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Abstract: novel catalysts xMg-2.3Cu/SBA-15 with copper and magnesium oxide 

co-supported on mesoporous silica were synthesized by an impregnation method. The 

newly synthesized catalysts were characterized by a series of techniques such as BET, 

XRD, H2-TPR, UV-vis, XPS, EDS and TEM. The catalytic performance was 

evaluated by using selective oxidation of cyclohexane with molecular oxygen as the 

oxidant in a solvent free system. The incorporation of magnesium improved the 

dispersion of copper oxide and prevented the deep oxidation of cyclohexanol and 

cyclohexanone. The selectivity of K/A oil was up to 99.3% with 12% conversion of 

cyclohexane over catalyst 1.2Mg-2.3Cu/SBA-15. To our knowledge, this is the best 

result for the heterogeneous oxidation of cyclohexane by O2. 

Introduction 

The oxidation of cyclohexane to cyclohexanol and cyclohexanone (K/A oil), 
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which are intermediates in the production of adipic acid and caprolactam, is of great 

importance in the processes to manufacture nylon-6 and nylon-66 polymers.
1-3

 

However, cyclohexane oxidation is considered to be the least efficient in major 

industrial chemical processes,
1-3

 the conversion of the matrix is usually lower than 5% 

in order to obtain high selectivity of cyclohexanone and cyclohexanol since the target 

products are more active than the reactant. On the other hand, the deteriorating 

environmental pressure urges people to search for more efficient catalytic systems. 

Molecular oxygen is thought to be the most clean and readily available oxidant. 

Recent years, great efforts have been devoted to explore catalysts and heterogeneous 

catalytic system with dioxygen as the oxidant for the selective oxidation of 

cyclohexane, some promising reaction system were reported.
1-6

 In addition to 

molecular oxygen, Other oxidants, such as tert-butyl hydroperoxide or hydrogen 

peroxide, were also investigated with solid-state catalysts, titanium silicalite-2 

(TS-2),
7
 or metal-incorporated mesoporous molecular sieves,

8
 and microporous 

aluminosilicate molecular sieves
 4,9,10

 for the oxidation of cyclohexane. However, 

organic solvent were usually added in the system with non-O2 oxidants, which may 

result in contamination of products and environmental problems. There is a long way 

from achieving high yields in industrial scale by the heterogeneous reaction system 

with molecular oxygen as oxidant. Developing novel catalysts may be crucial for the 

system with O2 as the oxidant. 

Transition-metal-supported catalysts attracted great attention of researchers for 

the activation of molecular oxygen. Published results indicated the catalytic 
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performance of the catalysts largely depended on the dispersion of the active 

components,
5, 6, 11

 which may be subject to the supporter. Mesoporous silica materials, 

such as SBA-15 with ordered and controllable porous structure, high surface area, 

excellent mechanical properties, pore volume and thermal stability, are often used as 

suitable catalyst supporters to facilitate the access of the substrates to the active sites 

and provide high dispersion of the active components.
12

  

Transition metals, owing to their specific electronic structures, were heavily 

reported as efficient components.
1-5, 11

 Gold nanoparticles (Au NPs) supported on 

mesoporous silica have been found to display a high catalytic activity in oxidation 

reaction.
13-16

 As it is well known that the catalytic properties of gold nanoparticles are 

closely related to their morphology and particle size.
17,18

 However, Au NPs are 

unstable and liable to aggregation. Besides, the morphology and particle size of Au 

NPs are unstabilized and not easily controlled on support surface by traditional 

methods. Thus, other metals have also been taken into consideration. Copper, locating 

at the same elemental group as Au, have been used in many heterogeneous redox 

reactions including selective oxidation of cyclohexane, and some interesting results 

were obtained.
6,19-21

 However, the copper species catalysts exhibited ~9% conversion 

of cyclohexane and ~80% selectivity of K/A oil. The higher conversion of 

cyclohexane and better selectivity of K/A oil are desired. 

