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a b s t r a c t 

Hollow mesoporous silica nanoparticles (HMSNs), by exploiting both their organo-functionalized sur- 

face and porous shell were chosen as the ideal support for the immobilization of palladium nanopar- 

ticles (Pd-NPs). The HMSNs were created by acidic removal of Fe 3 O 4 nanoparticles from silica-coated 

Fe 3 O 4 core-shell. The catalyst was prepared following surface modification of HMSNs by (3-chloropropyl)- 

triethoxysilane (CPTES), functionalization by pyrazolone-based ligand, and stabilization of Pd-NPs on HM- 

SNs. The resulting catalyst was fully characterized by different analytical techniques. This new heteroge- 

neous catalyst showed high catalytic activity and excellent selectivity in the selective oxidation of benzyl 

alcohols in ethanol at ambient temperature. Easy separation by centrifuge and reusability for five succes- 

sive cycles without significant loss of catalytic activity were some advantages of this catalyst. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Recently, heterogeneous supported catalyst systems, due to 

heir potential applications for replacing homogenous catalysts, 

ave made great progress in organic chemistry and industry; they 

xhibit many advantages such as easy separation from the reaction 

edium, stability, their available active sites, reusability, simplified 

ecovery, green chemical processes, and enhanced product selec- 

ivity, which are all important factors in organic chemistry and 

ndustry [ 1–4 ]. Supported catalysts on solid materials are avail- 

ble in different types such as carbon, zeolites, hydroxyapatite, sil- 

ca, and organic polymers; however, silica-based materials have re- 

eived much attention, due to their special properties of excel- 

ent stability (chemical and thermal), no swelling, facile and low- 

ost synthesis, high surface area, good accessibility, and easy sur- 

ace modification to provide catalytic center [ 5–8 ]. Among various 

ypes of silica materials, hollow mesoporous silica nanoparticles 

HMSNs) with hollow interior spaces have demonstrated promising 

pplications in various fields, such as catalysts, supports, nanore- 

ctors, drug delivery, photonics, biotechnology, and electrochemi- 

al cells [ 9–14 ]. This is due to their unique properties, including 

ollow interior space, penetrating mesoporous shell, high specific 

urface area, low density, stability, and good biocompatibility [ 15–

7 ]. The presence of an interior void space makes HMSNs unique 
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anoreactors to load active species for catalytic reactions. HMSNs 

ave also shown more storage capacity in drug delivery applica- 

ions compared to conventional mesoporous silica NPs [18] , Fur- 

hermore, owing to the mesoporous shell, the transport of guest 

olecules (dyes, drugs, catalysts, etc.) into and out of the hollow 

oid spaces is possible [ 19 , 20 ]. Beside, different organic, inorganic, 

r organometallic groups can modify the mesoporous shell of HM- 

Ns to provide a catalytic center [ 21 , 22 ]. 

The selective oxidation of benzyl alcohols is one of the essen- 

ial organic transformation reactions in academic research and in- 

ustrial production [ 23–25 ]. Many catalyst systems have been de- 

eloped for the selective oxidation of benzyl alcohols. However, 

enzyl alcohols have been traditionally oxidized by stoichiomet- 

ic amounts of toxic and expensive oxidants, such as potassium 

ermanganate, potassium dichromate, sodium hypochlorite, and 

rganic peroxides [ 26 , 27 ]. Thus, many studies on mild oxidation 

ethods of alcohols with less toxic reagents have been carried out 

xtensively to develop environmentally benign oxidation systems 

 28–31 ]. In this regard, a wide variety of heterogeneous catalysts 

ave been created. Among the reported catalysts, supported tran- 

ition metal nanoparticles (e.g., Pt, Pd, Ru, and Au NPs) have been 

xtensively investigated in the selective oxidation of alcohols [ 32–

3 ]. In particular, supported Pd-NPs have attracted extensive in- 

erest because of their advantages, such as excellent activity and 

electivity, recyclability, environmental issues, and economic as- 

ects [ 44–54 ]. Ideally, excellent support in metal NPs-based cat- 

lysts should have a functionalized surface to good dispersion of 

https://doi.org/10.1016/j.jorganchem.2021.122025
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
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Scheme 1. Selective oxidation of benzyl alcohols. 
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C  
etal NPs, a large surface area for high accessibility of active sites, 

