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a b s t r a c t

Palladium catalysts supported on SO3H-functionalized mesoporous silicas (denoted as Pd/SO3H-MCM-
41, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF) were applied to the direct
synthesis of hydrogen peroxide from hydrogen and oxygen. For comparison, palladium catalysts sup-
ported on mesoporous silicas (denoted as Pd/MCM-41, Pd/MCM-48, Pd/MSU-1, Pd/SBA-15, and Pd/MCF)
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were also employed for the direct synthesis of hydrogen peroxide. Selectivity for hydrogen peroxide,
yield for hydrogen peroxide, and final concentration of hydrogen peroxide over Pd/SO3H-functionalized
mesoporous silica catalysts were much higher than those over Pd/mesoporous silica catalysts. Yield for
hydrogen peroxide increased with increasing acid density of Pd/SO3H-functionalized mesoporous silica.
Pd/SO3H-functionalized mesoporous silicas efficiently served as an alternate acid source and as an active
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. Introduction

Hydrogen peroxide (H2O2) has been widely utilized in many
reas such as pulp industry, textile industry, and wastewater treat-
ent [1,2]. Hydrogen peroxide has also been used as a clean

nd strong oxidant in the epoxidation of propylene to propylene
xide [3]. Hydrogen peroxide currently available in the market is
ostly produced through the anthraquinone process [1,2]. How-

ver, the anthraquinone process uses toxic solvents and requires
any energy intensive steps for purification of hydrogen peroxide

1,2]. Therefore, direct synthesis of hydrogen peroxide from hydro-
en and oxygen has attracted much attention as an economical and
nvironmentally benign process [4–17].

In the direct synthesis of hydrogen peroxide from hydrogen and
xygen, several undesired reactions occur simultaneously together
ith selective oxidation of hydrogen to hydrogen peroxide (reac-

ion 1) (Fig. 1) [1,2]. These undesired reactions include formation of
ater (reaction 2), hydrogenation of hydrogen peroxide (reaction
), and decomposition of hydrogen peroxide (reaction 4). All these
eactions are thermodynamically favorable and highly exother-
ic. Especially, formation of water and hydrogenation of hydrogen

eroxide are thermodynamically more favorable than selective oxi-
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dation of hydrogen to hydrogen peroxide. Consequently, selectivity
for hydrogen peroxide in the direct synthesis of hydrogen peroxide
is limited by these undesired reactions. Therefore, many attempts
have been made to increase the selectivity for hydrogen peroxide
in the direct synthesis of hydrogen peroxide [7–11].

A large number of noble metals such as palladium [4–11], gold
[12], palladium–gold [13–16], and palladium–platinum [16,17]
have been used as catalysts in the direct synthesis of hydrogen per-
oxide from hydrogen and oxygen. Among these catalysts, palladium
has been widely investigated as an efficient catalyst for the direct
synthesis of hydrogen peroxide [4–11]. Palladium catalysts have
been supported on various materials such as alumina, silica, and
carbon for effective dispersion of active metal component [6].

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 [7–11]. It is known that
acids prevent the decomposition of hydrogen peroxide and halides
inhibit the formation of water [1,2]. However, acid additives cause
the dissolution of active metal component from the supported
catalyst and accelerate the corrosion of reactor [1,2]. Therefore,
acidic solid supports have been employed for the direct synthe-

sis of hydrogen peroxide in order to minimize the amount of acid
additives [18–21].

It is known that SO3H-functionalized mesoporous silicas have
excellent acid property [22,23]. Therefore, SO3H-functionalized
mesoporous silicas have been used as solid acid catalysts in several

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:inksong@snu.ac.kr
dx.doi.org/10.1016/j.molcata.2009.12.006
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tration was washed with toluene, and then it was dried overnight
ig. 1. Reactions involved in the direct synthesis of hydrogen peroxide from hydro-
en and oxygen.

cid-catalyzed reactions such as esterification and condensation
22,23]. Furthermore, an enhanced catalytic performance of pal-
adium catalyst supported on SO3H-functionalized SBA-15 was
bserved in the direct synthesis of hydrogen peroxide from hydro-
en and oxygen in our previous work [21].