Recent years, chemists disclosed that the incorporation of Mg into silica led to a 

very better catalytic performance and stability of catalyst.
22-25

 Yoshida H and 

co-workers
22

 reported that silica-supported magnesium catalyst could promote the 
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oxidation of propene to propylene oxide by O2 under illumination. Vizcaíno A J et 

al.
24

 revealed that Mg enhanced the catalytic performance of CuNi/SBA-15 catalysts 

on ethanol steam reforming, giving higher hydrogen selectivity and lower coke 

deposition. In addition, Knochel P et al.
25

 reported the sluggish reactivity of 

organozinc reagents towards aldehydes and ketones can be dramatically improved by 

the addition of MgCl2. In conclusions, the above mentions spur us to think over the 

intrinsically synergetic effects of magnesium species. With a question whether the 

magnesium species would have effects on the selectivity of K/A oil in cyclohexane 

oxidation in mind, we designed and fabricated a few novel catalysts by co-supporting 

copper and magnesium oxide on mesoporous silica and studied their catalytic 

performance.  

In this work, the catalysts xMg-2.3Cu/SBA-15 were prepared by impregnation 

method. The catalytic effects of xMg-2.3Cu/SBA-15 were examined for the oxidation 

of cyclohexane with molecular oxygen as oxidant. The bi-component catalysts 

exhibited a special catalytic activity and selectivity of K/A oil in the liquid phase 

oxidation of cyclohexane.  

Results and Discussion 

 

Figure 1 

Figure 2  

Figure 3  

The low-angle powder XRD spectra of all samples are showed in Figure 1, a 
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sharp main diffraction peak and two weak peaks indexed as (100), (110) and (200) 

diffractions can be clearly observed for the samples 1 and 2, indicating the 

well-defined and long range ordered structure of the synthesized mesoporous 

materials. However, the intensity of the peaks become lower with the increase of 

magnesium loading, revealing the decreased regularity of the 2D hexagonal ordered 

structure. It is obvious that the diffraction peaks of the materials shift to higher angles 

with increasing magnesium loading, evidencing the magnesium has been intercalated 

into the walls of mesoporous silica. In addition, diffraction peaks of the used catalyst 

are almost the same as the newly synthesized one, manifesting the mesostructure of 

the catalyst is stable in the selective oxidation of cyclohexane. 

The wide-angle XRD patterns are shown in figure 2. The two peaks of the 

typical crystalline CuO phase can be clearly observed for all samples. The curve 1 

shows two diffraction peaks at about 2θ=35.43° and 38.67°, which could be perfectly 

indexed to (0 0 2) and (1 1 1) crystal faces of CuO (PDF card 45-0937, JCPDS). It is 

obvious that the intensity of CuO peaks decreases, moreover, the peaks get wider and 

smaller with increasing magnesium loading, indicating smaller CuO crystallites.
24

 

Based on the XRD data, the particle sizes of the oxides were calculated from the 

Scherrer equation, exhibiting average sizes of 15.3~24.7nm. Significant small amount 

of Cu4MgO5 (PDF card 47-0681, JCPDS) spinel phase can be observed on 

0.6Mg-2.3Cu/SBA-15 and 1.2Mg-2.3Cu/SBA-15 samples. The peaks of MgO can not 

be observed in Figure. 2, most likely due to the high dispersion and low loading of 

this oxide over the support.
24, 26

 With the increase of magnesium, rightward shift of 
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the CuO diffraction peaks can also be seen as shown in Figure 2.   

The N2 adsorption-desorption analysis of the samples are shown in Figure 3. All 

of the samples indicate a type Ⅳ isotherm with H1 hysteresis, which is typical for 

mesoporous structure. The structure parameters and the amounts of the supported 

metals in all samples are listed in Table 1. The BET areas, pore sizes and volumes of 

the bi-component samples slightly decrease in comparison with the parent SBA-15 

support. The contents of copper and magnesium in the final catalysts 

xMg-2.3Cu/SBA-15 should be in line with the theoretical ones, because the oxides 

were transformed directly from their corresponding inorganic salts, while the data 

measured by EDS were used only for reference. Some data obtained by EDS differ 

from the theoretical value as shown in table 1, which is presumably ascribed to the 

difference of the composition between the surface and bulk phase or inhomogeneous 

distribution of the oxides near the measuring points. 