 hollow construction to facile mass transportation, and a porous 

tructure to anchor the metal NPs [55] . More recently, HMSNs as 

n ideal support to immobilize the Pd-NPs have attracted consid- 

rable attention for the selective oxidation of alcohols [ 56–62 ]. 

Pyrazolone derivatives, as an important class of organic com- 

ounds, have significant applications in medicinal chemistry, catal- 

sis, dye, analytical purposes, and extraction of different metal 

ons [ 63–68 ]. Owing to their electron-rich donor sites, pyrazolone 

erivatives have been extensively used as chelating ligands to 

orm various types of metal complexes [ 69 , 70 ]. Many of these

etal complexes have potential biological applications as anti- 

ancer [ 71 , 72 ] or antimicrobial agents [ 73 , 74 ]. They have also been

sed as an appropriate catalyst in organic transformations [75–

7] . Accordingly, for the first time, we here use a bis-pyrazolone- 

ased ligand, 4,4 ′ -((4-hydroxyphenyl)methylene)bis(3-methyl-1H- 

yrazol-5-ol) (denoted as Pyra), for the immobilization of Pd-NPs 

n heterogeneous nanocatalyst. 

Based on the mentioned background, we present an efficient 

oute for the synthesis of novel Pd-NPs supported on function- 

lized hollow mesoporous silica NPs, which afford high per- 

ormance as a heterogeneous catalyst. The HMSNs were pre- 

ared through the hard template approach using magnetite 

anoparticles as a hard appropriate template, which can be eas- 

ly removed by acid treatment. Then, functionalization of HM- 

Ns was performed using bis-pyrazolone-based chelating lig- 

nd, 4,4 ′ -((4-hydroxyphenyl)methylene)bis(3-methyl-1H-pyrazol-5- 

l). The mesoporous silica shell provides organo-functionalized 

upport for the immobilization of Pd-NPs. It also stabilizes the Pd- 

Ps on its pores to enhance catalytic activity. For heterogeneous 

atalysis, this novel catalyst displayed excellent selectivity and ac- 

ivity for the oxidation of benzyl alcohols using hydrogen peroxide 

s an oxidant ( Scheme 1 ). 

. Results and discussion 

.1. Catalyst characterization 

Silica-coated magnetic nanoparticles were used for the syn- 

hesis of HMSNs. The detailed structure and step-by-step syn- 

hetic procedures of Pd-NPs supported on functionalized HMSNs 

denoted as Pd/HMSNs ∼Pyra/Pd) are depicted in Scheme 2 . Ini- 

ially, Fe 3 O 4 NPs as hard template was prepared according to 

he reported method (co-precipitation) [78] . Following the sol- 

el procedure [79] , a mesoporous silica shell was coated on 
2 
he surface of Fe 3 O 4 NPs using tetraethyl orthosilicate (TEOS) 

nd cetyltrimethylammonium bromide (CTAB) as a source for 

he formation of mesopores. To obtain the HMSNs, ethanolic 

Cl solution was used as a useful etching reagent to com- 

letely etch both of Fe 3 O 4 NPs and CTAB templates from the 

e 3 O 4 @CTAB/SiO 2 core-shell in a single step. Then, for the sur- 

ace functionalization of HMSNs with organic moiety, the surface 

as first modified using 3-chloropropyltriethoxysilane (CPTES) as 

 linker between the organic moiety and the support. 4,4 ′ -((4- 

ydroxyphenyl)methylene)bis(3-methyl-1H-pyrazol-5-ol) as a lig- 

nd was prepared according to our reported method [80] , and then 

onnected to the immobilized HMSNs. Finally, Pd/HMSNs ∼Pyra/Pd 

anocatalyst was prepared by adding Pd(OAc) 2 and then using 

aBH 4 as a reducing agent to synthesize and stabilize Pd-NPs on 

oth pyrazolone-based ligand and porous shell. 

