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A novel route for preparation of Mn-containing hollow 

framework TS-1, and its selective allylic oxidation of 

cyclohexene 

Guoqiang Zou, Dai Jing, Wenzhou Zhong*, Feiping Zhao, Liqiu Mao, Qiong Xu, Jiafu Xiao, 

Dulin Yin* 

A new manganese-containing hollow framework TS-1 (MTS-1) 

was prepared via simple recrystallization of an traditional TS-1 

in the presence of tetrapropylammonium hydroxide (TPAOH) 

and manganese(III)-acetylacetonate, and their catalytic 

performance was tested for aerobic oxidation of cyclohexene 

without any solvents. This hollow bimetal TS-1 catalysts are 

more active than catalysts containing Mn or Ti solely, the 

formation of metal framework sites may be responsible for 

increased activity. The characterization techniques such as 

UV−vis, FT-IR, Raman, XRD, N2-adsorption, TEM, and XPS 

can confirm the incorporation of Mn and Ti in the zeolite 

framework sites. This hollow catalyst shows highly catalytic 

activity and stability (ten cycles) in the oxidation of cyclohexene, 

and demonstrates the potential of TS-1 catalysts usable for 

aerobic oxidations. 

 

The oxidation of cyclic olefin, represented by cyclohexene, 

produces a variety of oxygen-containing derivatives. For example, 2-

cyclohexene-1-ol and 2-cyclohexene-1-one are important 

intermediates in the spice industry and organic synthesis.1 Recently, 

a variety of studies on the oxidation of cyclohexene by transition 

metal complexes have been reported in the literatures.2-4 Although 

there have been some achievements, the search for more stable and 

efficient catalysts is never-ending.5, 6 

Zeolites with uniform and small pore size, high internal surface 

area, and flexible frameworks are widely used in heterogeneous 

catalysis fields.7 The only presence of micropores, however, imposes 

restrictions on the reactions involving reactants or larger products 

whose size is approximate to the diameter of micropore. Under this 

conditions, mass transport to and from the active sites located within 

the micropores would be slow, greatly limiting the catalytic 

performance of the zeolite catalysts.8 Many efforts to overcome this 

difficulty, titanosilicate molecular sieves (TS-1), with MFI cages 

connected by 10-ring pore openings, have been developed.9,10 They 

are well known for their excellent selective oxidation activity of 

organic molecules such as olefins, hydroxylation of aromatics in 

chemical industry.11 The difficulty of large molecules transport 

within such microporous channels, however, is still existed.12 In 

contrast, large-pore aluminophosphate molecular sieves and Ti-

MCM were anticipated to overcome these diffusion and transport 

problems for the oxidation of bulky molecules. Due to the presence 

of Brönsted acid sites associated with framework aluminum and 

their low hydrothermal stability, it is difficult for them to displace 

TS-1 in industrial chemistry.13,14 

 In this communication, we synthesized a new hollow framework 

manganese-containing MFI-type zeolite (Scheme S1), which 

exhibited an excellent activity in the allylic liquid-phase oxidation of 

cyclohexene by using oxygen as oxidant without any solvent. Such a 

good performance in the catalytic activity of the catalyst might be 

ascribed to the framework Mn and Ti species as an excellent oxygen 

carrier and donor in the zeolite framework and bonded to the 

surface.15 Furthermore, this solvent-free/dioxygen system as well as 

the stable crystalline structure of MTS-1 can suppress the leaching of 

active metal ion during heterogeneous reaction.  

The UV−vis spectra of the prepared sample are shown in Fig. 1A. 