Table 1 Structure parameters of the samples and the contents of Mg and Cu measured by EDS 

Sample S(m
2
/g) 

Pore 

width 

(nm) 

Pore 

volume(cm
3
/g) 

Cu(wt%) Mg(wt%) 

SBA-15 525 3.8 1.08 — — 

2.3Cu/SBA-15 501 4.1 1.09 3.3 — 

0.3Mg-2.3Cu/SBA-15 505 4.0 1.08 2.3 0.2 

0.6Mg-2.3Cu/SBA-15 461 4.0 1.00 2.3 0.4 

1.2Mg-2.3Cu/SBA-15 462 4.2 1.02 2.6 0.9 

 

The TEM images of catalysts are shown in Figure 4. The well-resolved 

meso-channels are clearly presented for the samples 2.3Cu/SBA-15 and 

1.2Mg-2.3Cu/SBA-15，which indicates that the ordered mesostructure of parent 
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SBA-15 was not destroyed by the introduction of copper and magnesium oxide. Little 

CuO particles (Fig.4) or aggregations are observed outside or inside the channel, 

evidencing the even dispersion of the particles, presumably owing to the lower 

loading of the oxides. These results are consistent with the low-angle  XRD results 

above. 

Figure 4  

Figure 5  

The XPS spectra of 2.3Cu/SBA-15 and 1.2Mg-2.3Cu/SBA-15 catalysts are 

illustrated in Figure 5. The binding energy of Cu2p3/2 is centered at 933.6 eV for the 

sample of 2.3Cu/SBA-15, the peak position (933.6eV) is in excellent agreement with 

that of standard CuO.
27, 28

 However, for the sample of 2.3Cu/SBA-15, the shift of 

Binding Energy of Cu2p3/2 from 933.6 to 933.2 eV can be observed, which indicated 

the existence of different chemical circumstances for the Cu
2+

 species and the valence 

state of copper species was lower.
29

 The result could be attributed to the interaction 

between the copper and magnesium.  

Figure 6 

 

In figure 6, the UV-Vis absorption spectrometries of all samples are shown. 

There is a weak absorption peak in 244 nm for the sample 2.3Cu/SBA-15, which is 

due to the isolated Cu
2+

 ions and the surface oxygen.
30

 DR UV–vis spectra of 

bi-component copper- and magnesium-containing SBA-15 samples show more 

intensive bands in about 220 nm, which is in accord with the XRD measurement in 

that the formation of crystalline Cu4MgO5 is registered. With the increase of 

magnesium loading, we observed that the absorption peak of plot 3 at 222 nm shifted 

to 221 nm (plot 4), 215 nm (plot 5) respectively, for which the Mg-O-Cu-type oxide 

species could be largely responsible. It may indicate that the electronic transition 
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energies of Mg-O-Cu-type oxide species are higher than that of Cu-O-Cu-type oxide 

species. 

 

Figure 7  

The H2-TPR profiles of the samples are showed in Figure 7. These spectra 

exhibit narrow and nearly symmetrical main reduced peaks centered at 556 K. The 

2.3Cu/SBA-15 sample shows two peaks at 544 K and 614 K, and the reduction peak 

at 544 K may be assigned to highly dispersed CuO and isolated Cu
2+

 ions,
31

 while the 

peak at 614 K could be ascribed to the reduction of black CuO particles.
32

 The 

bi-component samples only appear symmetrical single reduced peak. The higher 

reduction temperature peak disappeared (curve 2) when magnesium and copper were 

co-incorporated into Cu/SBA-15, which may be due to the improved dispersion of 

copper oxide.
24 

In addition, a well-defined shift of the reduction peak from low 

temperature to higher temperature can also be observed for the materials 

xMg-2.3Cu/SBA-15 with Mg varying from 0.3 to 1.2wt%. Probably, Mg-O-Cu-type 

oxide species are responsible for these changes. Higher reduction temperature of the 

sample 1.2Mg-2.3Cu/SBA-15 compared with that of the sample 2.3Cu/SBA-15 may 

result from the formation of more Cu4MgO5. These speculations are also supported by 

the XRD and UV–vis data of the bi-component samples.  