The prepared catalyst was comprehensively analyzed by various 

echniques, such as transmission electron microscopy (TEM), scan- 

ing electron microscopy (SEM), Fourier transform infrared spec- 

roscopy (FT-IR), X-ray powder diffraction (XRD), dispersive X-ray 

pectroscopy (EDX), thermogravimetric analysis (TGA), inductively 

oupled plasma (ICP) and BET. 

FT-IR analysis was used to ensure the presence of new 

unctional groups, and to investigate the removal of CTAB and 

e 3 O 4 NPs templates. Fig. 1 a shows the FT-IR spectrum of 

e 3 O 4 @CTAB/SiO 2 NPs and their band characteristics. The signal at- 

ributed to the Fe-O bond vibration is observed at 579 cm 

−1 . A 

trong broad peak around 1098 cm 

−1 arises from the Si-O-Si asym- 

etric stretching vibrations. The bands at 807 cm 

−1 and 471 cm 

−1 

orrespond to the Si–O symmetrical stretching vibration [ 81 , 82 ], 

hat indicated the existence of a SiO 2 layer [83] . Furthermore, the 

eaks appearing at 320 0–350 0 cm 

−1 and 1633 cm 

−1 are attributed 

o the O–H stretching and H–O–H bending vibrations of surficial 

ydroxyl groups and adsorbed water, respectively [84] . The C-H 

tretching vibrations, which can be seen at 2978 cm 

−1 are due to 

he CTAB template. Comparing Fig. 1 a with Fig. 1 b, after removing 

he templates in acidic solution, the C-H stretching vibrations at 

978 cm 

−1 and the Fe-O bond vibration at 579 cm 

−1 disappeared, 

hich confirmed the removal of both CTAB and Fe 3 O 4 NPs tem- 

lates and creation of HMSNs ( Fig. 1 b). In the case of HMSNs ∼Cl,

he peaks at 2980 cm 

−1 and 591 cm 

−1 correspond to stretching vi- 

rations of C–H and C-Cl bonds of CPTES, respectively ( Fig. 1 c). The

T-IR spectrum of 4,4 ′ -((4-hydroxyphenyl)methylene)bis(3-methyl- 

H-pyrazol-5-ol) (Pyra) includes the O-H stretching vibration at 

403 cm 

−1 , CH 3 bending vibration at 1380 cm 

−1 , and aromatic 

 = C stretching vibration at 1595 cm 

−1 and 1483 cm 

−1 [80] . In
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Scheme 2. The step-by-step synthetic procedures of Pd/HMSNs ∼Pyra/Pd catalyst. 
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ig. 1 d, aromatic C = C stretching vibration at 1647 cm 

−1 and 

552 cm 

−1 , CH 3 bending vibration at 1383 cm 

−1 , and the C- 

 stretching vibration of the phenyl group at 3065 cm 

−1 con- 

rmed the presence of pyrazolone-based ligand on the surface of 

MSNs. 

The morphology of the catalyst was observed by transmission 

lectron microscopy (TEM) ( Fig. 2 a and b). The TEM images of HM-

Ns ( Fig. 2 a) clearly show the central hollow cores generated by 

emoving Fe 3 O 4 NPs. All the hollow silica nanoparticles are well 

ispersed, separated from each other, and with well-defined mor- 

hology. The average size of the cores was found to be ∼20–30 nm. 

he thickness of the silica shell was around 15–20 nm. In Fig. 2 b,

t can be seen that Pd-NPs with a size of ∼5–8 nm have been im-

obilized on the HMSNs. The average size of Pd-NPs is consistent 

ith the crystallite size of 5.6 nm for Pd obtained from the XRD 

esults. The SEM images in Fig. 2 c show the granular and spher- 

cal morphology for Pd/HMSNs ∼Pyra/Pd NPs with an average size 

f ∼25–35 nm, which is consistent with the TEM results. 

