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Abstract:

 A series of V- and/or Ti-loading MCM-41 catalysts are successfully synthesized with a hydrothermal method. The photocatalytic and thermal epoxidations of cyclohexene in the presence of tert-butyl hydroperoxide (t-BuOOH) were investigated with real-time monitored by NIR-Raman spectroscopy. It suggests that both V- and Ti-loading can be responsible for the cyclohexene epoxidation. Moreover, the complementary behavior of V- and Ti-loading may be related to a similar role of activation. Interestingly, the progress of the photo-epoxidation on V0.25Ti2/MCM-41 photocatalyst was monitored by changes in intensity of the characteristic Raman bands without interference from the UV-light irradiation. The result, for the first time, reveals that cyclohexene was directly photo-epoxidized to 1,2-epoxycyclohexane by t-BuOOH during the reaction. A possible mechanism of cyclohexene photo-epoxidation is also proposed for this study.
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1. Introduction

Nowadays, major epoxide chemicals, which are produced by epoxidation of olefins such as ethylene, propylene and cyclohexene, etc., have become considerably more important, valuable and versatile intermediates in industrial organic synthesis [1,2,3,4,5,6]. Among epoxides, 1,2-epoxycyclohexane is an attractive chemical intermediates with multiple applications although it has been produced on the small scale only. For example, alicyclic molecule, which is synthesized from 1,2-epoxycyclohexane, is used in the production of pesticides, plant-protection agents, pharmaceuticals, perfumery, and dyestuffs. 1,2-epoxycyclohexane is also used as a monomer in polymerization with CO2 to yield aliphatic polycarbonates [7]. Alternatively, it might be used for synthesis of chiral 1,2-amino alcohols and 1,2-diamines, which are known as the useful precursors of various chiral oxazolidinones, oxazinones, and phosphonamides, among others [8].

In cyclohexene epoxidation, to develop acceptable oxidative methodologies plays a major role from economic and environmental viewpoints. Among the oxidant agents for cyclohexene epoxidation, tert-butyl hydroperoxide (t-BuOOH) is the most popular. It has been extensively used due to its many advantages, such as its stability, mild oxidation, non-corrosive and non-hazardous properties. In addition, the separation process of by-products when using t-BuOOH is much easier than with others [9]. Another approach, which is based on utilizing clean and abundant photo-energy, instead of thermal energy, has been gained considerable interest. This concept, which directly produces 1,2-epoxycyclohexane under light radiation, is expected to be greener and less expensive than traditional methods. However, there are only a few studies of this topic which performances are satisfactory [10,11].

It is well known that the gas chromatography method is simple and preferable for quantitative analysis in cyclohexene epoxidation [12,13,14]. However, recently, there has been considerable discussion on the effect of temperature in injection port and column to the chromatographic selectivity values of observed products. Similar phenomena have been described for other reactions, such as the alkylation of imidazole [15]. As we noted in a previous study [16], some of new products, which could not be realized in the reaction media, can be further formed inside the injection port (at 220 °C) and the column (at 180 °C). For example, cyclohexane 1,2-diol, 2-cyclohexene-1-ol and 2-cyclohexene-1-one might be observed by gas chromatography analyses, although Raman result suggested that 1,2-epoxycyclohexane was the only product obtained in the reaction. It is important to mention that among many powerful techniques, which might be used to provide unique fingerprints for molecular analysis and monitoring of chemical reactions, Raman spectroscopy is particularly suitable to study in situ catalytic reaction [17,18,19,20,21,22]. Considering them together in this study, gas chromatography is used to screen the catalytic activity by determining cyclohexene conversion values while Raman technique is used to identify the reactants and selective products of epoxidation in real-time. Herein, the photo-epoxidation of cyclohexene in the presence of t-BuOOH was investigated for the first time over a series of V-Ti/MCM-41 photocatalysts. Additionally, the photocatalytic and thermal catalytic cyclohexene epoxidation behaviors of these catalysts were further investigated using real-time Raman spectroscopy. Most importantly, a possible mechanism for cyclohexene photo-epoxidation was also proposed based on the results of Raman technique.



