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      By coupling of Fe2O3@SiO2 particles with metal organic framework (MOF) the magnetic MOF structure was fabricated. Precipitation 
and hydrothermal methods were applied for the synthesis of core and MOF. Silver nanoparticles were deposited on nickel based metal 
organic framework surface and magnetic Fe2O3@SiO2@MOF@Ag was obtained. Because of strong coupling between silver nanoparticles 
and metal organic framework, the catalyst demonstrated high catalytic activity and selectivity in aerobic oxidation of alkenes under mild 
conditions. The nanostructure, exhibited high catalytic activity. Alkenes oxides (epoxy alkanes) were the main products with more than 
89.9% selectivity. 
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INTRODUCTION 
 
      In metal organic frameworks (MOFs), organic linkers 
and transition metals create building blocks with two or 
three dimensional networks. These porous class of materials 
offer active sites with reasonable properties like well-
defined pore structure, high micropore volume, high 
resistant to structure collapse and flexibility in structure 
design. Low thermal stability of organic linkers limits their 
applications in high temperature gas phase reactions. 
Catalytic reactions in liquid phase under 600 K [1] could be 
examined very well. In recent years, MOFs have been 
widely used in catalysis [2-4], electrochemistry [5,6], solar 
cells [7,8], electronics and photonics [9,10] and hydrogen 
storage [11,12]. MOFs are considered as host matrices for 
nanoparticles synthesis, and as templates for material 
fabrication [13]. Because of high porosity of MOF, metal 
nanoparticles could be embedded. Metal@MOF system 
subsequently could be used in heterogeneous processes such 
as condensation, hydrogenations, carbon-carbon coupling, 
aerobic oxidation and chemical H2 storage [14,15]. Exterior  
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and interior control of solid state materials have been big 
habitual challenge in material chemistry field. One of the 
most important challenges for chemist in material science is 
controlling the interior of structure and then transforming 
them into the sophisticated forms like truncated cube 
because this new faced material could demonstrate 
advanced functional properties in catalysis. This study is 
based on a new magnetic core shell structure referred as 
porous coordination polymers or metal organic frameworks.  
Silver nanoparticles synthesize with strong catalytic activity 
and monodispersity is difficult compare to other 
nanoparticles, because Ag has more tendency for 
aggregation and control of size and shape is now a big 
challenge. Reduction temperature, loading time, 
concentration of metal precursor, reduction agent, washing, 
drying and calcination conditions are some major 
parameters affect the size of Ag nanoparticles. There are 
several methods to embed metals in MOF structures. 
Impregnation with chloride and nitrate salt of metals which 
followed by reduction is most popular method [16,17]. 
Chemical vapor deposition (followed by hydrogenolysis and 
thermal decomposition) [18,19], UV [20], visible [21] and 
microwave  [22] irradiations  to  metal  ions,  grinding  solid  



 

 

Salari/Phys. Chem. Res., Vol. 7, No. 3, 701-713, September 2019. 

 702 

 
 
precursor with MOF [23], and encapsulation of 
presynthesized metal in MOF [24] are some of other 
technics for preparation of metal@MOF.  
      Epoxidation reactions with production of prevalent 
compounds like a-hydroxyketones and 1,2-dicarbonyl alkyl 
play important role in material industries. Using molecular 
oxygen in oxidation reaction would be important because of 
environmentally friendly nature of O2 and purification of 
products. Improving the epoxidation reaction catalysts 
operating at mild conditions in liquid phase with molecular 
oxygen is desirable. Although many reports issued for 
oxidation of hydrocarbons and alkenes, oxygenation of 
alkenes with dioxygen stay unexplored. In this work, for the 
first time the aerobic oxidation of alkenes by novel 
magnetic core MOF@Ag was investigated and the catalysts 
demonstrated high activity and selectivity. 
 
EXPERIMENTAL 
 
Materials 
     AgNO3, FeCl3.6H2O, NaOH, NaBH4, NH3, Dimethyl 
formamide (DMF), Tetraethylorthosilicate (TEOS) were 
from Sigma-Aldrich (st. Louis, Mo) and Ni(NO3)2.6H2O, 
and benzene-1,3,5-tricarboxylic acid (Trimesic acid 
(H3BTC)) were obtained from Merck without any 
purification. 
 