Powder XRD diffraction pattern ( Fig. 3 ) obtained for the 

d/HMSNs ∼Pyra/Pd catalyst exhibited a broad reflection at 

 θ = 22.9 ° corresponding to the amorphous silica support. Three 

dditional reflections at 2 θ = 39.81 °, 46.05 °, 67.50 °, corresponding 

o the (111), (200), (220) lattice planes, confirmed the formation 

f a metallic face-centered cubic (fcc) Pd crystal structure [ 85 , 86 ].

he crystallite size of Pd was calculated from the Scherrer formula 

nd found to be an average diameter of 5.6 nm. 
3 
The elemental analysis of the nanocatalyst was determined by 

he EDX technique. The EDX spectrum in Fig. 4 shows the pres- 

nce of C, N, Si, O, and Pd in the structure of Pd/HMSNs ∼Pyra/Pd 

anocatalyst. Therefore, successful functionalization of HMSNs can 

e inferred from this technique. 

Beside, the surface area and porosity of the HMSNs ∼Pyra 

nd Pd/HMSNs ∼Pyra/Pd nanocatalyst were characterized. The 

 2 adsorption-desorption isotherms of HMSNs ∼Pyra and 

d/HMSNs ∼Pyra/Pd are shown in Fig. 5 . The isotherms are 

ype IV, which is typical for mesoporous materials, and the 

sotherm of nanocatalyst (Pd/HMSNs ∼Pyra/Pd) indicate that pal- 

adium introduction doesn’t affect the mesoporous structure 

f the HMSNs; however, surface area decreases from 87/48 to 

6.36 m 

2 g −1 for HMSNs ∼Pyra and Pd/HMSNs ∼Pyra/Pd respec- 

ively. The loading of palladium nanoparticles on the external 

urface or in the pore channels of HMSNs may block nitrogen 

ow into the pores, leading to the decrease of specific surface 

rea. Barrett-Joyner-Halenda (BJH) pore size distribution analysis 

howed a pore diameter of 4.4 nm for HMSNs ∼Pyra and 1.2 nm for 

d/HMSNs ∼Pyra/Pd. 

Thermogravimetric analysis (TGA) was used to demonstrate the 

mount of organic moiety in the nanocatalyst and exhibit the 

hermal stability of the HMSNs. TGA curves of HMSNs ∼Cl and 

MSNs ∼Pyra are presented in Fig. 6 . The initial weight loss ob- 

erved below 200 °C is related to the adsorbed moisture in the 

amples. The TGA curves show decomposition temperature started 
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Fig. 1. FT-IR spectra of (a) Fe 3 O 4 @CTAB/SiO 2 , (b) HMSNs, (c) HMSNs ∼Cl and (d) HMSNs ∼Pyra. 

Fig. 2. TEM images of HMSNs (a) and Pd/HMSNs ∼Pyra/Pd (b), SEM images of Pd/HMSNs ∼Pyra/Pd (c) and (d). 

Fig. 3. The XRD pattern of Pd/HMSNs ∼Pyra/Pd. 

4 
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Fig. 4. EDX spectrum of Pd/HMSNs ∼Pyra/Pd. 

Table 1 

Optimization of the reaction conditions a . 
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t ∼200 °C and continued until ∼800 °C, associated with the de- 

omposition of the Pyrazolone-based ligand and organic chains of 

PTES. The organic species decomposed completely at tempera- 

ures higher than 700 °C, and the residual weights of HMSNs are 

82% for HMSNs ∼Cl and ∼72% for HMSNs ∼Pyra. In other words, 

he results demonstrate percentages of ∼20% for organic fragments 

n the surface of HMSNs ∼Pyra. 

