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Abstract

Here, a comparison between four mesoporous siliceous compounds is conducted to investigate the effect of support on forma-
tion and catalytic behavior of palladium (Pd) nanoparticles. The four investigated supports are: the commercially available
MCM-41, SBA-15 and MCM-48, in addition to the home-made TUD-1 material. The same amount of Pd (Si/Pd =200) was
impregnated in the four mesoporous samples by using water as a solvent, and no further activation/reduction was performed.
The obtained characterization data showed that SBA-15 accommodated the maximum amount of PdO nanoparticles that
located inside its channels, while the maximum surface area after impregnation was obtained in MCM-48 sample. The four
Pd samples was used to catalyze the solvent-free reduction of cyclopentene at room temperature by using 1 atm of hydrogen
gas. Pd-TUD-1 exhibited the maximum activity with a total TOF of 4.83 s~!, while the TOF of SBA-15 was 2.28 s~'. The
activity results clearly show the effect of the open three dimensional structure of TUD-1 in offering the maximum acces-

sibility to and from Pd nanoparticles’ active sites.
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1 Introduction

Hydrogenation reactions are classified as highly importance
in the chemical industry’s sector [1, 2]. The aim of this type
of reaction is conversion of the unsaturated organic com-
pounds to -partially or totally- saturated compounds [3].
Supported Noble metals such as Au [4], Pd [5], Rh [6], Pt
[7], and Ru [8] and their complexes [9] represent the best
catalysts for hydrogenation reactions and they have been
used in petrochemical and pharmaceutical industries in
spite of the higher cost of the production process. One of
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the strategies to minimize the overall cost of the hydrogena-
tion process is the use of a good supporting material for the
applied Noble metal nanoparticles [10]. The ideal support
must facilitate the heterogeneous catalytic reaction process
to reduce the reaction time and therefore increase the pro-
ductivity and minimize the production costs. Several sup-
ports such as metal oxides [11], zeolites [12], clays [13],
and MOF’s [14, 15] were applied as a support in hydro-
genation reactions, however, amongst the applied supports,
mesoporous silica is a promising candidate in industrial
processes to accommodate the Noble metal nanoparticles.
Mesoporous silica is chemically stable, owns higher sur-
face area and silica itself is abundant. Currently, several
mesoporous materials are commercially available such as
MCM-41, SBA-15, MCM-48, and HMS.

Several studies reported the use of mesoporous silica as
a support of the metal active sites in hydrogenation reac-
tions. MCM-48 was reported to accommodate Pd [16] nano-
particles, on the other hand, MCM-41 supported Pt [17],
finally, SBA-15 was applied as a support for Rh [18] and
Ru [19]. Hamdy and coworkers reported the use of TUD-1
mesoporous material as a support for Pd [20, 21] and Rh
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[22] in the hydrogenation of cyclooctadiene and cyclohex-
ene, respectively.

The hydrogenation of cyclopentene to cyclopentane is
an important industrial reaction. Industrially, cyclopentene
is normally produced during the steam cracking of naphtha.
Due to the limited use of cyclopentene and because it has
only few applications, it used as a component of gasoline.
Cyclopentane has several industrial applications, it is used
in rubber adhesives and resins, and it is used in polyure-
thane foam manufacturing. One interesting application of
cyclopentane that it can replace the hydrofluorocarbon com-
pounds in refrigerators and freezers and minimize the envi-
ronmental damage produced from the use of hydrofluorocar-
bon compounds. Therefore, the reduction of cyclopentene to
cyclopentane can add a great value to the chemical industry.

In the current study, an attempt was carried out to design
an active catalyst to catalyze the reduction of cyclopentene
to cyclopentane. Four different mesoporous materials were
applied to accommodate the same Pd loading, after char-
acterization, the catalytic behavior of the four Pd catalysts
was investigated in the reduction of cyclopentene at room
temperature by using H, gas. The catalytic data as well as
the recycling study of the catalyst of choice are reported
and discussed.