The pure silicate-1 and MnOx have no absorption in the range of 

200−800 nm, while two absorption bands, at 250 and 515 nm, have 

been found in Mn-doped silicate-1. The band at 250 nm is ascribed 

to electron transfer from O2− to tetrahedral Mn3+, and the one close 

to 515 nm is attributed to d−d transition of either framework or 

possibly surface-associated Mn3+.16,17 Obviously, the band centered 

at 210 nm shown in Fig. 1A was observed for manganese-free 

hollow framework titanosilicate (HTS-1), as reported by Wang et 

al.18 This band is similar to the reported UV-vis spectra of traditional 

TS-1, which could be ascribed to the charge transfer from O2- to 

Ti4+, indicating the presence of tetrahedral Ti(IV) coordination 

species in the framework.19 Another band at 330 nm was also 

appeared, reflecting most likely the presence of ex-framework Ti 

species.20 Compared with the reference HTS-1, the prepared MTS-1 
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displayed a wide absorption band at 350-550 nm, which might be 

attributed to the overlap of the d−d transition framework Mn3+ and 

the ex-framework Ti species, or the metal-to-metal charge-transfer 

transition resulting from the overlap of Ti(eg) and Mn(t2g) 3d orbitals 

according to spectroscopic analysis of mixed metal minerals.21,22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 UV−vis spectra  (A) and FT-IR spectra  (B) of the prepared catalysts 
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Fig. 2  TEM of the as-prepared catalysts

      The characteristic vibration peaks found in the infrared spectra 

(Fig. 1B) inferred that the catalysts possess a typical structure of 

MFI-type zeolite. The peak at 550 cm-1 is typically due to the 

pentasil framework variation, which is used as a standard of the 

crystallinity of this type of material. The absorption peak at 800 cm-1 

is due to Si-O-Si symmetric stretching, while the absorption peaks at 

1100 cm-1 and 1230 cm-1 are assigned to asymmetric stretching of 

Si-O-Si. An absorption peak at 960 cm-1 was found in both HTS-1 

and MTS-1, which is considered to be a collective vibration of the 

Si-O-Ti bond or Si-O bond perturbed by the presence of 

tetrahedrally coordinated Ti4+ in the framework of HTS-1zeolite.23, 24 

The morphology of samples synthesized by a dissolution-

recrystallization process was investigated by TEM as shown in Fig. 

2. Compared to the traditional TS-1 (Fig. 2A), the HTS-1 has many 

large voids, where located merely in the inner part of the crystals 

(Fig. 2B and 2C). It is also interesting to find that both the size and 

external shape of hollow TS-1 particles are very similar to those of 

the original zeolite, which indicates that the post-treatment affects 

essentially the core of the crystals and never communicates directly 

with the surface. The formation of voids in TS-1 cannot result from a 

Ti gradient concentration, but due to a gradient of defect sites 

throughout the crystals.25 In catalytic reaction, this kind of hollow- 

structure avoids the shortage of traditional TS-1 (as shown in Table 

S1), which is important to decrease pore diffusion limitations and 

facilitate bulky molecular transport to catalytic sites and increasing 

the catalyst activity. Besides, the TEM results in Fig. 2D confirmed 

that manganese species in MTS-1 were highly dispersed into hollow-

structured zeolite and the formation of framework Mn species for 

there not found any new external shape, which is similar to the 

results of  UV−visible spectra and X-ray diffraction. 

As shown in Fig. 3A, the XRD patterns indicate that the prepared 

materialsare well crystallized, the diffraction peaks at 7.95, 8.94, 

23.2, 23.7, 24.1 and 24.9° show that the catalysts possess a MFI-type 

structure.26 Compared with silicate-1, the patterns of HTS-1 

exhibited an additional diffraction peak at 2θ of 25.56°, indicating a 

change from a monoclinic symmetry to an orthorhombic 

symmetry.27 After the Mn element incorporated, there weren’t other 

phases to be founded by XRD characterization,which manifested 

that the post-treatment process did not change the MFI framework 

structure of HTS-1. In addition, no diffraction peaks corresponding 

to crystalline MnOx clusters were detected, which indicates that the 

manganese element has been well-incorporated into the skeleton of 

molecular zeolite or homogeneously dispersed in molecular zeolite 

lattices.28 Furthermore, compared with the standard phase of HTS-1, 

manganese-containing materials show a slight move of the 

diffraction peaks to a smaller angle, 1% MTS-1 (0.02°) and 5% 

MTS-1 (0.05°) (Fig. 3B). This is may be due to deduce substitution 

of smaller tetrahedrally coordinated Si atoms (0.4 Å in crystal form) 

with heteroatom Mn having a larger size (0.5−1.0 Å) as ions in the 

crystalline environment, bringing about an increased lattice 

parameter value. 