.2. Catalytic activity of Pd/HMSNs ∼Pyr/Pd in the selective oxidation 

f benzyl alcohols 

The selective oxidation of benzyl alcohols was performed to 

valuate the catalytic activity of the Pd/HMSNs ∼Pyra/Pd catalyst. 

o optimize the reaction conditions such as solvent, tempera- 
5 
ure, the amounts of catalyst and H 2 O 2 , experiments were per- 

ormed for the oxidation of 4-methylbenzyl alcohol as a model re- 

ction ( Table 1 ). Initially, we compared the reaction rate in differ- 

nt solvents, such as water, dichloromethane, toluene, acetonitrile, 

thanol, and a mixture of water and ethanol (1/1), using identi- 

al amounts of Pd/HMSNs ∼Pyra/Pd (0.02 g, 3.06 mmol%) and H 2 O 2 

3 equiv.) for 4 h at room temperature (entries 1–6, Table 1 ). The

esults showed no significant product in water, dichloromethane, 

nd toluene solvents. The desired product was obtained in ethanol; 

hus, ethanol was chosen as the best solvent. Next, the reaction 

as carried out in ethanol with increasing temperature, which re- 

ulted in 80% yield of the product at 60 °C (entry 7, Table 1 ). In

he case of entry 8, by increasing the temperature to 70 °C, no sig- 
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n

e

c  

t

n
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w

ificant increase was observed in the yield. The model reaction in 

thanol at 60 °C was also investigated using different amounts of 

atalyst and H 2 O 2 (entries 9,10, and 11, Table 1 ). It was observed

hat when the amounts of the catalyst and H 2 O 2 were increased, 

o significant increase was obtained in the yield of the reaction 

entries 10 and 11, Table 1 ). The effect of oxidant on the reaction

as also investigated. The result showed that the reaction afforded 

igh yield in the presence of hydrogen peroxide instead of air (en- 

ry 12, Table 1 ). The high conversion of this reaction is related to 
Table 2 

Oxidation of benzyl alcohols using Pd/HMSNs ∼Pyra/Pd c

6 
he high activity of H 2 O 2 oxidant. Therefore, it was concluded that 

he best results were obtained when the reaction was carried out 

t 60 °C in ethanol using 3.0 equivalent of H 2 O 2 and 0.02 g (3.06

mol%) of Pd/HMSNs ∼Pyra/Pd (entry 7, Table 1 ). 

In the optimized conditions, the Pd/HMSNs ∼Pyra/Pd cata- 

yst was explored for the oxidation of a various benzylic alco- 

ol derivatives ( Table 2 ). Benzyl alcohols with electron-donating 

roups showed a higher yield than the compounds with electron- 

ithdrawing groups. In all reactions, we observed more than 
atalyst a , b . 

( continued on next page ) 
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Table 2 ( continued ) 

Table 3 

Catalytic performance of different Pd-based catalysts in oxidation of benzyl alcohols. 

Catalyst Conditions Time (h) Selectivity (%) Conversion (%) 

Fe 3 O 4 @N-C@Pd Y-S K 2 CO 3 , PhCH 3 , 90 °C, air [87] 10 99 92 

Pd-Laccase@MMCF HQ, phosphate buffer/THF, 40 °C, air [61] 18 99 99 

Pd/CNTs Xylene, 90 °C, air [37] 6 89 98 

Pd/MagSBA Solvent free, 85 °C, O 2 [88] 10 83.2 80 

Pd/NOMC −0.3–750 Solvent free, 160 °C, O 2 [89] 3 85.71 24.63 

Pd@PDC H 2 O, K 2 CO 3 , O 2 , 90 °C [90] 5 99 96 

This work EtOH, H 2 O 2 , 60 °C 4 99 70 

Fig. 5. N 2 adsorption/desorption isotherms and pore size distribution of (a) 

HMSNs ∼Pyra and (b) Pd/HMSNs ∼Pyra/Pd. 