2. Results and Discussion


2.1. Catalysts Characterization

Table 1 shows the nomenclature, wt.% loading and V:Ti atomic weight ratios of series V-Ti/MCM-41 catalysts. The V:Ti atomic weight ratios measured by ICP-AES analysis are corresponded to the nominal ones. As shown in Table 2, similar results from the surface area and average pore diameter has been observed. The surface areas were in the range of 815–891 m2/g while BJH pore diameters were within 2.9–3.0 nm. These data indicate that the structure of a series MCM-41 supported in this study is very uniform.


Table 1. Nomenclature, wt.% loading and atomic weight ratios of series catalysts.



	
Entry

	
Nomenclatures

	
V:Ti:Si atomic weight ratio a (nominal)

	
V loading b (wt.%)

	
Ti loading b (wt.%)

	
V:Ti:Si atomic weight ratio c (ICP-AES)




	
V

	
Ti

	
Si

	
V

	
Ti

	
Si






	
1

	
V2Ti0/MCM-41

	
2

	
0

	
100

	
0.36

	
0

	
1.7

	
0

	
100




	
2

	
V1Ti1/MCM-41

	
1

	
1

	
100

	
0.18

	
0.29

	
0.9

	
1.3

	
100




	
3

	
V0.25Ti2/MCM-41

	
0.25

	
2

	
100

	
0.04

	
0.53

	
0.22

	
2.3

	
100




	
4

	
V0.05Ti4/MCM-41

	
0.05

	
4

	
100

	
0.01

	
0.96

	
0.06

	
4.2

	
100




	
5

	
V0Ti5/MCM-41

	
0

	
5

	
100

	
0

	
1.12

	
0

	
4.9

	
100






a Atomic weight ratio (V:Ti:Si), based on the assumption of preparation process by hydrothermal method; b Loading content (wt.%) of V and Ti, based on ICP-AES; c Atomic weight ratio (V:Ti:Si), calculated from ICP-AES.




Table 2. Specific surface area, average pores diameter and band gap of series catalysts.


	Entry
	Catalysts
	Specific surface area (m2/g)
	BJH average pore diameter (nm)
	Band gap (eV)





	1
	V2Ti0/MCM-41
	856
	3.0
	3.1



	2
	V1Ti1/MCM-41
	815
	3.0
	3.4



	3
	V0.25Ti2/MCM-41
	891
	2.9
	4.5



	4
	V0.05Ti4/MCM-41
	841
	2.9
	4.4



	5
	V0Ti5/MCM-41
	850
	2.9
	4.3












Figure S1 (Supporting Information) shows a single and narrow pore size distribution of V-Ti/MCM-41 with various ratios of V-/Ti-loading, as estimated following the BJH method from the desorption isotherms. The V-Ti loadings changed very low so they did not appreciably change the average pore diameter of MCM-41. The pore diameters of the synthesized V-Ti/MCM-41 catalysts were near 3 nm and were not significantly affected by the presence of vanadia and titania. The results proved that our procedure to incorporate vanadium and titanium-containing catalysts did not deteriorate the MCM-41 structure.

The XRD patterns of V-Ti/MCM-41 catalysts prepared with different V-Ti ratios are shown in Figure 1. All catalysts had very similar patterns, indicating that all V-/Ti-loading into Si–O framework of MCM-41 had no apparent structure influence on its structure. All the V-Ti/MCM-41 catalysts exhibited a hexagonal lattice of mesoporous silica structures from a clear observation of spectra featured narrow (100) peaks. Nonetheless, the (110) and (200) peaks were not well distinguished. Additionally, there was no peak assigned to metal oxides, indicating that the metal ions were atomically dispersed on the internal and/or external surfaces of MCM-41. On the other hand, the amount of V and Ti loading was quite low (Table 1) that may also led in the absence of foreign ions peaks in XRD patterns. This observation is found to consist of Raman result of V0.25Ti2/MCM-41 along with that of TiO2-anatase and V2O5 spectral references (Figure 2). Neither of the characteristic vibrations of titania anatase (or any other titania phase) nor those of crystalline vanadia was also apparent in the Raman spectrum of fresh V0.25Ti2/MCM-41.