XPS analysis was utilized to detect both the surface concentration 

and chemical valence of elements present in the as-obtained MTS-1 

(Fig.4). The XPS survey spectrum reveals that the 5% Mn 

containing HTS-1 sample shown in Fig. 4A composed of the Ti, Mn, 

and O elements. The Mn 2p core level spectrum (Fig. 4B) indicates 

that the measured values of the binding energies (BE) for Mn 2p3/2 

and Mn 2p1/2 (641.8 and 653.3 eV, respectively) are in good 
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Fig. 3 Wide-angle XRD patterns (A) and  enlarged scale between 2θ = 7.5o and 

9.5 o of  (B)
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

accordance with the reported values for Mn (III or IV).29 The core 

level spectra of Ti 2p in HTS-1 (Fig. 4C) showed the binding 

energies for Ti 2p3/2 and Ti 2p1/2 (458.8 eV and 464.3 eV,  

respectively). While after the Mn element doped, the curves moved 

slightly to a larger binding energy, which comfirmed that the bond 

strength of Ti–O was tiny changed by the incorporation of 

manganese species.29 Besides, the peak area ratio located at 460.0 eV 

belonged to tetrahedral Ti element, reduced with the doping of Mn 

species, demonstrating the formation of framework Mn-O-Si.30 To 

further define the existence of a double active-site in MTS-1 

framework, the O 1s core level spectrum of the HTS-1 and MTS-1 

sample are shown in Fig. 4D and 4E. The binding energies of 533.13 

eV shown in Fig. 4D is due to the O–Si and Ti-O type,31 while two 

new binding energies of 530.4 eV and 532.4 eV are observed for 

MTS-1 in Fig. 4E. The BE of 530.4 eV can be assigned to a handful 

of Mn-O binding in MnO2, and the BE of 532.4 eV belong to the Ti-

(OSiO)4-Mn species.32 This suggests that the most Mn species are 

incorporated into the HTS-1 framework. 
N2 adsorption-desorption analysis for TS-1, HTS-1 and the 

obtained MTS-1 are recorded in Fig. 5A. The adsorption-desorption  

 

Fig. 5 N2 adsorption-desorption isotherms (A) and Raman spectra (B) of samples

 

isotherms of traditional TS-1 indicates that there is no significant 

mesoporosity (hollow structure). But TS-1 via a dissolution-

recrystallization process, shows that there are intra-crystalline voids 

and the size of entrance pores into these voids. This can be 

comfirmed by an obvious large hysteresis loop from 0.43 to 0.99 

(Fig. 5A),33 which is primarily observed on porous zeolite crystals 

and mesoporous MCM-41 having extensive structural defect holes 

amid the channels.34 A comparison of the surface areas of the three 

materials (Table S1) shows that HTS-1 has a surface area close to Fig. 4 XPS wide energy range (0–550 eV) survey scan of the xMTS-1 samples  

(A); Mn(2p) core level XPS of parent HTS-1 (B); Ti(2p) core level XPS (C); XPS 

spectra of O 1s region in HTS-1 (D); XPS spectra of O 1s region in MTS-1 (E).
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traditional TS-1 (323 vs. 341 m2/g and 335 m2/g for 5% MTS-1). 

This comparison of surface areas indicated that the recrystallization  

process leads to a material that has a unique hollow structure, not a 

simple modification of the surface. 