Preparation of Catalysts 
      Fe2O3 nanoparticles were fabricated by chemical 
reduction method. FeCl3.6H2O was dissolved in DI water 
and by adjusting the pH at 7, NaOH solution was added 
dropwise. The mixture was stirred vigorously for 6 h at 
room temperature. Then, aqueous solution of NaBH4 slowly 
was added and the mixture stirred for 4 h. The synthesized 
Fe2O3 was washed several times with water and ethanol 
respectively and the brown product was dried in oven for 12 
at 85 °C.  
      For fabrication of Fe2O3@SiO2, 0.6 g of Fe2O3 powder 
was dispersed in 20 ml of water and sonicated for 30 min. 
15 ml of NH3 (25%) and 25 ml of ethanol were added to 
brown suspension. Then, 5 ml of TEOS slowly, drop by 
drop, was added to mixture and stirred for 8 h vigorously at 
room temperature. The light gray powder washed three 
times with water and ethanol and dried at 90 °C for 10 h. 
      For preparation  of Fe2O3@SiO2@MOF, 0.4 g  benzene- 

 
 
1,3,5-tricarboxylic acid was dissolved in N,N-dimethyl-
formamide. In another vessel, 0.5 g Ni(NO3)2.6H2O was 
dissolved in N,N-dimethylformamide (DMF). Two 
solutions were mixed together and the final solution was 
stirred for 5 h at 45 °C. Then, 0.15 g Fe2O3@SiO2 was 
added to mixture. The suspension was sonicated for 30 min 
and after 1 h stirring, the mixture poured to teflon lined 
autoclave. The autoclave was kept at 160 °C for 24 h. The 
prepared catalyst was separated by filtration and washed 
several times with ethanol and water, respectively. 
Fe2O3@SiO2@MOF structure dried in an oven at 80 °C for 
12 h. 
      For preparation of Fe2O3@SiO2@MOF@Ag, 
Fe2O3@SiO2@MOF should be desolvated to ensure the 
DMF removal. Fe2O3@SiO2@MOF kept at 110 °C for 2 h 
under vacuum. The desolvated green powder was immersed 
in 40 ml methanolic solution of AgNO3 and stirred at 70 °C 
to all solvent evaporated. Ethanolic solution of NaBH4 was 
applied to reduce the Ag+ ion and produce 
Fe2O3@SiO2@MOF@Ag. The final product was separated 
and dried in 80 °C over a night. Different weight 
percentages of silver on Fe2O3@SiO2@MOF structure were 
synthesized by similar procedure and using various amounts 
of silver. 
 
Catalytic Reaction 
      A stirred batch reactor with 5 cm3 capacity was applied 
for oxidation of alkenes under 5 bar pressure of oxygen gas. 
Toluene was used as solvent (3 ml) and the reaction was 
carried out by contacting the catalysts with 0.1 ml of 
alkenes under vigorous stirring at 85 °C for 6 h. GC-FID 
equipped with HP5 column was used for analyzing the 
products and unconverted reactant. Helium was the carrier 
gas. 
 
Characterization of Catalysts   
      Crystallinity and phase structure of Fe2O3, Fe2O3@SiO2 
and Fe2O3@SiO2@MOF@Ag powders were analyzed by 
X-ray diffraction (XRD) method. The XRD patterns were 
recorded by Bruker D8 with Cu Ka irradiation. Catalyst 
morphology was investigated by scanning electron 
microscope (SEM) (KYKY-EM3200). Material specific 
surface area was determined using the Brunauer-Emett-
Teller (BET) method based on N2 adsorption-desorption at 
77 K using Belsorp apparatus. The photocatalysts first were  
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dried at 80 °C and degased at 180 °C for 2 h. The BET  
plots in the pressure range of 0.05-1 were achieved and             
P/Po = 0.99 was picked out for measuring the pore volume. 
The surface composition and chemical state of elements 
were monitored by X-ray photoelectron spectroscopic 
(XPS) analysis (Bestec). The size of nanostructure particles 
was measured by transmission electron microscopy (TEM) 
model CM120 Philips. Differential thermal analysis (DTA) 
and thermogravimetric analysis (TGA) by SDT Q600 
instruments were used for Fe2O3@SiO2@MOF@Ag 
characterization. 
 