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 large
ore volume [24–29]. It has been reported that mesoporous sil-

cas formed by different templating agent exhibit different pore
ize, pore structure, and amount of surface hydroxyl group [24–29].
herefore, it is expected that SO3H-functionalized mesoporous
ilicas with different acid and physical properties will show a
ifferent catalytic activity in the direct synthesis of hydrogen
eroxide.

In this work, palladium catalysts supported on SO H-
3
unctionalized mesoporous silicas were prepared using MCM-41,

CM-48, MSU-1, SBA-15, and MCF. They were then applied to the
irect synthesis of hydrogen peroxide from hydrogen and oxygen,
ith an aim of utilizing palladium and SO3H-functionalized meso-

Fig. 2. Schematic procedures for the preparation o
sis A: Chemical 319 (2010) 98–107 99

porous silica as an active metal component and as an alternate acid
source, respectively. The effect of SO3H functionalization of meso-
porous silica support on the catalytic performance of supported
palladium catalyst in the direct synthesis of hydrogen peroxide was
investigated.

2. Experimental

2.1. Catalyst preparation

MCM-41, MCM-48, MSU-1, SBA-15, and MCF were selected
as mesoporous silica materials. MCM-41 was purchased from
Sigma–Aldrich. MCM-48, MSU-1, SBA-15, and MCF were syn-
thesized according to the reported methods [24–29]. SO3H-
functionalized mesoporous silica was prepared by a grafting
method, according to the similar method reported in litera-
tures [30,31]. SO3H-functionalized mesoporous silica supports
were denoted as SO3H-MCM-41, SO3H-MCM-48, SO3H-MSU-
1, SO3H-SBA-15, and SO3H-MCF. Palladium catalyst supported
on SO3H-functionalized mesoporous silica was then prepared
by an ion-exchange method. Palladium catalysts supported on
SO3H-functionalized mesoporous silicas (Pd/SO3H-functionalized
mesoporous silicas) were denoted as Pd/SO3H-MCM-41, Pd/SO3H-
MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF.

Fig. 2 shows the schematic procedures for the prepara-
tion of Pd/SO3H-functionalized mesoporous silica. For example,
typical procedures for the preparation of Pd/SO3H-MCM-41 cat-
alyst are as follows. MCM-41 was dispersed in anhydrous
toluene (Sigma–Aldrich) with constant stirring under nitrogen
atmosphere. After adding 3-mercaptopropyltrimethoxy silane (3-
MPTMS, Sigma–Aldrich) into the dispersed solution, the mixture
was stirred for 1 day. A solid recovered from the mixture by fil-
at 80 ◦C. Thiol (–SH) group on the surface of MCM-41 was con-
verted into sulfonic acid (–SO3H) group by treating the solid with
an aqueous solution of HNO3. For this, the solid was dispersed
in 20% HNO3 solution, and subsequently, 69% HNO3 solution was

f Pd/SO3H-functionalized mesoporous silica.
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lowly added. The mixture was stirred for 1 day at room temper-
ture. After washing the resulting solid with distilled water, the
olid was dried overnight at 80 ◦C to obtain SO3H-MCM-41 sup-
ort. SO3H-MCM-41 was added to an aqueous solution of Pd(NO3)2
Sigma–Aldrich) with constant stirring. A solid product recovered
y filtration was washed with distilled water, and then it was
ried overnight at 80 ◦C to yield Pd/SO3H-MCM-41 catalyst. The
reparation procedures for Pd/SO3H-MCM-48, Pd/SO3H-MSU-1,
d/SO3H-SBA-15, and Pd/SO3H-MCF catalysts were almost iden-
ical to those for Pd/SO3H-MCM-41 catalyst. The Pd loading was
xed at 0.5 wt% in all cases.

For comparison, palladium catalyst supported on mesoporous
ilica was prepared by an incipient wetness method. The impreg-
ated catalyst was dried overnight at 80 ◦C, and then it was
alcined at 500 ◦C for 3 h to convert palladium nitrate into pal-
adium oxide. The palladium loading was also fixed at 0.5 wt%.
he prepared palladium catalysts supported on mesoporous silicas
Pd/mesoporous silicas) were denoted as Pd/MCM-41, Pd/MCM-48,
d/MSU-1, Pd/SBA-15, and Pd/MCF.