9
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T
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c

Fig. 6. TGA curves of (a) HMSNs ∼Cl and (b) HMSNs ∼Pyra. 

c

i

w

a

c

o

3

i

t

c

s

n

e

C

s

9% selectivity without any over-oxidation to benzoic acid and 

ster. 

In addition to the catalytic activity, the reusability of heteroge- 

eous catalysts is an important factor. To clarify this issue, we have 

ested the oxidation of 1-phenyl-1-propanol ( Table 2 , entry 9) as 

 model reaction, using the recycled Pd/HMSNs ∼Pyra/Pd catalyst. 

he catalyst was easily recovered by centrifugation, washed with 

ethanol, and finally dried at 80 °C for 2 h. Then, the recovered 

atalyst was used in a new reaction under the same conditions. It 

an be seen in Fig. 7 that Pd/HMSNs ∼Pyra/Pd catalyst showed good 
7 
atalytic stability after five runs without a noticeable decrease in 

ts catalytic activity. 

Table 3 shows the efficiency of the prepared catalyst compared 

ith other reported Pd-based catalysts for the oxidation of benzyl 

lcohols. The current method is more straightforward, more effi- 

ient, and less time-consuming, with a lower temperature for the 

xidation of benzyl alcohols. 

. Conclusion 

In conclusion, we have successfully synthesized and character- 

zed a novel heterogeneous catalyst based on palladium nanopar- 

icles. Organo-functionalized hollow mesoporous silica nanoparti- 

les, by exploiting both their functionalized surface and porous 

hell were used to support the immobilization of palladium 

anoparticles. The hollow mesoporous silica nanoparticles were 

asily prepared by removing the Fe 3 O 4 NPs as hard template and 

TAB from Fe 3 O 4 @CTAB/SiO 2 core-shell in acidic solution. The re- 

ulting Pd/HMSNs ∼Pyra/Pd catalyst showed excellent selectivity 
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Fig. 7. Reusability of the catalyst for oxidation of 1-phenyl-1-propanol (model reaction: entry 9, Table 2 ). 

8 



S. Ghorbani, R. Parnian and E. Soleimani Journal of Organometallic Chemistry 952 (2021) 122025 

a

h

h

h

o

v

t

d

4

4

M

r

u

m

(

a

d

e

p

m

t

y

(

T

b

T

m

a

B

4

4

N

p

o  

1

T

l

i

t

a

a

s

F  

0

w

a

a

s

fi

e

4

t

w

8

b

[

p

s

o

o

c

4

i

(

o

a

r

w

m

v

4

(

a

a

p

w

t

p

I  

3  

d  

3  

H  

D

1  

5

4

p

H

r  

w

w

1

4

t

s

o

o

a

w

P

0

d

4

P

P

(

r

f

a

t

a

nd high catalytic activity in oxidation reactions of benzyl alco- 

ols to the corresponding carbonyl compounds in the presence of 

ydrogen peroxide in ethanol as solvent at 60 °C. Easy separation, 

igh stability, reusability, and excellent selectivity without any over 

xidation are advantages of this heterogeneous catalyst. These ad- 

antages are beneficial, where an alcoholic group should be selec- 

ively oxidized to its aldehyde, especially in the total synthesis of 

rug molecules. 

. Experimental 

.1. General remarks 

The chemicals were purchased from Fluka, SigmaAldrich, and 

erck companies and were used without further purification. All 

eactions were monitored by TLC. Infrared spectra were recorded 

sing a Ray Leigh Wqf510 FT-IR instrument. Transition electron 

icroscopy (TEM) analysis was performed using a Zeiss-EM10C 

Germany) operated at 100 kV V electron beam accelerating volt- 

ge. Emission scanning electron microscopy (SEM) and energy- 

ispersive X-ray (EDX) were performed on a TESCAN- MIRA3 op- 

rated at 26 kV with the electron gun filament: tungsten. XRD 

atterns were recorded using an STOE STADI-P diffractometer with 

onochromatic Cu-Ka radiation (wavelength = 1.54060 Å). To de- 

ermine the organic content in a sample, thermogravimetric anal- 

ses were investigated using an STA PT-10 0 0 Linseis instrument 

Germany) at a heating rate of 10 °C min 

−1 under air atmosphere. 