Table 2 Catalytic performance of different catalysts for the oxidation of cyclohexane 

Catalysts Cyclohexane 

Conversion 

(mol%) 

Products selectivity (mol%) 
By-products 

(%) 
a Cyclohexone 

(K) 

Cyclohexanol(A) 

2.3Cu/SBA-15 17.4 17.8 61.4 20.8 

0.3Mg-2.3Cu/SBA-15 10.5 27.6 61.2 11.2 
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0.6Mg-2.3Cu/SBA-15 10.7 26.6 66.3 7.1 

1.2Mg-2.3Cu/SBA-15 12.0 25.7 73.6 0.7 

Reaction conditions: cyclohexane 20 mL, catalyst 50 mg, temperature 423 K, oxygen 1 MPa, 

reaction time 70 min. 
a 
Byproducts mainly include adipic acid, valeric acid, formic acid 

cyclohexyl ester, and pentanoic acid cyclohexylesters. 

The catalytic performances of different catalysts are listed in table 2. It is found 

that the selectivity of K/A oil are greatly improved with the bi-component samples. 

Specifically, the selectivity of cyclohexanone increases by nearly 10% for all 

bi-component catalysts, while the selectivity of cyclohexanol rises by about 10% with 

1.2Mg-2.3Cu/SBA-15 as catalyst. These results indicate the addition of magnesium 

has a positive effect on preventing the deep oxidation of ketone for cyclohexane 

oxidation.  

The selectivity of K/A oil increased up to 99.3% over 1.2Mg-2.3Cu/SBA-15 with 

conversion of cyclohexane being as high as 12%. For all we know, this is the best 

result for the selective oxidation of cyclohexane with molecular oxygen as oxidant.  

The supposed formation pathway of CyOOH on different catalyst surface is 

shown in Figure 8. Owing to the low electron density of copper ion caused by the 

incorporation of magnesium, we inferred, the stability of intermediate 8 is much 

higher than that of intermediate 3 (Figure 8: a and b). Consequently, the formation 

rate of CyOOH released from intermediate 8 becomes slower, leading to the decrease 

of CyOOH in reaction system. As a result, the reaction equilibrium (equation M) 

shifts toward the right side.
33, 34

 Thus, the consumption rate of cyclohexanone and the 

amount of cyclohexoxy radicals (CyO•) decrease. In addition, the lower concentration 

of the high-active CyO• is more easily and timely consumed by cyclohexane and O2, 
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this avoids the generation of ring-opened ω-formyl radical (CHO–(CH2)4–CH2•).
35 

 

In conclusion, the high selectivity of K/A oil would be ascribed to the mild 

formation rate of CyO• over the catalyst 1.2Mg-2.3Cu/SBA-15. 

 

Figure 8 

 

The effect of the reaction temperature is illustrated in Figure 9. The conversion 

of cyclohexane rose with the increase of reaction temperature while the selectivity of 

K/A oil increased with elevating the reaction temperature from 403 K to 423 K and 

decreased from 423 K to 433 K. Moreover, the selectivity reached to a maximum of 

99.3% at 423 K. It is well known that the reactivity of cyclohexanone and 

cycohexanol is higher than that of cyclohexane. The above results may result from the 

kinetics difference with temperature for the transformation of cyclohexane and deep 

oxidation of K/A oil. The selectivity of cyclohexanone also reached its maximum of 

25.7% at 423K. The molar ratio of K to A reached its maximum of 0.5 at 413K and 

went down for the higher temperature. To get more desired products, the reaction 

temperature of 423 K is the most suitable for the catalyst 1.2Mg-2.3Cu/SBA-15. 

 

Figure 9  

The influence of the reaction time was investigated for the catalyst 

1.2Mg-2.3Cu/SBA-15 at 423K with oxygen pressure of 1 MPa, the results are shown 

in Figure 10. It can be found the conversion of cyclohexane steadily increases with 
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reaction time. The highest selectivity of K/A oil is 99.7% at 50 min, and the 

selectivity of K/A oil decreases gradually with a further increase in reaction time, 

which is most possible due to the deep oxidation of cyclohexanol and cycloheanone. 

It is obvious that the excessive reaction time is unfavorable to the selectivity of K/A 

oil.  