.2. Catalyst characterization

Pore structure and pore size of materials were examined by TEM
nalysis (Jeol, JEM-3000F). N2 adsorption–desorption isotherm
as obtained with an ASAP-2010 instrument (Micromerit-

cs), and pore size distribution was determined by the BJH
Barret–Joyner–Hallender) method applied to the desorption
ranch of the isotherm. Small angle X-ray scattering (SAXS) exper-

ment (Bruker, GADDS) was performed in order to confirm the
esoporous structure of silica materials. Crystalline phase of

he catalyst was confirmed by XRD measurement (Rigaku, D-
ax2500-PC) using Cu K� radiation operated at 50 kV and 100 mA.

alladium content of the catalyst before and after the reaction
as measured by ICP-AES analysis (PerkinElmer, Optima-4300
V). Chemical state of SO3H-functionalized mesoporous silica was
xamined by 13C CP-MAS NMR analysis (Bruker, AVANCE 400 WB)
o ensure the successful grafting of –SO3H group on the surface
f mesoporous silica [30–32]. Acid–base titration [33,34] was car-
ied out in order to measure the acid amount of catalyst. In a
ypical measurement, 0.3 g of catalyst was dispersed in 30 ml of
.1 M KCl solution. The mixture was stirred for 20 min and then
itrated with 0.2 M KOH solution in the presence of phenolph-
halein.

.3. Direct synthesis of hydrogen peroxide

Direct synthesis of hydrogen peroxide from hydrogen and oxy-
en was carried out in an autoclave reactor in the absence of acid
dditive. 80 ml of methanol and 1.0 g of each catalyst were charged
nto the reactor. Sodium bromide (6.32 mg) was then added as

halide additive. H2/N2 (25 mol% H2) and O2/N2 (50 mol% O2)
ere bubbled through the reaction medium under vigorous stir-

ing (1000 rpm). H2/O2 ratio in the feed stream was fixed at 0.4, and
otal feed rate was maintained at 44 ml/min. Catalytic reaction was
arried out at 28 ◦C and 10 atm for 6 h. In order to solve the safety
roblem, mixed gases diluted with an inert gas (H2/N2 (25 mol% H2)
nd O2/N2 (50 mol% O2)) and an autoclave reactor equipped with a
ashback arrestor as well as a safety valve were used in the direct
ynthesis of hydrogen peroxide. Unreacted hydrogen was analyzed
sing a gas chromatograph (Younglin, ACME 6000) equipped with

TCD. Concentration of hydrogen peroxide was determined by

n iodometric titration method [35]. Conversion of hydrogen and
electivity for hydrogen peroxide were calculated according to the
ollowing equations. Yield for hydrogen peroxide was calculated by

ultiplying conversion of hydrogen and selectivity for hydrogen
sis A: Chemical 319 (2010) 98–107

peroxide:

conversion of hydrogen = moles of hydrogen reacted
moles of hydrogen supplied

selectivity for hydrogen peroxide

= moles of hydrogen peroxide formed
moles of hydrogen reacted

2.4. Hydrogenation of hydrogen peroxide

Hydrogenation of hydrogen peroxide was carried out in an auto-
clave reactor containing 80 ml of methanol, 1.0 g of each catalyst,
and 6.32 mg of sodium bromide. 3 ml of 30 wt% hydrogen per-
oxide was added into the reactor. H2/N2 (25 mol% H2) and N2
were bubbled through the reaction medium under vigorous stir-
ring (1000 rpm). H2/N2 ratio in the feed stream was fixed at 0.1,
and total feed rate was maintained at 44 ml/min. The reaction was
carried out at 28 ◦C and 10 atm for 6 h. Concentration of hydrogen
peroxide was determined by an iodometric titration method [35].
Degree of hydrogenation of H2O2 was calculated according to the
following equation:

degree of hydrogenation of H2O2

= moles of hydrogen peroxide hydrogenated
moles of hydrogen peroxide supplied

2.5. Decomposition of hydrogen peroxide

Decomposition of hydrogen peroxide was carried out in an auto-
clave reactor containing 80 ml of methanol, 1.0 g of each catalyst,
and 6.32 mg of sodium bromide. 3 ml of 30 wt% hydrogen peroxide
was added into the reactor. N2 (44 ml/min) was bubbled through
the reaction medium under vigorous stirring (1000 rpm). The reac-
tion was carried out at 28 ◦C and 10 atm for 6 h. Concentration
of hydrogen peroxide was determined by an iodometric titration
method [35]. Degree of decomposition of H2O2 was calculated
according to the following equation:

degree of decomposition of H2O2

= moles of hydrogen peroxide decomposed
moles of hydrogen peroxide supplied

3. Results and discussion

3.1. Physical property of mesoporous silica and supported
palladium catalyst

Fig. 3 shows the TEM images of mesoporous silicas (MCM-41,
MCM-48, MSU-1, SBA-15, and MCF). MCM-41 showed a hexagonal
pore structure consisting of 1-dimensional rod-like pores. MCM-
48 exhibited a 3-dimensional pore structure, and MSU-1 had a
wormhole-like pore structure. Pore sizes of MCM-41, MCM-48, and
MSU-1 determined from TEM images were ca. 2 nm. Pore struc-
ture of SBA-15 was similar to that of MCM-41, but pore size of
SBA-15 was ca. 4 nm. MCF exhibited a disordered pore structure
with large pores in the range of 8–10 nm. Pore structures and pore
sizes of mesoporous silicas were in good agreement with those

reported in literatures [24–29], indicating successful preparation
of mesoporous silicas.

Fig. 4 shows the TEM images of Pd/SO3H-functionalized meso-
porous silicas (Pd/SO3H-MCM-41, Pd/SO3H-MCM-48, Pd/SO3H-
MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF). Pore structure and
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Fig. 3. TEM images of mesoporous silicas
ore size of Pd/SO3H-functionalized mesoporous silica were
lmost identical to those of corresponding mesoporous sil-
ca, indicating that pore structure of mesoporous silica was
till maintained even after the SO3H functionalization and
ubsequent Pd loading. Furthermore, no visible evidence rep-

Fig. 4. TEM images of Pd/SO3H-functionalized mesoporous silicas (Pd/SO3H-MCM-4
-41, MCM-48, MSU-1, SBA-15, and MCF).
resenting palladium particles was observed in the TEM images
of Pd/SO3H-functionalized mesoporous silicas. This implies
that palladium species were finely dispersed on the surface
of SO3H-functionalized mesoporous silicas, as illustrated in
Fig. 2.

1, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF).
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ig. 5. N2 adsorption–desorption isotherms and pore size distributions of mesopo
esoporous silicas (Pd/SO3H-MCM-41, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO

Fig. 5 shows the N2 adsorption–desorption isotherms and pore
ize distributions of mesoporous silicas (MCM-41, MCM-48, MSU-
, SBA-15, and MCF). It was observed that MCM-41, MCM-48, and
SU-1 exhibited IV-type isotherms without hysteresis, while SBA-

5 and MCF showed IV-type isotherms with H1-type hysteresis
oops, as reported in the previous works [26–29,36]. Detailed textu-
al properties of mesoporous silicas are summarized in Table 1. Pore
izes of mesoporous silicas were in agreement with those deter-
ined by TEM analyses. These results also support that mesoporous

ilicas were successfully prepared in this work.
N2 adsorption–desorption isotherms and pore size distributions

f Pd/SO3H-functionalized mesoporous silicas (Pd/SO3H-MCM-
1, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15,
nd Pd/SO3H-MCF) are also shown in Fig. 5. Pd/SO3H-
unctionalized mesoporous silica exhibited almost the same

2 adsorption–desorption isotherm and pore size distribution
s corresponding mesoporous silica. This indicates that pore
tructures of mesoporous silicas were still maintained even after
he grafting of –SO3H group on the surface of mesoporous silicas.
etailed textural properties of Pd/SO3H-functionalized meso-

able 1
urface area, pore volume, and average pore size of mesoporous silica and Pd/SO3H-
unctionalized mesoporous silica.