2 Experimental
2.1 Pd catalysts reparation

The commercially available MCM-41, SBA-15 and MCM-
48 were obtained from Sigma-Aldrich. TUD-1 was prepared
as reported earlier in [23]. Pd nanoparticles were impreg-
nated in the four mesoporous materials as following: 1 gram
of the silica support was added to 100 ml of deionized H,O
and the calculated amount of palladium nitrate hexahydrate
(98.0% Sigma Aldrich) was added to each suspension. The
suspensions were kept for 24 h under vigorous stirring with
arate of 850 rpm, after that the solid powders were filtrated,
and washed few times with deionized water, dried at 98 °C
for 24 h and finally calcined at 450 °C for 4 h with a heating
ramp of 5 °C/min. The four Pd catalysts were characterized
as reported by the current research team in [22].

2.2 Catalytic activity study

A 300 ml Parr reactor was used to study the reduction of
cyclopentene by using hydrogen gas as a reducing agent. The
reaction was performed without the addition of any solvent.
In a typical reaction, 0.25 g of Pd catalyst was carefully
ground and sieved and then mixed in the reactor with 25 ml
cyclopentene (>99%, Sigma-Aldrich) to form a suspension.
The suspension was vigorously stirred with a constant rate
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of 1000 rpm to reduce the external mass transfer limita-
tion, if present. After closing the reactor carefully, it was
degassed with nitrogen gas and finally pressurized to 1 atm
with hydrogen gas (99%). After elapsing the reaction time,
the reactor was flushed with nitrogen gas and finally a sam-
ple of 0.5 ml was sent to GC for analysis. The applied GC
was SHIMADZU GC-17, and the applied capillary column
was RTX-5, 30 m X 0.25 mm X 0.25 um, finally, the applied
detector was a flame ionization type (FID).

The conversion of cyclopentene (CPE) was calculated as
following

[CPE], - [CPE],
[CPE],

Conversion = x 100

where [CPE], is the concentration of cyclopentene at zero
time, [CPE], is the concentration of cyclopentene at (t) time.

Moreover, the turnover frequency (TOF) was calculated
as following

[CXE], — [CXE],

TOF = -
[Pd] X time(s)

where [Pd] is the Pd number of moles, while the time of
reaction was calculated in seconds.

3 Results and discussion
3.1 Catalysts’ characterization

The elemental analysis (which was performed by ICP) of
the Pd% in the four investigated catalysts after synthesis is
compared with the intended loading % in Fig. 1. Generally
speaking, the Pd loading in the four samples is less than the
intended loading, which means that not all the Pd amount
presents in the solution was incorporated and/or bonded to
the mesopores and/or silica surface, respectively. The per-
centage of Pd loss reached maximum in the case of MCM-48
where 23%, while SBA-15 exhibited the maximum loading
where only 14% of Pd ions were not found in the final solid
catalyst.

The N, physisorption analysis of the four samples
(Fig. 1b) showed that the Pd-MCM-48 exhibited the high-
est surface area followed by Pd-MCM-41, while Pd-TUD-1
exhibited the minimum surface area. However, Pd-TUD-1
catalyst owned the wider pore size which is almost two times
higher than the rest of the investigated catalysts. The tex-
ture properties of the four investigated catalysts are listed
in Table 1.

XRD patterns of the four supports before and after Pd
impregnation are plotted in Fig. 2. The entire mesoporous
silica supports before and after Pd functionalization showed
a broad peak between 20 and 30 2theta. This beak is
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Fig. 1 a The aimed and the obtained Pd loading % in the four investigated catalysts. b The N, isotherms of the four investigated samples

Table 1 The elemental analysis

and the texture properties of the Pd loading (%) Texture properties
four investigated catalysts Synthesis Product Surface area m%/g Pore volume  Pore size nm
cm’/g
Pd-MCM-41 0.5 0.426 770.9 0.071 2.1
Pd-SBA-15 0.5 0.431 672.4 0.211 2.1
Pd-TUD-1 0.5 0.398 602.7 0.540 38
Pd-MCM-48 0.5 0.385 851.5 0.052 2.0

*
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Fig.2 The XRD patterns of the four mesoporous supports before and
after Pd functionalization

indicated the amorphous silica matrix as reported by Adam
et al. [24]. It is important to mention that neither the intensity
nor the location of this beak changed after Pd impregnation

as an indication of the morphology stability. Moreover, other
peaks were detected in the impregnated samples at 33.7°,
54.5°, and 60.7° 2theta, which can be attributed to the planes
of (101), (112), and (200) of palladium oxide, respectively.
Moreover, the location of the observed peaks are perfectly
matching the JCPDS card no. 43-1024 [25].