Raman is an effective technique which can detect slight phase 

information, e.g. framework metal sites in zeolite and extra-

framework species. Thence Raman was utilized to detect the effect 

of implanting manganese in the framework of HTS-1 zeolite with 

excitation laser beams of 544 nm (Fig. 5B). A well-resolved peak 

was observed between 390 cm−1 and 636 cm−1 for the HTS-1 

materials with or without manganese, which is assigned to the 

characteristic vibrations of the Si−O and Ti-O bonds in the five-

membered ring of the MFI-type unit structure. The position of this 

peak shifted to the lower wave numbers (red shift) as the Mn species 

were implanted in HTS-1, which might be due to the asymmetric 

stretching vibration of the bending and symmetric stretching 

vibrations of framework Mn-O-Si.32 

Under the investigated reaction conditions, the allylic oxidation of 

cyclohexene mainly produced 2-cyclohexen-1-ol (A), 2-cyclohexen-

1-one (B), epoxycyclohexane (C) and other products including 

cyclohexenyl hydroperoxide and 1,2-cyclohexanediol (D) were 

detected in the reaction mixture, summarized as below.  

 

 

 

 

 

Catalytic performances of various catalysts, including silicate-1, 

Mn-silicate-1 and MTS-1 are summarized in Table 1.  

Table 1 Catalytic performances of the different catalysts 

Entry        Catalyst      Conv.% a Selectivity%b 

A B C Others 

1 Blank 5.6 6.2 34.5 3.5 55.8 

2 Silicate-1 5.5 6.1 36.2 3.8 53.9 

3 Mn-Silicate-1 14.3 29.

5 

60.2 3.5 6.8 

4 MnOx 8.2 17.

7 

46.2 3.1 33.0 

5 TS-1 9.7 25.

3 

37.8 2.8 34.1 

6 HTS-1 12.2 29.

2 

36.3 2.7 31.8 

7 MTS-1(1%) 18.4 34.
2 

57.6 3.2 5.0 

8 MTS-1(5%) 25.4 31.

2 

65.4 2.9 0.5 

9 MTS-1(7%) 28.2 28.
9 

62.3 3.9 4.9 

Reaction conditions: 0.1 g of catalyst; 100 m mol of substrate; 0.4 MPa O2; 

70 oC; 6 h. a: Cyclohexene conversion = (the amount (mmol) of cyclohexane 

before reaction – the amount (mmol) of cyclohexane after reaction) / the amount 

(mmol) of cyclohexane before reaction × 100%. b: Product selectivity = content of 

this product / content (mmol) of each product × 100%.

 

A blank experiment showed that the non-catalytic auto-xidation of 

cyclohexene gave 5.6% conversion after 6 h. The Si species did not 

display any catalytic activity to the allylic oxidation of cyclohexene 

(entry 2). Compared to the silicate-1, traditional TS-1 exhibited a 

relatively higher catalytic activity (entry 5), which can be concluded 

that the skeleton Ti speciesis a key factorin zeolite. Obviously, the 

activity of the HTS is the higher than traditional TS-1 (entries 5  and 

6). The main reason for this difference can be attributed to that the 

hollow structure of HTS-1 can enhance the accessibility of the 

reactant molecules to active centers and the fast diffusion of 

products,
10 

which is consistent with the characterization analysis 

(measured from TEM). As shown in Table 1, MTS-1 displayed a 

higher activity for the allylic oxidation of cyclohexene. With the 

increase of Mn content, the conversion of cyclohexene increased 

constantly, while the selectivity of A and B increased first and then 

decreased. This may be due to that the framework Mn(III) as strong 

Lewis acid sites and highly active components can promote the 

decomposition of peroxide and the production of radicals •OH, thus 

accelerating the allylic oxidation of cyclohexene. By the aforesaid, 

we can infer that the structure of  bimetal catalyst is benefit to the 

catalytic cycle. 