Surface area
(m2/g)a

Pore volume
(cm3/g)b

Average
pore size
(nm)c

MCM-41 1013 0.94 2.7
MCM-48 1222 1.14 2.5
MSU-1 1059 0.75 2.2
SBA-15 622 0.76 4.4
MCF 559 1.93 8.0

Pd/SO3H-MCM-41 880 0.74 2.5
Pd/SO3H-MCM-48 1121 0.86 2.2
Pd/SO3H-MSU-1 872 0.61 2.2
Pd/SO3H-SBA-15 508 0.67 4.6
Pd/SO3H-MCF 459 1.65 8.8

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.
ilicas (MCM-41, MCM-48, MSU-1, SBA-15, and MCF) and Pd/SO3H-functionalized
A-15, and Pd/SO3H-MCF).

porous silicas are summarized in Table 1. It was observed that
surface area and pore volume of Pd/SO3H-functionalized meso-
porous silica were lower than those of corresponding mesoporous
silica due to the grafting of –SO3H group. However, Pd/SO3H-
functionalized mesoporous silicas still retained high surface areas
and large pore volumes.

Fig. 6 shows the small angle X-ray scattering (SAXS) patterns
of mesoporous silicas (MCM-41, MCM-48, MSU-1, SBA-15, and
MCF) and Pd/SO3H-functionalized mesoporous silicas (Pd/SO3H-
MCM-41, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15,
and Pd/SO3H-MCF). SAXS patterns of mesoporous silicas were
in good agreement with those reported in literatures [24–29].
This indicates that mesoporous silicas were successfully pre-
pared in this work, as also evidenced by TEM images and
N2 adsorption–desorption isotherms. SAXS pattern of Pd/SO3H-
functionalized mesoporous silica was almost identical to that of
corresponding mesoporous silica. This result also supports that
pore structures of mesoporous silicas were still maintained even
after the grafting of –SO3H group and subsequent Pd loading.

Fig. 7 shows the XRD patterns of Pd/SO3H-functionalized meso-
porous silicas (Pd/SO3H-MCM-41, Pd/SO3H-MCM-48, Pd/SO3H-
MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF). For comparison,
XRD patterns of Pd/mesoporous silicas (Pd/MCM-41, Pd/MCM-
48, Pd/MSU-1, Pd/SBA-15, and Pd/MCF) are also shown in Fig. 7.
No characteristic diffraction peak for PdO (JCPDS 43-1024) was
observed in the Pd/SO3H-functionalized mesoporous silicas. How-
ever, Pd/mesoporous silicas exhibited a weak diffraction peak
corresponding to PdO. These results indicate that palladium species
were finely dispersed on the surface of SO3H-functionalized meso-
porous silicas, as also demonstrated by TEM images (Fig. 4).

3.2. Grafting of –SO3H functional group

Fig. 8 shows the 13C CP-MAS NMR spectra of SO3H-

functionalized mesoporous silica supports (SO3H-MCM-41, SO3H-
MCM-48, SO3H-MSU-1, SO3H-SBA-15, and SO3H-MCF). All the
SO3H-functionalized mesoporous silica supports showed three res-
onance peaks at ı = 11.2 (C1) ppm, 18.3 (C2) ppm, and 54.1 (C3) ppm.
These resonance peaks were attributed to different carbon atoms
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ig. 6. Small angle X-ray scattering (SAXS) patterns of mesoporous silicas (MCM-4
Pd/SO3H-MCM-41, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/

n 3-MPTMS; C1 carbon directly bonded to Si atom, C2 carbon of
ropyl chain, and C3 carbon bonded to –SO3H group [30–32]. It
hould be noted that no characteristic peak was observed at around

9 ppm in all the samples. This indicates that –SH group was com-
letely converted to –SO3H group during the surface oxidation
tep [30,32]. Moreover, any peaks were not detected at 40 ppm and
3 ppm. This implies that no disulfide species were formed under
ur preparation conditions [37]. The above results indicate that

ig. 7. XRD patterns of Pd/SO3H-functionalized mesoporous silicas (Pd/SO3H-MCM-41
d/mesoporous silicas (Pd/MCM-41, Pd/MCM-48, Pd/MSU-1, Pd/SBA-15, and Pd/MCF).
M-48, MSU-1, SBA-15, and MCF) and Pd/SO3H-functionalized mesoporous silicas
MCF).

