CsXPW/MCF catalysts retained almost the same
CsxH3_xPW1,049 content.

3.2. Catalytic performance in the direct synthesis of hydrogen
peroxide

Fig. 6 shows the catalytic performance of Pd/CsXPW/MCF
(X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts in the direct synthe-
sis of hydrogen peroxide from hydrogen and oxygen, plotted
as a function of cesium content (X). Conversion of hydrogen
over Pd/CsXPW/MCF catalysts showed no great difference, while
selectivity for hydrogen peroxide over the catalysts exhibited a
volcano-shaped curve with respect to cesium content. As a con-
sequence, yield for hydrogen peroxide over the catalysts showed
a volcano-shaped curve with respect to cesium content. Final con-
centration of hydrogen peroxide after a 6 h-reaction also showed
a volcano-shaped curve with respect to cesium content. Among
the catalysts tested, Pd/Cs2.5PW/MCF catalyst showed the best
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Fig. 5. XRD patterns of Pd/MCF, Cs;5H5PW12049, and Pd/CsXPW/MCF (X=1.7, 2.0,
2.2, 2.5, and 2.7) catalysts.

Table 3
CsXPW content of Pd/CsXPW/MCF catalysts after the reaction.

Catalyst CsXPW content (wt%)
Pd/Cs1.7PW/MCF 29.2
Pd/Cs2.0PW/MCF 30.8
Pd/Cs2.2PW/MCF 33.2
Pd/Cs2.5PW/MCF 39.8
Pd/Cs2.7PW/MCF 34.0

catalytic performance in terms of selectivity for hydrogen peroxide,
yield for hydrogen peroxide, and final concentration of hydro-
gen peroxide. It is interesting to note that no significant loss of
CsyxH3_xPW{,049 was observed in the Pd/CsXPW/MCF (X=1.7, 2.0,
2.2,2.5,and 2.7) catalysts after the direct synthesis of hydrogen per-
oxide from hydrogen and oxygen, as listed in Table 3. This implies
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Fig. 6. Catalytic performance of Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts in the direct synthesis of hydrogen peroxide from hydrogen and oxygen after a

6 h-reaction.
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performance data for Cs2.5PW/Pd/MCF were taken from a literature [15].

that CsyH3_xPW1,049 was well loaded on MCF silica by being caged
in the pores of MCF silica, as attempted in this work.

Fig. 7 compares the catalytic performance of Pd/Cs2.5PW/MCF
and Cs2.5PW/Pd/MCF in the direct synthesis of hydrogen perox-
ide from hydrogen and oxygen. Catalytic performance data for
Cs2.5PW/Pd/MCF were taken from a literature [15]. Conversion of
hydrogen, selectivity for hydrogen peroxide, and yield for hydro-
gen peroxide over Pd/Cs2.5PW/MCF were higher than those over
Cs2.5PW/Pd/MCF (the best catalyst in our previous work [15]).
Final concentration of hydrogen peroxide after a 6 h-reaction over
Pd/Cs2.5PW/MCF was also higher than that over Cs2.5PW/Pd/MCF.
This indicates that the impregnation of CsxH3_xPW1,049 on MCF
silica prior to the impregnation of palladium increased the cat-
alytic performance in the direct synthesis of hydrogen peroxide
by improving dispersion of CsxyH3;_xPW1,049.

It has been reported that acid additives increased the selec-
tivity for hydrogen peroxide by preventing the decomposition of
hydrogen peroxide, because acid additives inhibited the dissoci-
ation of hydrogen peroxide (H,0, < HO,~ +H*) by surrounding
hydrogen peroxide with protons [1,9]. The catalytic performance
of Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts was
also compared with that of Pd/MCF in order to investigate the
effect of CsxyH3_xPW;,040 on the direct synthesis of hydrogen
peroxide from hydrogen and oxygen. Conversion of hydrogen
over Pd/CsXPW/MCF catalysts (90.2-91.4%) was similar to that
over Pd/MCF (89.8%), while selectivity for hydrogen peroxide over
Pd/CsXPW/MCF catalysts (58.3-70.7%) was much higher than that
over Pd/MCF (1.1%). As a consequence, yield for hydrogen perox-
ide over Pd/CsXPW/MCF catalysts (53.2-63.8%) was much higher
than that over Pd/MCF (1.0%). Therefore, it can be inferred that
the impregnation of CsxH3_xPW1,04¢ increased the selectivity for
hydrogen peroxide by enhancing the acid property of the catalysts.