Figure 1. XRD patterns of V-Ti/MCM-41 catalysts.
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Figure 2. The 514 nm Raman spectra of (a) V0.25Ti2/MCM-41, (b) TiO2 anatase and (c) V2O5 catalysts under ambient conditions.
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The UV-vis spectra of catalysts with different Ti-/V-loading ratios in MCM-41 are displayed in Figure 3. The red-shift clearly increased with the growth amount of Ti-/V-loading. The spectra of Ti-loading exhibited a strong absorption band centered at about 220 nm, which was consistent with tetrahedral titania species on silica-based substrates [23]. Moreover, the presence of the peaks at 230 and 270 nm may attribute to the isolated Ti atoms in octa-coordinated Ti species and polymerized hexa-coordinated Ti species, respectively [24,25]. On the other hand, the absorption at 220 nm shifted towards 245 nm while a second component became increasingly apparent at 340 nm when V-loading was incremented. The absorption band near 340 nm was presented due to the charge transfer bands of highly dispersed tetra-coordinated V-oxide species present to the V5+ state [26]. It is noted that the V5+ species absorbed not only at 340 nm, but also at 260 nm [27,28]. In addition, the region band of 320–350 and 400 nm might be associated to polymeric V5+ species and octa-coordinated vanadium, respectively [27,29]. For further investigation, the band gap of series catalysts with different amounts of Ti and V loading in MCM-41 were calculated based upon the UV-vis results and listed in the Table 2.

Figure 3. UV-vis spectra of the series V-Ti/MCM-41 catalysts.
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X-ray photoelectron spectroscopy (XPS) has been used to determine the electronic properties of the component existed on the surface. The XPS spectra are obtained and shown in Figure 4. For various Ti-oxide and V-oxide contents, the binding energies at 459.9 and 516.7 eV have been observed from the deconvolution of spectra for the Ti 2p3/2 and V 2p3/2 band, respectively. It is noted to mention that the binding energy of Ti 2p3/2 on silica MCM-41 was higher than that of pure TiO2 (458.2–459.0 eV) [30]. It is possible that the high binding energy reflects the tetrahedral coordinated Ti-oxide component in the strongly interaction between titania and silica Ti–O–Si, which agrees well with the value of Ti4+ supported on silica (458.8–459.9 eV), reported by Castillo et al. [31]. Importantly, all the samples showed similar binding energy of Ti, suggesting that there is no apparent interaction between Ti and V species. On the other hand, the binding energy of V 2p3/2 was in perfect agreement with V2O5 (516.6–517.5 eV) [30]. Due to the little amount of V on MCM-41 (V loading in range of 0.01–0.36 wt.%), its XPS peaks could not be observed clearly. The XPS result is consistent with the observation from UV-vis.

Figure 4. The XPS spectra of the series V-Ti/MCM-41 catalysts: (a) Ti 2p and (b) V 2p.
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2.2. Liquid-Phase Epoxidation of Cyclohexene

Table 3 shows the blank tests, which are examined before performing the epoxidation of cyclohexene, underline that the reaction over catalysts is essentially photocatalytic. In details, negligible epoxidation was observed either when the reactor was UV illuminated in the absence of V0.25Ti2/MCM-41 catalyst, or if the catalyst was run at 60 °C without UV illumination. The same phenomenon was also observed in the presence of MCM-41 under light irradiation.


Table 3. Blank test results for cyclohexene epoxidation.



	
Entry

	
Conditions

	
Conversion of cyclohexene (%)




	
Catalyst

	
UV irradiation

	
Temp. (°C)






	
1

	
NO

	
NO

	
80

	
5.5




	
2

	
NO

	
YES

	
60

	
3.4




	
3

	
V0.25Ti2/MCM-41

	
NO

	
60

	
0.9




	
4

	
MCM-41

	
YES

	
60

	
0.9






The data was collected after 6 h in reaction. Cyclohexene conversion = 100% × (moles of initial cyclohexene—Moles of final cyclohexene)/moles of initial cyclohexene.