–SO3H group was successfully grafted on the surface of mesoporous
silica.
3.3. Catalytic performance in the direct synthesis of hydrogen
peroxide

Fig. 9 shows the catalytic performance of Pd/mesoporous sili-
cas (Pd/MCM-41, Pd/MCM-48, Pd/MSU-1, Pd/SBA-15, and Pd/MCF)

, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF) and
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Fig. 8. 13C CP-MAS NMR spectra of SO3H-functionalized mesoporous silica sup

n the direct synthesis of hydrogen peroxide from hydrogen
nd oxygen. Conversion of hydrogen over Pd/mesoporous silica
atalysts was high. However, yield for hydrogen peroxide over
d/mesoporous silica catalysts was very low, because selectiv-
ty for hydrogen peroxide over the catalysts was extremely low.
inal concentration of hydrogen peroxide after a 6-h reaction over
d/mesoporous silica catalysts was less than 0.1 wt%. This indi-
ates that undesired reactions such as formation of water and
ecomposition of hydrogen peroxide were also activated over
d/mesoporous silica catalysts [1,2]. It is noteworthy that yield for
ydrogen peroxide over Pd/mesoporous silica catalysts was in the
ange of 0.6–1.4% with no great difference.

Fig. 10 shows the catalytic performance of Pd/SO3H-
unctionalized mesoporous silicas (Pd/SO3H-MCM-41,

d/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and
d/SO3H-MCF) in the direct synthesis of hydrogen peroxide from
ydrogen and oxygen. Conversion of hydrogen over Pd/SO3H-

unctionalized mesoporous silica catalysts was lower than that over

ig. 9. Catalytic performance of Pd/mesoporous silicas (Pd/MCM-41, Pd/MCM-48, Pd/M
ydrogen and oxygen.
(SO3H-MCM-41, SO3H-MCM-48, SO3H-MSU-1, SO3H-SBA-15, and SO3H-MCF).

Pd/mesoporous silica catalysts. However, selectivity and yield for
hydrogen peroxide over Pd/SO3H-functionalized mesoporous silica
catalysts were much higher than those over Pd/mesoporous silica
catalysts. Furthermore, final concentration of hydrogen peroxide
after a 6-h reaction over Pd/SO3H-functionalized mesoporous silica
catalysts was much higher than that over Pd/mesoporous silica
catalysts. This implies that Pd/SO3H-functionalized mesoporous
silica catalysts enhanced the selectivity for hydrogen peroxide by
preventing the decomposition of hydrogen peroxide. As mentioned
earlier, it is known that acid additives prevent the decomposition
of hydrogen peroxide [1,2]. It has been reported that the disso-
ciation of hydrogen peroxide (H2O2 ⇔ HO2

− + H+) is suppressed
when hydrogen peroxide is surrounded by protons (H+ ions) of
acid additives [1,2]. Therefore, it can be inferred that the improved

selectivity for hydrogen peroxide over Pd/SO3H-functionalized
mesoporous silica catalysts was attributed to the enhanced acid
property of Pd/SO3H-functionalized mesoporous silica catalysts,
as reported in our previous works [20,21].

SU-1, Pd/SBA-15, and Pd/MCF) in the direct synthesis of hydrogen peroxide from
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Fig. 10. Catalytic performance of Pd/SO3H-functionalized mesoporous silicas (Pd/SO3H-M
in the direct synthesis of hydrogen peroxide from hydrogen and oxygen.

Table 2
Palladium content of Pd/SO3H-functionalized mesoporous silica before and after the
direct synthesis of hydrogen peroxide from hydrogen and oxygen.

Catalyst Palladium content (wt%)

Before reaction After reaction

Pd/SO3H-MCM-41 0.40 0.32
Pd/SO3H-MCM-48 0.36 0.32
Pd/SO3H-MSU-1 0.43 0.39

P
M
F
i
M
1
t

d
c
p
l
o
a

F
o
a
P

functionalized mesoporous silicas (Pd/SO3H-MCM-41, Pd/SO3H-
MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF).
Pd/SO3H-SBA-15 0.41 0.36
Pd/SO3H-MCF 0.38 0.34

Yield for hydrogen peroxide increased in the order of
d/SO3H-MCM-41 (7.3%) < Pd/SO3H-MCM-48 (7.6%) < Pd/SO3H-
SU-1 (11.6%) < Pd/SO3H-SBA-15 (15.3%) < Pd/SO3H-MCF (17.0%).

inal concentration of hydrogen peroxide after a 6-h reaction also
ncreased in the order of Pd/SO3H-MCM-41 (0.30 wt%) < Pd/SO3H-

CM-48 (0.37 wt%) < Pd/SO3H-MSU-1 (0.57 wt%) < Pd/SO3H-SBA-
5 (0.66 wt%) < Pd/SO3H-MCF (0.72 wt%). Among the catalysts
ested, Pd/SO3H-MCF showed the best catalytic performance.