Fig. 6A shows the variation of cyclohexene conversion and 

selectivity with the temperatures. With an increase of temperature 

from 60 oC to 100 oC, the conversion of cyclohexene increased from 

8.2% to 35.4%. The selectivity of B increased from 41.7% to 64.7%, 

and then decreased to 52.7%, the selectivity of A decreased from 

40.6% to 28.6%. However, the content of the others decreased from 

15.2% to 0.5%, and then increased to 8.8%, which may be attributed 

to the increacing content of 1,2-cyclohexanediol by the hydrolysis of 

epoxycyclohexane. The effect of the amount of 5 wt% MTS-1 

catalyst on the reaction was examined by varying the catalyst 

amount from 0.05 g to 0.3 g, while other reaction condition 

parameters were kept constant (Fig. 6B). The results showed that 

cyclohexene conversion and the selectivity of A and B increased 

almost linear with the catalyst mass addition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Effect of various parameters

 

lower than 200 mg, where as the selectivity for cyclohexenyl 

hydroperoxide continuously decreased. This can be ascribed to the 

follwing factor: the Ti species induces the formation of cyclohexenyl 

hydroperoxide; while the Mn species could lead to the relatively 

faster decompose of cyclohexenyl hydroperoxide to produce A and B. 

However, adding more catalyst led to a lower cyclohexene 

conversion. This phenomenon may be explained through that the 

transition metals in media of low polarit might act as catalyst at low 

loadings, but inhibitors at high loadings, as reported by Sheldon.35 

The effects of reaction pressure were checked and the results are 

shown in Fig. 6C. Cyclohexene conversion increased with the partial 

pressure of oxygen, which might be explained by better solubility of 
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oxygen in the reaction system. Further increasing the reaction 

pressure did not affect cyclohexene conversion too much; while no 

obvious change in the product distribution was observed. Fig. 6D 

displays the changes of conversion and selectivity with different 

reaction times at a temperature of 70 oC. The conversion rapidly 

increased with reaction time; it increased from 8.2% to 45.5%. The 

selectivity of A decreased with the reaction time. Meanwhile, the 

selectivity of B increased and then remained almost unchanging. 

This result should indicate that 2-cyclohexene-1-ol produced was apt 

to be oxidized to 2-cyclohexene-1-one. 

From the context of a 'green' approach, the reusability of MTS-1 

was investigated in the multiple sequential oxidation of cyclohexene 

with O2. After each run, the recycled catalyst was repeatedly washed 

by deionized water and ethanol, then dried at 100 °C over night. The 

catalytic results are shown in Figure 7A. Obviously, there was no 

significant decrease in both the conversion of cyclohexnene and 

selectivities of allylic oxidation products after ten recycles, 

demonstrating its stability under the reaction conditions. 

Furthermore, the solid catalyst was removed from the reaction 

mixture by filtration during the hot conditions and the oxidation was 

allowed to proceed with the mother liquor (filtrate) under the same 

conditions. The conversion continued to increase at a much lower  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Results of recycle (A) and hot-separation (B) test of 5% Mn-HTS catalyst 

 

rate after the removal of the catalyst (Fig. 7B). The persistence of a 

low activity could be attributed to the thermal autoxidation, initiated 

by the oxygenated products, present in the mother liquor.36 The 

leaching test was also carried out for Ti and Mn by ICP-AES 

analysis using the filtrate and it was found that no Ti or Mn ions 

were presented in the filtrate. Besides, the stability of MTS-1 was 

also confirmed by comparison of XRD and UV-Vis spectra of the 

fresh and ten times reused (Fig. S2 in the ESI†). These results 

confirmed the catalytic behavior of MTS-1 as a truly heterogeneous 

catalyst during cyclohexene oxidation. 

In summary, the new Mn-containing hollow TS-1 catalyst 

prepared by direct manganese incorporation into famework, 

exhibited an effective performance in the allylic oxidation of 

cyclohexene with O2 under solvent-free conditions. The reusability 

of the catalyst which is a prerequisite for practical applications was 

analysed and it was found that the catalyst exhibits no significant 

changes in its catalytic activity even after ten cycles of reuse. This  

can be further strengthened by the fact that the use of a transition 

metal framework material could overcome leaching problems and 

benefit catalyst recycling. In addition, data shown in Table S2 

compares the results obtained MTS-1 catalytic system and other 

systems used for this reaction. The present reported catalytic systems 

were simple, reusable and effective models for higher cyclohexene 

conversion with better product selectivity. Therefore, in terms of 

green chemistry, these catalysts may open a new avenue for 

hydrocarbons oxidation with molecular oxygen. 
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