he amount of Pd NPs loaded on the nanocatalyst was determined 

y Perkin Elmer Optima 7300D inductively coupled plasma (ICP). 

he specific surface area (BET method), total pore volume, and 

ean pore diameter (BJH method) were measured using an N 2 

dsorption-desorption isotherm by using a BEISORP Mini Microtrac 

el Crop instrument. 

.2. Preparation of catalyst 

.2.1. Synthesis of silica-coated magnetite NPs (Fe 3 O 4 @CTAB/SiO 2 

Ps) 

Magnetite (Fe 3 O 4 ) NPs were prepared according to the re- 

orted procedure (co-precipitation) [78] . Briefly, 10 mmol (2.7 g) 

f FeCl 3 .6H 2 O and 5 mmol (1.0 g) of FeCl 2 .4H 2 O were dissolved in

30 mL deionized water under nitrogen gas with vigorous stirring. 

hen, NH 3 (25%) was added to the solution until the pH of the so- 

ution reached 11, the orange color of the solution changed to black 

mmediately. Stirring was continued for 1 h at 60 °C. The resul- 

ant magnetite precipitate was separated from the solution using 

 magnet, washed several times with deionized water and ethanol, 

nd left to dry in the air. Subsequently, Fe 3 O 4 @CTAB/SiO 2 NPs were 

ynthesized by coating a mesoporous silica layer on the surface of 

e 3 O 4 NPs (sol-gel method) [79] . Typically, 0.1 g Fe 3 O 4 NPs and

.60 g CTAB were dispersed in a mixture of ethanol (60 mL) and 

ater (100 mL) by ultrasonic treatment for 30 min. Then, 6.0 mL 

mmonia solution (25%) was added to the mixture, followed by the 

ddition of TEOS solution (3.0 mL in 20 mL ethanol) slowly under 

tirring and left at 30 °C for 24 h. After magnetic separation, the 

nal product (Fe 3 O 4 @CTAB/SiO 2 NPs) was washed with water and 

thanol and dried under vacuum. 

.2.2. Preparation of hollow mesoporous silica NPs (HMSNs) 

HMSNs were prepared after removing both Fe 3 O 4 NPs and CTAB 

emplates in a single step by acid treatment. Fe 3 O 4 @CTAB/SiO 2 NPs 

ere dispersed in acidic ethanol (HCl, 37%) and then heated at 

0 °C. After a while, the color of the solution turned from dark 

rown to bright yellow due to the dissolution of the Fe 3 O 4 NPs 

91] . The mixture was stirred continuously overnight for the com- 

lete removal of the templates. The resultant white HMSNs were 
9 
eparated by centrifugation, washed with ethanol, and dried in an 

ven at 60 °C. Finally, to ensure complete removal of CTAB and 

ther organic components, the resulting white solid product was 

alcined at 550 °C for 5 h in air. 

.2.3. Preparation of modified HMSNs (HMSNs ∼Cl) 

The chloro modified HMSNs (HMSNs ∼Cl) were prepared us- 

ng a post-modification method with 3-chloropropyltriethoxysilane 

CPTES). In brief, 0.2 g of prepared HMSNs were mixed with 10 mL 

f dry toluene by ultrasonic treatment, then 0.6 mL CPTES was 

dded to the mixture. The mixture was stirred for 24 h under 

eflux at 110 °C. After cooling, the mixture was centrifuged and 

ashed thoroughly twice with ethanol and distilled water to re- 

ove unreacted CPTES. The resultant HMSNs ∼Cl was dried under 

acuum at 60 °C for 24 h. 