RESULTS AND DISCUSSION 
 
     TGA curve and corresponding DTA curve can be 
divided into three stages. As can be seen in Fig. 1, the first 
stage is related to moisture evaporation and gas desorption. 
The second stage reflects the DMF removal from MOF 
structure and third stage is attributed to MOF          
pyrolysis. It can be concluded from TGA-DTA curve of 
Fe2O3@SiO2@MOF@Ag that MOF is stable thermally until 
360oC. After removal of organic part of MOF, no any 
changes were observed for this structure. The XRD patterns 
of Fe2O3, Fe2O3@SiO2, Fe2O3@SiO2@MOF and 
Fe2O3@SiO2@MOF@Ag are shown in Fig. 1. Sharp 
diffraction peaks at 2Ɵ = 24, 33, 35, 42, 50, 54, 57, 63, 64 
and 72 are assigned to 012, 104, 110, 113, 024, 116, 122, 
213, 300 and 101 planes of Fe2O3 structure with reference 
number of  JCPDS NO. 01-1030. Another observation that 
can be found in Figure 2 is that the Fe2O3@SiO2 composite 
has similar XRD pattern as a-Fe2O3. This similar pattern 
indicates that crystal structure of Fe2O3 after silica coating 
has not been changed. The peaks at the diffraction angle 2θ: 
38, 44 and 65 are corresponded to (111), (200) and (200) set 
of lattice planes of Ag (JCPDS files no. 04-0783). There are 
several factors affecting the crystallinity and morphology of 
Ni-BTC metal organic frameworks. The solvents, precursor 
type, reaction modes, pH, temperature and concentration are 
the main factors able to change the MOF structure. In 
different solvents, Ni-based MOF has different crystal 
structures [25,26]. The nitrogen adsorption-desorption 
isotherms of Fe2O3, Fe2O3@SiO2, Fe2O3@SiO2@MOF and 
Fe2O3@SiO2@MOF@Ag are shown in Fig. 2 and the 
results are reported in Table 1. 

 
  
      All isotherms are type II according to the BET 
classification with contribution of mesopores and hysteresis 
loop which is a signature for mesoporous structures 
appeared in adsorption-desorption measurements [27,28]. 
Introduction of Fe2O3 with SiO2 led to higher surface area. 
High porosity of formed SiO2 caused high specific surface 
area creation for fabrication of porous MOF. Surface area of 
79.9 m2 g-1 and pore volume of 0.16 cm3 g-1 was achieved 
for Fe2O3@SiO2@MOF@Ag.   
      Fe2O3 and Fe2O3@SiO2 demonstrate wide pore size 
distribution in the range of 25-50 nm. The wide   
distribution of pore size is originated from chemical 
interactions between Fe2O3 and Fe2O3@SiO2. The pore 
volumes were 1.02 and 0.42 cm3 g-1 for Fe2O3 and 
Fe2O3@SiO2, respectively.  Narrow size distributions          
(~2 nm) was observed for Fe2O3@SiO2@MOF                
and Fe2O3@SiO2@MOF@Ag. Pore volume for 
Fe2O3@SiO2@MOF and Fe2O3@SiO2@MOF@Ag are  
0.16 cm3 g-1

. 

      The morphology of Fe2O3@SiO2@MOF@Ag was 
investigated and shown across the scanning electron 
microscopy (SEM) images in Fig. 3 and as can be seen the 
3D dendritic fibrous nano  
      MOF is synthesizes successfully. This is confirmed by 
TEM analysis that average diameter of Ag NPs was 25 nm 
and the shape of the NPs is largely spherical.  
      The chemical composition and electronic structure of 
the porous Fe2O3@SiO2@MOF@Ag was investigated by 
X-ray photoelectron spectroscopy. Smoothing and 
background subtraction of raw peaks were performed by the 
Gaussian software, and analyzing and decovolution were 
done by the Origin Ver. 8.1 software. The presence of 
nickel, oxygen, carbon and silver was approved by X-ray 
photoelectron spectroscopy. Two main peaks located at 368 
and 374 are related to Ag3d5/2 and Ag3d3/2 of silver in Ago 
state (Fig. 3, C, D). 
      The magnetic properties of the samples were measured 
by vibration sample magnetometer (VSM) technique. The 
magnetization curve of samples are illustrated in Fig. 4. 
Super-paramagnetic behavior with hysteresis loop was 
observed. The saturation magnetization values of 40 and        
30 emu g-1 for Fe2O3 and Fe2O3@SiO2@MOF@Ag were 
observed, respectively. Introduction of iron oxide core with 
SiO2@MOF   structure   reduced   the  maximum  saturation  
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Fig. 1. XRD patterns of the prepared samples (up), TGA and DTA curve of Fe2O3@SiO2@MOF@Ag (down). 
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Fig. 2. Adsorption-desorption and BJH curve of Fe2O3 (a,b), Fe2O3@SiO2 (c,d), Fe2O3@SiO2@MOF and  

                               Fe2O3@SiO2@MOF@Ag (e,f). 
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                                  Table 1. BET Surface Area and Total Pore Volume of the Materials 
 

 SBET 
 (m2 g -1) 

Va  
(cm3 g-1) 

rp,peak  

(Vol nm-1) 
Fe2O3 2.26 1.02 53.2 

Fe2O3@SiO2 51.85 0.42 25.7 

Fe2O3@SiO2@MOF 78.1 0.16 1.87 

Fe2O3@SiO2@MOF@Ag 79.9 0.16 1.87 

 

     

 
Fig. 3. SEM image of Fe2O3@SiO2@MOF@Ag (a), TEM image of silver nanoparticles (b) and XPS spectra of  

                    final composite (c,d). 
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Fig. 4. Vibrating sample magnetometer (VSM) curve of Fe2O3 and Fe2O3@SiO2@MOF@Ag at room temperature. 
 