Moreover, the formation of PdO nanoparticles in the four
investigated mesoporous silica materials was confirmed by
using Raman spectroscopic technique (Fig. 3). The Raman
spectra of the entire investigated Pd catalysts showed one
intensive peak around 646 cm™! which is characteristic to
PdO phase as reported earlier by Forzatti et al. [26].

The surface morphology of the four investigated catalysts
was investigated by scanning electron microscopy which
coupled with EDX analysis. The SEM micrographs of the
four catalysts are presented in Fig. 4a—d. The four cata-
lytic samples exhibited four different morphology, i.e. Pd-
MCM-41 and Pd-TUD-1 exhibited irregular-shape particles,
Pd-SBA-15 exhibited a worm-like structure, and MCM-48
exhibited a spherical-like particles. Moreover, no new phase
either crystalline or amorphous was detected, which agrees
the total incorporation of PdO in the four investigated silica
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Fig.3 The Raman spectra of the four Pd catalysts as collected at
ambient conditions

matrices. The distribution of Pd was observed by mapping
technique, it was found that Pd nanoparticles are highly dis-
tributed throughout the silica support in the four investigated
catalysts.

The presence and the distribution of Pd nanoparticles
inside the four investigated catalysts was investigated by
using HR-TEM. The obtained micrographs (Fig. 5) showed
that the majority of PdO nanoparticles are located inside

Fig.4 The morphological
structure of the four investigated
catalysts as obtained from SEM
micrographs of a Pd-MCM-41,
b Pd-SBA-15, ¢ Pd-MCM-48,
and d Pd-TUD-1
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the pores of the supported silica with a possible deposition
(minor) in the case of MCM-48 and TUD-1. Moreover,
no bulky crystalline phase of PdO could be observed. The
obtained result showed clearly that PdO nanoparticles were
able to form inside the pores of the different silica supports
by using the applied synthesis method and by using only
water as a solvent.

3.2 Catalytic performance

The catalytic performance of the four Pd catalysts in cyclo-
pentene reduction by using hydrogen gas at room tempera-
ture is presented in Fig. 6. The reactions were performed for
45 min by using batch method. The obtained results showed
that Pd-TUD-1 catalyzed the total conversion of cyclopen-
tene to cyclopentane within the reaction time, in another
word, Pd-TUD-1 exhibited the best activity amongst the
four prepared catalysts. Moreover, Pd-SBA-15 catalyzed the
conversion of 52.9% of cyclopentene, while, the conversion
of cyclopentene over MCM-41 and MCM-48 was 41.6 and
37.4% respectively.

The calculated TOF, which was calculated based on
the total amount of Pd active sites, showed that Pd-TUD-1
exhibited the maximum TOF of 4.83 s~!, while Pd-MCM-48
showed the minimum TOF which was 1.74 s~!. Generally
speaking, the TOF of Pd-TUD-1 was almost 2-2.5 times
higher than that of the other investigated catalysts (Fig. 7).