2.2.1. Effect of V-Ti/Si Weight Ratio on the Photocatalytic Epoxidation

The effect of V-Ti/Si ratio on the photocatalytic epoxidation activity is summarized in Table 4. In the presence of single active sites, V0Ti5/MCM-41 achieves high conversion to 1,2-epoxycyclohexane (47%) while V2Ti0/MCM-41 receives only 37% of conversion. We might conclude that both V- and Ti-loading can be responsible for the cyclohexene epoxidation. The complementary behavior of V- and Ti-loading may be related to a similar role of activation. We will discuss this in greater detail later in the next section. It is noted that the weight percent of V-/Ti-loading in V2Ti0/MCM-41 and V0Ti5/MCM-41 are 0.36% and 1.12%, respectively. Therefore, V0Ti5/MCM-41, as expected, would be more effectively than that of V2Ti0/MCM-41. In the presence of dual active sites, V1Ti1/MCM-41 promotes the best efficiency (44%), among the candidates. Moreover, decrease the V/Ti ratio will also result on the decline the photo-reaction efficiency.

Table 4. Photocatalytic epoxidation at 60 °C for 6 h using various V-Ti weight ratios.


	Entry
	Catalysts
	V/Ti ratio
	Conversion of cyclohexene (%)





	1
	V2Ti0/MCM-41
	-
	37



	2
	V1Ti1/MCM-41
	1
	44



	3
	V0.25Ti2/MCM-41
	0.125
	35



	4
	V0.05Ti4/MCM-41
	0.0125
	38



	5
	V0Ti5/MCM-41
	-
	47





Cyclohexene conversion = 100% × (moles of initial cyclohexene − moles of final cyclohexene)/moles of initial cyclohexene.








2.2.2. Catalytic and Photocatalytic Activity Comparison on V0.25Ti2/MCM-41 Catalyst

Additional epoxidation experiments were carried out to gain better insight on the role of photo/thermal driving forces. All reactions were compared in the presence of V0.25Ti2/MCM-41 catalyst under different temperature with/without UV irradiation, as shown in Figure 5. In more details, reaction at 80 °C without UV irradiation delivers 10.9% of conversion. The decreasing reaction temperature from 80 °C to 60 °C in the dark results in no appreciable activity within 6 h. Conversely, reaction at 60 °C under UV irradiation achieves 23.2% while reaction at 25 °C under UV irradiation delivers only 2.1% of conversion. It is worthwhile to mention that negligible epoxidation was also observed in the presence of bare MCM-41 under light irradiation (Table 3). Taking those results into consideration, the epoxidation over V0.25Ti2/MCM-41 catalyst takes place as a consequence of both photo-assisted and thermal reactions.

Figure 5. Catalytic and photocatalytic epoxidation of cyclohexene over V0.25Ti2/MCM-41 catalyst for 6 h under different conditions: (A) 80 °C, without irradiation; (B) 60 °C, without irradiation; (C) 60 °C, with irradiation; and (D) 25 °C, with irradiation.
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2.3. Real-time Raman Monitoring of Cyclohexene Epoxidation