Figure 10 

The effect of the oxygen pressure is shown in Figure 11. It indicates that the 

conversion of cyclohexane rises with the increase of reaction pressure. However, the 

selectivity of K/A oil decrease rapidly when the pressure is above 1MPa. The 

changing trend of the cyclohexanol is almost the same as that of K/A oil in contrast to 

the gentle decreasing trend of the cyclohexanone with the increase of O2 pressure. 

These results may be attributed to the further oxidation of cyclohexanol to 

cyclohexanone as reported earlier by our group 
1, 2

.  

 

Figure 11 

 

In order to examine the stability of the catalyst 1.2Mg-2.3Cu/SBA-15, cycling 

experiment was conducted by reusing the catalyst in the selective oxidation of 

cyclohexane. The catalyst was removed from the reaction mixture by centrifugation 

after each reaction and washed by ethanol, followed by drying at 253 K overnight. 

The results of the recycle are listed in table 3，which reveal that the catalyst 

1.2Mg-2.3Cu/SBA-15 still remained a good performance even after the four-time 

cycling, showing the good stability of this catalyst. 
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Table 3 The Results of Recycling and Leaching test with the Catalyst 1.2Mg-2.3Cu/SBA-15 for 

the cyclohexane oxidation reaction  

Cycle of catalyst 

and leaching test  

Cyclohexane 

Conversion (mol%) 

Products selectivity (mol%) Byproduct 

(%) Cyclohexone (K) Cyclohexanol(A) 

Leaching test Trace  Trace  Trace  Trace  

First(fresh) 12.0 25.7 73.6 0.7 

Second  10.6 21.7 76.9 0.7 

Third  11.7 21.8 73.6 0.6 

Fourth  9.3 24.3 72.1 3.6 

Reaction conditions: cyclohexane 20 mL, catalyst 50 mg, temperature 423 K oxygen 1 MPa, 

reaction time 70 min. Byproducts mainly include adipic acid, valeric acid, formic acid cyclohexyl 

ester, and pentanoic acid cyclohexyl esters. 

Conclusions 

We have synthesized novel catalysts xMg-2.3Cu/SBA-15. The newly synthesized 

catalysts, especially 1.2Mg-2.3Cu/SBA-15, catalyzed the selective oxidation of 

cyclohexane by molecular oxygen more effectively than the catalyst 2.3Cu/SBA-15. 

The prominent catalytic performance of the novel catalyst for the talked reaction is 

attributed to the incorporation of magnesium which plays a crucial role on improving 

the selectivity of K/A oil. Further, catalysts xMg-2.3Cu/SBA-15 bear a promoted 

dispersion of the active components, the incorporated magnesium can prevent the 

deep oxidation of the goal products, most likely due to the weak electronic transition 

of the Mg-O-Cu-type oxide species.  

The best catalytic results, in terms of highest selectivity of K/A oil and a good 

conversion of cyclohexane, were obtained with the catalyst 1.2Mg-2.3Cu/SBA-15. 

The catalyst xMg-2.3Cu/SBA-15 can serve as a promising candidate catalyst for 

industrial application, and are worth studying intensively for the mentioned reaction.  

Experimental 
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Syntheses  

SBA-15. The mesoporous molecular sieves SBA-15 were prepared according to the 

hydrothermal method delineated by Stucky et al.
36

 4 g of P123 (Aldrich, 

EO20PO70EO20, M = 5800) was dissolved in 20 g of deionized water and 80 g of a 2 

M HCl solution under stirring at 313 K, then Tetraethyl orthosilicate (TEOS) was 

slowly added. After stirring at 313 K for 24 h, the mixture was transferred to a 

Teflon-lined stainless steel autoclave to undergo a static hydrothermal treatment at 

393 K for 48 h. The solid products were filtered off, washed with deionized water 

until no Cl
-
 was detected using AgNO3 solution, and dried at 353 K overnight. The 

samples obtained were calcined in air at 823 K for 6 h to remove the template. 