Because Pd-TUD-1 exhibited the best catalytic activ-
ity, it was chosen for further investigations, e.g. recycling
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™
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Fig.5 HR-TEM micrographs of
a Pd-MCM-41, b Pd-SBA-15, ¢
Pd-MCM-48, and d Pd-TUD-1
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Fig.6 The hydrogenation of cyclopentene over the four investigated
catalysts as a function of reaction time

test. Figure 8 presents the recycling of Pd-TUD-1 in five
cyclopentene hydrogenation runs. The obtained TOF (s~ ')
is almost the same in the five reactions as an indication for

200 KV X40000

]lll

Pd-SBA-15 Pd-MCM-41 Pd-MCM-48 Pd-TUD-1
Catalysts

Fig.7 The calculated TOF of cyclopentene hydrogenation over the
four investigated catalysts

the high stability and reusability of the catalysts. Moreo-
ver, leaching test was performed by measuring the amount
of Pd in the final liquid product by using ICP technique,

@ Springer
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Fig.8 The TOF (s~ ') of the hydrogenation of cyclopentene over Pd-
TUD-1 catalyst for five runs

result showed a negligible amount of Pd in the organic
phase.

Pd-TUD-1 was proven to be hydrogenated in-situ during
the hydrogenation of cyclohexene, and it was reported that
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in principle the activation of PAO-TUD-1 to be converted to
Pd-TUD-1 is not really necessary because Pd® nanoparticles
are formed in the silica matrix by the hydrogen gas in the
cyclohexene organic phase [21]. To confirm the previously
obtained results, and XPS investigation was performed for
Pd-TUD-1 after five runs to investigate the oxidation state
of Pd after the reaction. The obtained results are presented
in Fig. 9 and it showed two peaks at 340.9 and 335.5 eV
which related to Pd3d3 and Pd3d5, respectively, these two
peaks represent the formation of Pd” metallic nanoparticles
[27, 28].

Moreover, XRD was applied to confirm the formation of
Pd° active sites in the first few minutes of the reaction in the
organic phase of cyclopentene. A hydrogenation reaction
was performed as discussed above, however, the reaction
was stopped after 3 min and the Pd-TUD-1 was filtrated,
washed and dried. Figure 10 shows the XPD patterns of Pd-
TUD-1 before and after the 3 min’ reaction. It is obviously
clear that PAO-TUD-1 is converted to Pd-TUD-1 in the first
few minutes of the reaction and therefore, the activation step
(the pre-reduction of the catalyst) is not needed in cyclo-
pentene hydrogenation as reported before in cyclohexene
hydrogenation. Moreover, HR-TEM study was performed
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Fig.9 XPS analysis of Pd-TUD-1 after 5 runs of cyclopentene hydrogenation
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Fig. 10 a XRD of Pd-TUD-1 before and after a three minutes’ reaction. b The HR-TEM micrograph of Pd-TUD-1 sample after a hydrogenation

reaction

for Pd-TUD-1 after reaction (Fig. 10b). No severe aggrega-
tion or migration could be observed as an indication for the
high stability of the Pd nanoparticles supported on TUD-1
mesoporous silica.

4 Discussion

4.1 The difference between the investigated
supports

The main differences between the four investigated cata-
lysts can be focused in two points; the amount of Pd active
sites and the nature of the support. The TOF number is a
fair way to compare the activity between the different cata-
lysts with a normalization of the active sites. Therefore, the
nature of the support plays a big role in the obtained activity
difference. The differences of the supports’ nature can be
classified to two main reasons, the morphological structure
of each support and its pore system. The four investigate
supports are: MCM-41; a 2-D hexagonal uni-dimensional
pore system, MCM-48; a 3-D cubic interwoven and continu-
ous 3D pore system, SBA-15; a 2-D hexagonal with a 2-D
pore system, and finally; TUD-1, an open structure with an
intra-connected 3-D pore system. The open structure 3-D
pore system gives an advantage to TUD-1 and MCM-48
for being highly accessible; i.e. the reactants’ molecules
can easily find the active sites’ surfaces and the product’s
molecules are easily desorb from it. The nature of the pore
system plays the reason for why TUD-1 exhibited better per-
formance than MCM-48, the pore volume and pore diameter
for TUD-1 is larger than that of MCM-48 which means that
TUD-1 pore system does not suffer from the mass transfer

limitation, which —most likely- the reason for the less activ-
ity of Pd-MCM-48.

In literature, only few articles discussed the effect of sup-
port on the behavior of active sites. A comparison between
the different mesoporous supports in several applications
is listed in Table 2. Six studies out of nine listed studies
reported that TUD-1 exhibited the best support for the cho-
sen application.