Figure 6 shows real-time Raman monitoring during epoxidation of cyclohexene with t-BuOOH over V0.25Ti2/MCM-41 catalyst under UV-light irradiation at 60 °C. The photocatalytic reaction was monitored by Raman spectroscopy without the interference of UV light. The full range spectra of representative Raman spectra during the reaction are illustrated in Figure 6a. The characteristic Raman bands of reactant (cyclohexene), oxidant (t-BuOOH) and product (1,2-epoxycyclohexane) correspond to those of the reference compounds (Figure S2–S4, Supporting Information). For more details, Figure 6b shows representative Raman bands of both reactants and final product. The Raman peak of 1,2-epoxycyclohexane at 784 cm−1 grows while those peaks belonging to cyclohexene and t-BuOOH decrease simultaneously. The most interesting result has been observed that no other Raman peaks are apparent during this reaction; thus, the Raman spectra confirms that 1,2-epoxycyclohexane is obtained as the only reaction product (100% selectivity) by photocatalytic epoxidation. Additionally, Raman spectra delivers further insight into the photo-reaction mechanism. The inset of Figure 6b shows an isosbestic point near 800 cm−1, between the decreasing Raman band of cyclohexene at 824 cm−1 and the increasing band of the epoxide at 784 cm−1; these indicate that there is no stable intermediate species formed during the photo-epoxidation of cyclohexene into 1,2-epoxycyclohexane.

Figure 6. Representative Raman spectra during the photocatalytic cyclohexene epoxidation with t-BuOOH over V0.25Ti2/MCM-41 catalyst at 60 °C for 75 min: (a) full spectra; (b) partial spectra in range of 775–930 (cm−1).
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For comparative purposes, we performed the thermal epoxidation of cyclohexene in t-BuOOH on V0.25Ti2/MCM-41 catalyst at 80 °C without UV-light. Figure 7a–c show representative spectra range of 1900–860 cm−1, 860–760 cm−1 and 800–200 cm−1, respectively, that recorded every 10 min during reaction. It is clearly observed Raman bands of the reactant (cyclohexene) and the oxidant (t-BuOOH) decrease in intensity and the product (1,2-epoxycyclohexane) increases in intensity during time-on-stream. Figure 7b illustrates a zoom into the window with representative Raman bands of the participating species, showing the consumption of cyclohexene (824 cm−1); those of t-BuOOH (770 cm−1 and 845 cm−1) hardly changed in intensity during reaction since it is supplied in excess. It should be noted that the 1,2-epoxycyclohexane (784 cm−1) is gradually produced. In brief summary, V0.25Ti2/MCM-41 catalyst is not only successful in the epoxidation of cyclohexene under UV-light irradiation but it can also work in the dark at higher temperature, 80 °C. Furthermore, Real-time Raman spectra did not find any interaction between organic compounds and the active sites of the catalyst.

Figure 7. Representative Raman spectral range of (a) 1900–860 cm−1; (b) 860–760 cm−1; and (c) 800–200 cm−1 during the thermal catalytic epoxidation of cyclohexene with t-BuOOH over V0.25Ti2/MCM-41 catalyst at 80 °C for 6 h.
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2.4. Proposed Photo-Mechanism for the Formation of Cyclohexene Epoxidation

Our UV-vis and XPS results indicate that V- and Ti-loading, which are separately well-dispersed in the mesoporous MCM-41, mainly exist in the tetra-coordinated (4-folds coordination). Thus, they can be easily excited under UV-light irradiation to form the corresponding charge-transfer excited states involving an electron transfer from O2− species to V5+ and Ti4+ species, respectively (Equations (1) and (2)) [32,33,34].



[V5+=O2−] ⇆ [V4+−O−]*



(1)






[Ti4+−O2−] ⇆ [Ti3+−O−]*



(2)




It is in agreement that the high reactivity of these charge-transfer excited state is possible due to the electron-hole pair states are localized in close proximity [33]. On the other hand, Raman result suggests that cyclohexene is directly photo-epoxidized to 1,2-epoxycyclohexane in the presence of t-BuOOH. Taking into account these results, a possible photo-epoxidation mechanism by highly dispersed V-oxides and Ti-oxides single-site photocatalysts is proposed, as seen in Scheme 1. Firstly, either V5+ or Ti4+ species is photo-excited to [V4+−O−]* and [Ti3+−O−]*, respectively. As mentioned above, both V- and Ti-loading can be responsible for the cyclohexene epoxidation. In addition, the complementary behavior of V- and Ti-loading may be related to a similar role of activation. Therefore, these photo-excited state species, within their lifetimes, are able to react with t-BuOOH to form (tBuO−) radical, which is responsible for the formation of 1,2-epoxycyclohexane.
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Scheme 1. Proposed photo-mechanism via vanadium and titanium active species during photocatalytic epoxidation of cyclohexene with tert-butyl hydroperoxide (t-BuOOH). 