 
 
    Table 2. Selective Oxidation of Cyclohexene. Solvent = Toluene, T = 85 °C, Time = 6 h, [Catal.] = 5 mg, P = 5 bar 

 
      Selectivity 

      (%) 
 

Catalyst  
 

Conversion 
(%) 

 
∑C6 . Sel. 

 
TOF 
(h-1)    

 

 
        
Fe2O3@SiO2@MOF 2 - - - - - - 

Fe2O3@SiO2@MOF@Ag (0.5%) 40.5 98 283 90.0 1.0 3.8 3.1 

Fe2O3@SiO2@MOF@Ag (1%) 45.4 99 159 88.1 1.5 3.8 2.7 

Fe2O3@SiO2@MOF@Ag (5%) 51.7 98 36 88.0 2 5 5 

Fe2O3@SiO2@MOF@Ag (10%) 58.8 99 20 91.2 2 4 0.8 

Fe2O3@SiO2@MOF@Ag (20%) 68.2 99 12 90.0 1.5 4.5 4 
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magnetization. This effect is related to diluting contribution 
of non-magnetic structure in catalysts volume. 
      The catalytic activity of silver nano composites with 
different weight percentages of silver are reported in Tables 
2 and 3. In the absence of silver nanocomposites, no activity 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
was observed. It can be seen that the catalysts with            
20 weight percent of silver have higher conversion. The 
selectivity is directed towards cyclohexene oxide and 
hexene oxide for cyclohexene and hexane reagents, 
respectively.  The  silver  contents  were 0.5, 1, 5, 10 and 20 

  Table 3. Selective Oxidation of 1-Hexene. Solvent = Toluene, T = 85 °C, Time = 6 h, [Catal.] = 5 mg, P = 5 bar 
 

      Selectivity  
      (%) 

 
Catalyst  

 
Conversion 

(%) 

 
∑C6 . Sel. 

 
TOF 
(h-1) 

    

        
Fe2O3@SiO2@MOF 4 - - - - - - 

Fe2O3@SiO2@MOF@Ag (0.5%) 42.5 98 243 92.0 1.5 5.6 0.8 

Fe2O3@SiO2@MOF@Ag (1%) 46.0 99 132 89.0 1.5 4.3 5.2 

Fe2O3@SiO2@MOF@Ag (5%) 49.1 98 28 90.0 1.8 5.7 2.5 

Fe2O3@SiO2@MOF@Ag (10%) 56.7 99 16 85.0 3.5 6.9 4.6 

Fe2O3@SiO2@MOF@Ag (20%) 63.8 99 9 90.0 2.3 5.1 2.6 
 
 
 

      