The reported studies agreed that the three dimensional
open pore system of TUD-1 mesoporous material gives a
big advantage than the other reported mesoporous materials.

4.2 The proposed mechanism

The mechanism of the cyclopentene hydrogenation catalyzed
by supported palladium oxide nanoparticles can be proposed
as two main steps: (1) The hydrogenation of PdO to Pd® nan-
oparticles, and (2) The hydrogenation of the double bond.
In the first step, the hydrogenation of PdO nanoparticles and
the formation of Pd° active sites occurs within few seconds
even in the liquid organic phase [21]. The more ease diffu-
sion of H, gas in the pore system of the mesoporous support
to reach the PdO nanoparticle, the faster formation of the
required Pd® active sites. Here the advantage of the wide
pores in the open-structure of TUD-1 makes the differences.
This hypothesis can be supported by obtained results, where
in the first few minutes of the reaction, almost two times
higher conversion was obtained in the case of Pd-TUD-1
compared to other investigated catalysts, this can simply
means that the active sites were —most likely— ready faster
in the case of TUD-1 (Fig. 11a).

After the formation of Pd active sites, the reaction started
as reported in many literature through three main step, 1-
adsorption of hydrogen molecules on the solid surface of Pd
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Table2 A comparison between the uses of different mesoporous materials in various applications

Active site Investigated mesoporous materials Application Best performance References
Blank TUD-1, SBA-15, MCM-41 Ibuprofen delivery TUD-1 [29]
Vanadium TUD-1, SBA-15, MCM-41 isomerization of 1-heptene SBA-15 [30]
Vanadium TUD-1, SBA-15, MCM-41 Epoxidation of trans-stilbene and TUD-1 [31]

cis-cyclooctene
Copper TUD-1, SBA-15, MCM-41, MCM-48 Phenol hydroxylation TUD-1 [32]
Polyethylenimine TUD-1, SBA-15 CO, capture TUD-1 [33]
InOx TUD-1, SBA-15 Baeyer—Villiger oxidation TUD-1 [34]
Aluminum TUD-1, SBA-15, MCM-41 Acetalization of glycerol MCM-41 [35]
Silver TUD-1, SBA-15, KIT-6 Ethylene/Ethane separation KIT-6 [36]
Palladium TUD-1, SBA-15, MCM-41, MCM-48 Hydrogenation of cyclopentene TUD-1 Current

A o /0 o P analysis showed that SBA-15 was impregnated with the

\/Si -0 ~s8i—O highest Pd amount. The hydrogenation of cyclopentene at

0 +H room temperature showed that TUD-1 is much active than

/9 s /0\, 2 /0 TS /Og the other investigated catalysts. This can be explained by the

O/sl o O ’SIO\O O/EI\O O 0’ 10\0 three dimensional open structure in addition to the wide pore

Pd nanoparticle

Fig. 11 a The first step of the proposed mechanism, the in-situ forma-
tion for Pd® active sites. b The second step of the proposed mecha-
nism, the hydrogenation of cyclopentene to cyclopentane

nanoparticles and dissociate to into hydrogen atoms, 2- one
hydrogen is added to one side of the double bond’s carbon
and the molecules is adsorbed on the Pd surface and finally,
c- the second hydrogen atom is added to second carbon of
the ex-double bond to form the cyclopentane product which
desorbs from the Pd surface. Again, the wide pore system
in a three dimensional open structure of TUD-1 offers the
maximum accessibility for the reactants to find the Pd°
active sites and for the product molecules to desorb outside
the pore system Fig. 11b).

5 Conclusions

Under the same reaction conditions, 0.5 wt% of Pd was
impregnated in four different mesoporous supports; three
commercial (MCM-41, MCM-48 and SBA-15) and one
home-made (TUD-1). The obtained characterization results
confirmed the presence of PdO nanoparticles inside the
pores of each mesoporous materials, moreover, elemental
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system which facilitate the catalytic process.
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