3.3. Acidity of Pd/CsxH3_xPW;5049/MCF catalysts

In order to elucidate the different catalytic performance of
Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7) catalysts, NH3-TPD
experiments were carried out. Fig. 8 shows the NH3-TPD profiles
of Pd/MCF and Pd/CsXPW/MCF catalysts. Acidity of Pd/CsXPW/MCF
catalysts calculated from the peak area is summarized in Table 4.

Table 4
Acidity of Pd/CsXPW/MCF catalysts.

Catalyst Acidity (pmol-NH3/g)
Pd/Cs1.7PW/MCF 158.4
Pd/Cs2.0PW/MCF 162.9
Pd/Cs2.2PW/MCF 163.7
Pd/Cs2.5PW/MCF 235.0
Pd/Cs2.7PW/MCF 185.7

All the Pd/CsXPW/MCF catalysts exhibited much larger acidity than
Pd/MCF (57.3 pumol-NH3/g). This indicates that the enhanced acid-
ity of Pd/CsXPW/MCF catalysts was attributed to the impregnation
of CsxH3_xPW13049. Acidity of Pd/CsXPW/MCF catalysts showed a
volcano-shaped trend with respect to cesium content (X). Among
the catalysts, Pd/Cs2.5PW/MCF showed the largest acidity. It has
been reported that surface acidity of CsxyHs_xPW1,049, the amount
of acid sites exposed to the surface of CsyHs;_xPW7,049, showed a
volcano-shaped trend with respect to cesium content and showed
maximum at X=2.5 [19,20]. Therefore, it can be said that the acid-
ity of Pd/CsXPW/MCF catalysts was mainly due to surface acidity of
the catalysts.

3.4. Effect of acidity on the catalytic performance
Fig. 9 shows the correlation between yield for hydrogen per-

oxide and acidity of Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and 2.7)
catalysts. The correlation clearly shows that yield for hydrogen

Pd/MCF

Pd/Cs1.7PW/MCF

Pd/Cs2.0PW/MCF

Pd/Cs2.2PW/MCF

NH, desorbed (A.U.)

Pd/Cs2.5PW/MCF

Pd/Cs2.7PW/MCF

—
100 200 300
Temperature (°C)

——
400 500 600 700 800 900

Fig. 8. NH3-TPD profiles of Pd/MCF and Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5, and
2.7) catalysts.
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Fig. 9. A correlation between yield for hydrogen peroxide over Pd/CsXPW/MCF
(X=1.7,2.0, 2.2, 2.5, and 2.7) catalysts and acidity of the catalysts.

peroxide over Pd/CsXPW/MCF catalysts was closely related to the
acidity of the catalysts. Yield for hydrogen peroxide increased with
increasing acidity of Pd/CsXPW/MCF catalysts. Among the catalysts
tested, Pd/Cs2.5PW/MCF catalyst with the largest acidity showed
the highest yield for hydrogen peroxide. This indicates that the
improved yield for hydrogen peroxide over Pd/CsXPW/MCF cata-
lysts was attributed to the enhanced acidity of the catalysts.

4. Conclusions

A series of CsyH3_xPWi3049 supported on MCF silica
(CsxH3_xPW13049/MCF) were prepared with a variation
of cesium content (X). Palladium catalysts supported on
CsxH3_xPW13049/MCF (Pd/CsXPW/MCF (X=1.7, 2.0, 2.2, 2.5,
and 2.7)) were then applied to the direct synthesis of hydrogen
peroxide from hydrogen and oxygen. Conversion of hydrogen
over Pd/CsXPW/MCF catalysts showed no great difference, while
selectivity for hydrogen peroxide, yield for hydrogen peroxide,
and final concentration of hydrogen peroxide over the catalysts
showed volcano-shaped curves with respect to cesium content.
Acidity of Pd/CsXPW/MCF catalysts also showed a volcano-shaped
trend with respect to cesium content. Yield for hydrogen peroxide
increased with increasing acidity of Pd/CsXPW/MCF catalysts.
Among the catalysts tested, Pd/Cs2.5PW/MCF catalyst with the
largest acidity showed the highest yield for hydrogen peroxide.

Thus, acidity of Pd/CsXPW/MCF catalysts played a crucial role in
determining the catalytic performance in the direct synthesis of
hydrogen peroxide. CsxHz_xPW1,04¢ of Pd/CsXPW/MCF catalysts
efficiently served as an alternate acid source in the direct synthesis
of hydrogen peroxide.
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