.2.4. Synthesis of pyrazolone-based ligand (Pyra) 

A solution of hydrazine hydrate (2 mmol), ethyl acetoacetate 

2 mmol), and acetic acid (2 equiv.) in water/EtOH (2:1) was stirred 

t 70 °C. After 15 min, 4-hydroxybenzaldehyde (1 mmol) was 

dded, and the mixture was stirred at 70 °C for 12 h. After com- 

letion of the reaction, as indicated by TLC, the precipitated solid 

as filtered and washed with the mixture of water/ethanol (1:1) 

o obtain the 4,4 ′ -((4-hydroxyphenyl)methylene)bis(3-methyl-1H- 

yrazol-5-ol) as a pure white powder in 90% yield. Mp 267–270 °C. 

R (KBr) ( ʋmax /cm 

−1 ): 3403, 2924, 1709, 1595, 1483. MS, ( m/z ):

01( M + 1), 299, 267, 241, 203, 186, 115. 1 H NMR (300 MHz, DMSO-

 6 ): ẟH (ppm) 2.12 (6 H, s, 2 CH 3 ), 4.78 (1H, s, CH), 5.54 (2NH, and

OH exchanged with water of DMSO-d 6 ), 6.67 (2H, d , 3 J HH = 8.4

z, HAr), 7.00 (2H, d , 3 J HH = 8.4 Hz, HAr). 13 C NMR (75 MHz,

MSO-d 6 ): ẟC (ppm)10.3 (CH 3 ), 31.9 (CH), 104.8, 114.6, 128.3, 133.3, 

40.1, 155.1, 161.1(C-Ar). Anal. Calcd. for C 15 H 16 N 4 O 3 : C, 59.99; H,

.37; N, 18.66. Found: C, 59.96; H, 5.33; N, 18.71. 

.2.5. Functionalization of the modified HMSNs (HMSNs ∼Pyra) 

The 4,4 ′ -((4-hydroxyphenyl)methylene)bis(3-methyl-1H- 

yrazol-5-ol) (0.3 g, 1 mmol) was added into a suspension of 

MSNs ∼Cl (0.2 g) in dry DMF (50 mL). The reaction mixture was 

efluxed at 140 °C in an oil bath for 24 h. The resulting precipitate

as centrifuged and washed with DMF, followed by distilled 

ater, ethanol, and acetone. Finally, the HMSNs ∼Pyra was dried at 

00 °C for 24 h. 

.2.6. Preparation of Pd/HMSNs ∼Pyra/Pd NPs 

To a stirred solution of Pd(OAc) 2 (0.134 g, 0.6 mmol) in wa- 

er (30 mL) was added HMSNs ∼Pyra (0.3 g). The mixture was 

tirred for 0.5 h to form a brown mixture, and then a solution 

f NaBH 4 (0.11 g, 3 mmol) in EtOH (10 mL) was added. The color 

f the mixture immediately turned to black. After stirring for 6 h 

t 60 °C, the product was obtained by centrifugation, washed 

ith EtOH twice, and dried at 70 °C overnight to give dark gray 

d/HMSNs ∼Pyra/Pd nanocatalyst. The amount of Pd loaded on the 

.1 g of Pd/HMSNs ∼Pyra/Pd NPs was 0.153 mmol (16.27 wt%), as 

etected by ICP. 

.3. General procedure for oxidation of benzyl alcohols using 

d/HMSNs ∼Pyra/Pd nanocatalyst 

To a mixture of benzylic alcohol (1.0 mmol) and 

d/HMSNs ∼Pyra/Pd nanocatalyst (0.02 g, 3.06 mmol%) in ethanol 

5 mL), H 2 O 2 (3 equiv.) was added dropwise under stirring at 

oom temperature. The reaction was continuously stirred at 50 °C 

or an appropriate reaction time. After completing the reaction, 

s indicated by TLC, the reaction mixture was centrifuged, and 

he nanocatalyst was separated. Then, the remaining solution was 

nalyzed by the GC-MS method to obtain the yield and selectivity 
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