As mentioned earlier, it is known that acid additives cause the
issolution of palladium species from the supported palladium
atalyst [1,2]. In this work, therefore, SO3H-functionalized meso-
orous silica supports were utilized as an alternate acid source. As

isted in Table 2, no significant dissolution of palladium species was

bserved in the Pd/SO3H-functionalized mesoporous silicas before
nd after the reaction.

ig. 11. Catalytic performance in the hydrogenation of hydrogen peroxide
ver Pd/mesoporous silicas (Pd/MCM-41, Pd/MCM-48, Pd/MSU-1, Pd/SBA-15,
nd Pd/MCF) and Pd/SO3H-functionalized mesoporous silicas (Pd/SO3H-MCM-41,
d/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF).
CM-41, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF)

3.4. Catalytic performance in the hydrogenation of hydrogen
peroxide

Fig. 11 shows the catalytic performance in the hydrogenation
of hydrogen peroxide over Pd/mesoporous silicas (Pd/MCM-41,
Pd/MCM-48, Pd/MSU-1, Pd/SBA-15, and Pd/MCF) and Pd/SO3H-
functionalized mesoporous silicas (Pd/SO3H-MCM-41, Pd/SO3H-
MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF).
Pd/mesoporous silica catalysts showed high activity for hydrogena-
tion of hydrogen peroxide. This indicates that the hydrogenation
of hydrogen peroxide was activated over Pd/mesoporous sil-
ica catalyst. Pd/SO3H-functionalized mesoporous silica catalysts
also showed high activity for hydrogenation of hydrogen perox-
ide. These results indicate that the enhanced acid property of
Pd/SO3H-functionalized mesoporous silica catalysts exhibited no
significant effect on the prevention of hydrogenation of hydrogen
peroxide.

3.5. Catalytic performance in the decomposition of hydrogen
peroxide

Fig. 12 shows the catalytic performance in the decomposition
of hydrogen peroxide over Pd/mesoporous silicas (Pd/MCM-41,
Pd/MCM-48, Pd/MSU-1, Pd/SBA-15, and Pd/MCF) and Pd/SO3H-
Activity for decomposition of hydrogen peroxide over Pd/SO3H-
functionalized mesoporous silica catalysts was much lower than
that over Pd/mesoporous silica catalysts. This implies that the

Fig. 12. Catalytic performance in the decomposition of hydrogen peroxide
over Pd/mesoporous silicas (Pd/MCM-41, Pd/MCM-48, Pd/MSU-1, Pd/SBA-15,
and Pd/MCF) and Pd/SO3H-functionalized mesoporous silicas (Pd/SO3H-MCM-41,
Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF).
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ig. 13. A correlation between yield for hydrogen peroxide over Pd/SO3H-
unctionalized mesoporous silicas (Pd/SO3H-MCM-41, Pd/SO3H-MCM-48, Pd/SO3H-

SU-1, Pd/SO3H-SBA-15, and Pd/SO3H-MCF) and acid density of the catalysts.

nhibited decomposition of hydrogen peroxide over Pd/SO3H-
unctionalized mesoporous silica catalysts was attributed to the
nhanced acid property of Pd/SO3H-functionalized mesoporous sil-
ca catalysts, as reported in previous works [1,2]. These results
upport that Pd/SO3H-functionalized mesoporous silica catalysts
nhanced the selectivity for hydrogen peroxide by preventing the
ecomposition of hydrogen peroxide.

.6. Effect of acid density on the catalytic performance

In order to elucidate the different catalytic performance of
d/SO3H-functionalized mesoporous silicas (Pd/SO3H-MCM-
1, Pd/SO3H-MCM-48, Pd/SO3H-MSU-1, Pd/SO3H-SBA-15, and
d/SO3H-MCF), acid amount of Pd/SO3H-functionalized meso-
orous silicas was measured by an acid–base titration [33,34]. Acid
ensity of Pd/SO3H-functionalized mesoporous silicas was then
alculated by dividing acid amount of Pd/SO3H-functionalized
esoporous silicas by surface area of the catalysts. Acid amount of

d/SO3H-functionalized mesoporous silicas increased in the order
f Pd/SO3H-MCF = Pd/SO3H-SBA-15 (0.54 mmol-H+/g) < Pd/SO3H-
SU-1 = Pd/SO3H-MCM-41 (0.78 mmol-H+/g) < Pd/SO3H-MCM-48