Magnesium-Copper-supported SBA-15. The metal-containing SBA-15 mesoporous 

materials were prepared at room temperature by impregnation method. The 

mesoporous SBA-15 material was impregnated with an ethanol solution of copper(Ⅱ) 

nitrate trihydrate and magnesium nitrate hexahyrate in stoichiometric proportion, 

keeping stirring for 10h. Then the synthesized samples were dried at 373 K for 12 h, 

and followed by calcination at 623 K for 3 h. The metal-containing materials were 

labeled as 2.3Cu/SBA-15 (the number before the element denotes its theoretical 

percentage by mass in the catalyst, hereafter inclusive), 0.3Mg-2.3Cu/SBA-15, 

0.6Mg-2.3Cu/SBA-15 and 1.2Mg-2.3Cu/SBA-15. 

Catalyst Characterization 

X-Ray powder diffraction (XRD) patterns were recorded on a XRD-6000 

(Shimadzu, Japan) system with a Cu-Kα radiation of wavelength =0.15418 nm (40 kV, 
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40mA). The solid ultraviolet–visible (UV-vis) spectra were measured on a 

UV-VIS-NIR (UV-visible Near Infra-Red) scanning spectrophotometer (Shimadzu, 

UV-3600 PC) with an ISR-3100 integrating sphere attachment and BaSO4 as an 

internal reference. N2 adsorption–desorption isotherms were measured at 77 K on an 

automatic volumetric sorption analyzer (Micromeritics, ASAP2020). 

Temperature-programmed reduction of hydrogen (H2-TPR) was performed by using a 

homemade apparatus loaded with 20 mg of sample. The samples were pretreated at 

573 K for 1 h and then cooled to 303 K under a N2 flow. A gas mixture consisting of 

10% H2 in argon was injected until adsorption saturation was reached, followed by a 

flow of N2 for 30 min. Then the temperature was raised from 303 K to 873 K at a 

heating rate of 10 k/min, and the amount of desorbed hydrogen was measured by a 

thermal conductivity detector (TCD). The copper and magnesium contents in the 

catalysts were determined by scanning electron microscope and Energy Dispersive 

Spectrometer (SEM-EDS) (S-3400N, X Flash Detector 4010). Transmission electron 

microscopy (TEM) was conducted on a JEM 2100F electron microscope operated at 

200 kV. X-ray photoelectron spectroscopy (XPS) signals were collected on a 

PHI-5000C ESCA system (Perkin Elmer) with Al Kα radiation (hv = 1486.6 eV) 

Calibration of the binding energies was made with the C1s binding energy of standard 

hydrocarbons (284.6 eV). 

 

Catalytic Property Testing 

Selective oxidation of cyclohexane was carried out in a 100 mL Teflon-lined 
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stainless-steel autoclave equipped with a magnetic stirrer. Typically, 20 mL of 

cyclohexane and 50 mg of solid catalyst were added into the reactor. The reaction was 

conducted under the conditions of 403 K~433 K and a pressure of 0.6 Mpa~2.4 MPa 

controlled by O2 with a stirring rate of 800 rpm. During the oxidation process, the O2 

pressure was kept between 0.8 MPa and 1 MPa. After a predetermined time of 

reaction, the reactor was cooled to room temperature with cool water, and centrifuged 

to separate the catalyst. An excessive amount of triphenylphosphine (Ph3P) was added 

to the reaction mixture to completely reduce the cyclohexylhydroperoxide (CHHP), 

an intermediate in the cyclohexane oxidation to cyclohexanol. The products were 

analyzed using a gas chromatograph (FULI 9790 series GC,AE.PEG-20M, FID, 

CHINA) equipped with a capillary column (30 m long, 0.32 mm i.d., 0.5 um film 

thickness) and a FID detector using toluene as the internal standard. The conversion 

was calculated based on the starting cyclohexane. 

Leaching and recycling tests 

In order to identify whether the cyclohexane oxidation is due to the catalytic 

effect of Cu
2+

, a leaching test was carried. Typically, 20 mL of cyclohexane and 50 mg 

of solid catalyst were added into a 100 mL reactor. The reaction was conducted under 

the condition of 423 K and 1 MPa pressure controlled by N2 with a stirring rate of 800 

rpm. After a predetermined time of reaction, the mixture was cooled to room 

temperature with cool water and the catalyst was separated by centrifugation. The 

solution was then charged with O2 under a condition as mentioned above.  