Scheme 1. Proposed photo-mechanism via vanadium and titanium active species during photocatalytic epoxidation of cyclohexene with tert-butyl hydroperoxide (t-BuOOH).
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When both of V-oxides and Ti-oxides present, it might interact together to further enhance efficiency. In a previous study, Davydov et al. proposed that the charge separation occurred with a hole and an electron in Ti-O species [35]. In particular, the Cr5+ species of [Cr5+−O−]* can donate an electron into the surrounding Ti–O moieties while O− could scavenge an electron from the surrounding Ti–O moieties. It is important to note that vanadium ions would similarly undergo an equivalent charge transition to [V4+−O−]* excited states because V5+ and Cr6+ ions have the same electronic structure [34]. Therefore, the charges, which might happen at or near the photocatalyst’s surface, can induce the photo-epoxidation by either direct excitation via Ti–O moieties or indirect excitation via charge transition from [V4+−O−]* states. As a result, the existence of both V- and Ti-loading will further enhance the efficiency of reaction.




3. Experimental Section


3.1. Preparation of Catalysts

The mesoporous V-Ti/MCM-41 catalysts were prepared by a hydrothermal method, which was based on a procedure described by Hung et al. [36], using the following general gel composition (molar ratios) 1 SiO2: 0.2 CTAB: 0.89 H2SO4: 120 H2O. In our research, we named each catalyst with different metal loading weight ratios (V-Ti-Si), such as (2-0-100), (1-1-100), (0.25-2-100), (0.05-4-100), (0-5-100). The whole synthesis procedure is shown in Scheme 2.
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Scheme 2. Flow chart for synthesis procedure of V-Ti/MCM-41 photocatalysts. 






Scheme 2. Flow chart for synthesis procedure of V-Ti/MCM-41 photocatalysts.
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In a typical synthesis procedure, 21.2 g of sodium metasilicate monohydrate (J.T.Baker, Avantor Performance Materials, Center Valley, PA, USA) dissolved in 100 mL of distilled water is combined with the appropriate amount of titanium oxysulfate hydrate (Sigma-Aldrich, St. Louis, MO, USA) and/or vanadyl sulfate hydrate (Acros, Geel, Belgium) metal precursors (dissolved in 20 mL of 2 M H2SO4 (95%–97%, Sigma-Aldrich)), respectively. The resulting mixture is stirred vigorously for 30 min. Then, 2 M H2SO4 is added to the above mixture to adjust the pH to 10.5 while constantly stirring to form a uniform gel. After stirring, the solution containing 7.28 g cetyltrimethylammonium bromide (CTAB, 98%, Alfa Aesar, Haverhill, MA, USA) is dissolved in 25 mL of distilled water and is added slowly into the above mixture and the combined mixture is stirred for three additional hours. The CTAB surfactant was used as the structure-directing template. The resulting gel mixture is transferred into a Teflon coated autoclave and kept in an oven at 145 °C for 36 h. After cooling to room temperature, the resulting solid is recovered, washed and dried in an oven at 80 °C for 8 h at least. Finally, the organic template is removed after calcination at 550 °C for 10 h.