0.98 mmol-H+/g). Acid density of Pd/SO3H-functionalized meso-
orous silicas increased in the order of Pd/SO3H-MCM-48
0.87 �mol-H+/m2) < Pd/SO3H-MCM-41 (0.89 �mol-
+/m2) < Pd/SO3H-MSU-1 (0.90 �mol-H+/m2) < Pd/SO3H-SBA-15

1.06 �mol-H+/m2) < Pd/SO3H-MCF (1.18 �mol-H+/m2). Among
he Pd/SO3H-functionalized mesoporous silicas, Pd/SO3H-MCF
atalyst exhibited the highest acid density.

Experimental observations revealed that there was no reli-
ble correlation between yield for hydrogen peroxide over
d/SO3H-functionalized mesoporous silicas and acid amount of the
atalysts. However, yield for hydrogen peroxide over Pd/SO3H-
unctionalized mesoporous silicas was closely related to the acid
ensity of the catalysts (Fig. 13). Yield for hydrogen peroxide

ncreased with increasing acid density of Pd/SO3H-functionalized
esoporous silica. This implies that acid density of Pd/SO3H-

unctionalized mesoporous silicas played an important role in
etermining the catalytic performance in the direct synthesis of
ydrogen peroxide from hydrogen and oxygen. As mentioned

arlier, it has been reported that acid additives prevent the decom-
osition of hydrogen peroxide because hydrogen peroxide is
urrounded by protons of acid additives [1,2]. It is known that
rotons of acid additives are free to move in reaction medium. How-
ver, protons of Pd/SO3H-functionalized mesoporous silicas are
Fig. 14. Schematic presentation of effective surround of hydrogen peroxide by pro-
tons of Pd/SO3H-functionalized mesoporous silica.

restricted to transfer in reaction medium. Therefore, effective sur-
round of hydrogen peroxide by protons of Pd/SO3H-functionalized
mesoporous silicas is possible, when acid density (compactness
of protons) of Pd/SO3H-functionalized mesoporous silicas is suffi-
ciently high (Fig. 14). Thus, acid density of Pd/SO3H-functionalized
mesoporous silicas served as a crucial factor determining the cat-
alytic performance in the direct synthesis of hydrogen peroxide.
Among the catalysts tested, Pd/SO3H-MCF catalyst with the highest
acid density showed the highest yield for hydrogen peroxide. This
indicates that SO3H-MCF served as an efficient acidic support in
the direct synthesis of hydrogen peroxide from hydrogen and oxy-
gen. It is concluded that the improved yield for hydrogen peroxide
over Pd/SO3H-functionalized mesoporous silicas was attributed to
the enhanced acid density of the catalysts. Pd/SO3H-functionalized
mesoporous silicas efficiently served as an alternate acid source
and as an active metal catalyst in the direct synthesis of hydrogen
peroxide.

4. Conclusions

SO3H-functionalized mesoporous silicas were prepared
using MCM-41, MCM-48, MSU-1, SBA-15, and MCF. Pd/SO3H-
functionalized mesoporous silicas were then applied to the direct
synthesis of hydrogen peroxide from hydrogen and oxygen. For
comparison, Pd/mesoporous silicas were also employed for the
direct synthesis of hydrogen peroxide. Selectivity for hydrogen
peroxide, yield for hydrogen peroxide, and final concentration
of hydrogen peroxide over Pd/SO3H-functionalized mesoporous
silica catalysts were much higher than those over Pd/mesoporous
silica catalysts. Thus, Pd/SO3H-functionalized mesoporous silicas
served as efficient catalysts in the direct synthesis of hydrogen
peroxide. High catalytic performance of Pd/SO3H-functionalized
mesoporous silicas was attributed to the enhanced acid property
of the catalysts. It was revealed that yield for hydrogen peroxide
increased with increasing acid density of Pd/SO3H-functionalized
mesoporous silica. Among the catalysts tested, Pd/SO3H-MCF
catalyst with the highest acid density showed the highest yield for
hydrogen peroxide.
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