Scheme 1. Prepared samples (a). Fe2O3 (A), Fe2O3@SiO2 (B), Fe2O3@SiO2@MOF (C) and schematic  
                                   catalytic reaction (b) 
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weight percent. The results indicated that silver 
nanoparticles have similar mean size between 20 to 25 nm. 
More than 98% C6 selectivity observed for hexane and 
cyclohexane (Scheme 1). The gas chromatogram of 
cyclohexene and all products is demonstrated in Fig. 5. The 
amount of silver in catalysts is important in activity. With 
increasing the silver weight percentage, the conversion was 
increased from 40.5% to 68.2%. For cyclohexene and        
1- hexane no changes were observed for product selectivity. 
TOF was calculated by moles of alkenes consumed per 
silver atom per hour which reported by h-1.  
      TOF of reaction decreased with the amount of silver in 
nanocomposites. High catalytic activity demonstrated that 
silver nanoparticles supported on MOF surface could active 
oxygen. The aerobic oxidation of alkanes and the 
epoxidation of alkenes at room temperature with molecular 
oxygen in the presence of an aldehyde and a copper salt 
catalyst such as copper(II) hydroxide were investigated by 
Murahashi and coworkers. High turnover numbers have 
been obtained for the oxidation of cyclohexane using a 
combination of copper(II) chloride and a crown ether as a 
catalyst [29]. A homogeneous silver(I)-catalyzed aerobic 
oxidation of aldehydes in water was reported by Chao-Jun 
Li. Different aliphatic and aromatic aldehydes were selected 
and all of them successfully underwent aerobic oxidation. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
      Corresponding carboxylic acids in high yields were 
obtained [30]. Mathew D. Hughes and coworkers 
investigated the solvent effect on catalytic activity of Au/C 
in aerobic oxidation of cyclohexene and cis-cyclooctene 
[31]. They demonstrated that polar solvent like water had 
100% conversion but not any C6 and C9 products were 
observed. Aprotic nonpolar solvent such as Hexane, 
Toloune, 1,4-Dimethylbenzene, 1,3,5-Trimethylbenzene are 
proper options for investigation of aerobic oxidation 
because O2 has a good solubility in these solvents and 
burning has not taken place.  Oxidation catalytic activity in 
different solvents are reported in Tables 4 and 5. Our 
experimental tests showed that Toluene with high boiling 
temperature and high oxygen solubility is an excellent 
candidate for alkene oxidation under mild conditions. 
Solvent with weak interactions by nanoparticles on metal 
organic frameworks affect the electron transfer and could 
reinforce the conversion of intermediates to the preferred 
product. We have not used any initiator (H2O2 or t-butyl 
hydroper-oxide) and promotor (Sn, Sb, Bi and Pb) in this 
work. In view of these promising results, this catalytic 
system with high selectivity for epoxide has great potential 
for oxidation of C=C. 
      Strongly bonded atomic oxygen which is intrinsic to 
silver surface causes  highly  selective  epoxidation  reaction 

 

Fig. 5. Gas chromatogram of cyclohexene (a) and products: cyclohexene oxide (b), 2-cyclohexene-1-ol (c),  
                  2-cyclohexene-1-one (d), and 1,2-cyclohexane diol (e). 
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[32]. Electrophilic attack by oxygen which is adsorbed 
atomic on surface is a major step in aerobic oxidation 
mechanism. Charge transfer from silver to adsorbed oxygen 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

could facilitate the electrophilic attack [32]. 
      Magnetic separation and reusability are important 
factors  for  a  magnetic   structure.  Reusability   tests  were 

       Table 4. Solvent Effects on Selective Oxidation of Cyclohexene. T = 85 °C, Time = 6 h, [Catal.] = 5 mg, P = 5  
                      bar, Weight Percent of Silver = 0.5% 
 

      Selectivity  
      (%) 

 
Solvent  

 
Conversion 

(%) 

 
∑C6 . Sel. 

 
TOF 
(h-1) 

   

 

 
        Toluene 40.5 98 285 

 
91.0 1.2 4.6 3.1 

1,3,5-Trimethylbenzene 45.4 99 3198 89.9 1.2 5.6 3.0 
1,4-Dimethylbenzene 51.7 98 363 89.8 1.3 5.5 3.1 

Hexane 56 99 393 90.0 1.1 5.5 3.1 

Water 75 - - - - - - 

Ethanol 4 -  - - - - 

         
 

       Table 5. Solvent  Effects  on Selective Oxidation of  1-Hexene. T = 85 °C, Time = 6 h, [Catal.] = 5 mg, Pb = 5  
                      bar, Weight Percent of Silver = 0.5% 

 
      Selectivity 

      (%) 

 
Solvent  

 
Conversion 

(%) 

 
∑C6 . Sel. 

 
TOF 
(h-1) 

    

        Toluene 42.5 98 244 85.0 2.0 8.0 5.0 

1,3,5-Trimethylbenzene 48 99 276 89.0 1.5 6.3 3.2 
1,4-Dimethylbenzene 48 98 276 90.0 1.4 3.5 5.1 

Hexane 57 99 327 90.0 2.0 3.8 4.2 

Water 80 - - - - - - 

Ethanol 5 -  - - - - 
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performed for Fe2O3@SiO2@MOF@Ag(20%) catalysts in 
toluene solvent, and results indicated that after four 
consecutive cycles, the conversion values remain constant. 
As shown in Fig. 6, magnetic core shell truncated cube 
structure is a versatile catalyst with reasonable properties 
which could be a promising candidate in practical catalysis 
fields. 
 
CONCLUSIONS 
 
      Composite system of silver nanoparticles supported on 
Fe2O3@SiO2@Metal organic framework was prepared and 
the results showed that this composite has potential to be an 
active catalysts for aerobic oxidation of alkenes under mild 
conditions. No initiator (H2O2 or t-butyl hydroper-oxide) or 
promotor (Sn, Sb, Bi and Pb) was used in this work. 
According to the results, this catalytic system with high 
selectivity for epoxide has a great potential for oxidation of 
C=C. 
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