The solid catalyst was recovered from the reaction mixture by separating, 
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washed with ethanol several times, and finally dried at 353 K for 10 h. The recovered 

catalysts were reused for three times under the same reaction conditions.  
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Figure 1.Small angle XRD patterns of all samples 

 

Figure 2.Wide angle XRD patterns of all samples 

 

Figure 3.N2 adsorption-desorption isotherms of the samples. 

 

Figure 4.TEM images of catalysts (a) and (c) 2.3Cu/SBA-15, (b) and (d) 1.2Mg-2.3Cu/SBA-15. 

 

Figure 5. XPS spectra of Cu 2p of samples 2.3Cu/SBA-15 and 1.2Mg-2.3Cu/SBA-15 

Figure 6. UV-Vis absorption spectra for the samples 

 

Figure 7. H2-TPR profiles of the samples. 

 

Figure 8. a) Propagation reactions in the formation of CyOOH on the catalyst 2.3Cu/SBA-15. b) 

Propagation reactions in the autoxidation of cyclohexane for the catalyst 1.2Mg-2.3Cu/SBA-15. 

 

Figure 9. Relationship between temperature and reaction results over 1.2Mg-2.3Cu/SBA-15. 

Reaction conditions: cyclohexane 20 mL, catalyst 50 mg, oxygen 1 MPa, reaction time 70 min. 

 

Figure 10. Dependence of the conversion and selectivity on reaction time in cyclohexane 

oxidation over the catalyst 1.2Mg-2.3Cu/SBA-15. Reaction conditions: cyclohexane 20 mL, 

catalyst 50 mg, oxygen 1 MPa, reaction temperature 423 K. 

 

Figure 11. Relationship between pressure and reaction results over 1.2Mg-2.3Cu/SBA-15. 

Reaction conditions: cyclohexane 20 mL, catalyst 50 mg, reaction time 70 min, reaction 

temperature 423 K. 
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Figure 1. Small angle XRD patterns of all samples  
48x33mm (300 x 300 DPI)  
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Figure 2.Wide angle XRD patterns of all samples  
48x33mm (300 x 300 DPI)  
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Figure 3.N2 adsorption-desorption isotherms of the samples.  
48x33mm (300 x 300 DPI)  
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Figure 4.TEM images of catalysts (a) and (c) 2.3Cu/SBA-15, (b) and (d) 1.2Mg-2.3Cu/SBA-15.  
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Figure 5. XPS spectra of Cu 2p of samples 2.3Cu/SBA-15 and 1.2Mg-2.3Cu/SBA-15  
48x33mm (300 x 300 DPI)  
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Figure 6. UV-Vis absorption spectra for the samples  
48x33mm (300 x 300 DPI)  
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Figure 7. H2-TPR profiles of the samples.  
48x33mm (300 x 300 DPI)  
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Figure 8. a) Propagation reactions in the formation of CyOOH on the catalyst 2.3Cu/SBA-15  
80x39mm (300 x 300 DPI)  
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Figure 8. b) Propagation reactions in the autoxidation of cyclohexane for the catalyst 1.2Mg-2.3Cu/SBA-15  
158x141mm (300 x 300 DPI)  
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Fig.9 Relationship between temperature and reaction results over 1.2Mg-2.3Cu/SBA-15. Reaction 

conditions: cyclohexane 20 mL, catalyst 50 mg, oxygen 1 MPa, reaction time 70 min  

48x33mm (600 x 600 DPI)  
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Fig.10 Dependence of the conversion and selectivity on reaction time in cyclohexane oxidation over the 
catalyst 1.2Mg-2.3Cu/SBA-15. Reaction conditions: cyclohexane 20 mL, catalyst 50 mg, oxygen 1 MPa, 

reaction temperature 423 K  

48x33mm (600 x 600 DPI)  
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Fig.11 Relationship between pressure and reaction results over 1.2Mg-2.3Cu/SBA-15. Reaction conditions: 

cyclohexane 20 mL, catalyst 50 mg, reaction time 70 min, reaction temperature 423 K  

48x33mm (600 x 600 DPI)  
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Novel catalysts by co-supporting copper and magnesium oxide on mesoporous silica exhibited a special 
catalytic activity and selectivity for the liquid-phase oxidation of cyclohexane by O2  

158x141mm (300 x 300 DPI)  
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