3.2. Characterization of Catalysts

Powder X-ray diffraction (XRD) data was obtained on a Panalytical X’Pert Pro diffractometer (Almelo, Netherlands) to verify the crystalline structure. The diffraction patterns were checked and assigned to known crystalline phases. The light absorption of photocatalysts was fully characterized by UV-vis spectroscopy (UV-vis, Varian Cary 100, Agilent Technologies, Santa Clara, CA, USA). The Inductively Coupled Plasma—Atomic Emission Spectra (ICP-AES) Analysis was carried out by PerkinElmer Optima 2000 (PerkinElmer, Waltham, MA, USA) to determine the chemical composition of the V, Ti and Si elements in V-Ti/MCM-41 catalysts. X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Theta Probe instrument (Thermo Fisher Scientific Inc., East Grinstead, UK) to determine the electronic properties of the component existed on the surface. Additionally, nitrogen adsorption and desorption isotherms, surface area, and mesopore size distribution were measured using a Micromeritics ASAP2000 (Micromeritics, Norcross, GA, USA). Specific surface areas and pore size distributions were calculated using the Brunnauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. Furthermore, Raman spectra for the characterization of the solid catalysts were obtained with a single monochromator Renishaw Raman System 1000 (Renishaw, Gloucestershire, UK) equipped with a thermoelectrically cooled CCD detector (−73 °C) and holographic Edge filter. The samples were excited with the 514 nm Ar line. The spectral resolution was 3 cm−1, and the spectrum acquisition was 300 s for each sample.



3.3. Liquid-Phase Photocatalytic Epoxidation of Cyclohexene

The experiments of liquid-phase photocatalytic epoxidation of cyclohexene were performed in a three-neck round-bottom flask reactor equipped with a reflux condenser in a temperature-controlled oil bath as shown in Scheme 3. Initially, 50 mmol of tert-butyl hydroperoxide (t-BuOOH, Aldrich, 70% in water) and 5 mol% of catalysts were added to the reactor. After that, the reaction mixture was magnetically stirred and heated until the desired reaction temperature (25 °C, 60 °C and 80 °C, respectively). The reaction was started by adding 25 mmol of cyclohexene (99%, Alfa Aesar, Haverhill, MA, USA) to the mixture. The UV-light was irradiated from EXFO S1500 (EXFO Inc., Quebec, Canada) equipped with 200W Mercury-Arc lamp (0.5 mW/cm2, filter: 320–500 nm) and guided by an optical fiber that can insert into the three-necked reactor. The light intensity was detected at the output of optical fiber by GOLDILUX Radiometer/Photometer (UV-A Probe/UV-C Probe). Reproducibility tests were run on several catalysts to confirm the accuracy of experiments that we assured the error on photocatalytic reactions were within 10%. Since the effect of Raman is a millionth to ten millionths weaker than Rayleigh scattering, any residual light at longer wavelengths from the UV light source had to be filtered off. To do so, a filter rejecting any radiation with wavelength longer than 750 nm (Thorlabs, FM201) was located between UV-light source and the sample. Its transmittance was 100% below 750 nm.

The liquid-phase cyclohexene epoxidation was continuously monitored by Raman spectroscopy with an in Photonics immersion probe fitted to a Perkin-Elmer Raman Station 400F system (Perkin-Elmer Inc., Shelton, CT, USA), equipped with a thermoelectrically cooled CCD detector (−73 °C) and Edge filter. The NIR filter located at the UV-light source prevented any interference from residual longer wavelengths. All the spectra were acquired every 10 min upon excitation with a near-infrared 785 nm excitation line and consisted of 6 accumulations of 10 s. The quantitative analysis of Raman spectra based on the multivariate methods analysis. The collected spectra (which include reactants and product) were analyzed by the evaluation Spectrum QUANT + V4.51 software (PerkinElmer). A partial least squares (PLS) regression was done and the calibration data, which use different calibration compositions (20 standards) of cyclohexene and 1,2-epoxycyclohexane , were stored with a correlation coefficient R2 more than 99% and an average error of analysis less than 2%.
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Scheme 3. Reaction system for the liquid-phase epoxidation: (1) reflux condenser; (2) three-neck flask reactor; (3) temperature-controlled oil bath; (4) Raman probe; (5) optical fiber for UV-light irradiation; (6) NIR-filter (750 nm) integrated with optical fiber; and (7) magnetic stirrer. 






Scheme 3. Reaction system for the liquid-phase epoxidation: (1) reflux condenser; (2) three-neck flask reactor; (3) temperature-controlled oil bath; (4) Raman probe; (5) optical fiber for UV-light irradiation; (6) NIR-filter (750 nm) integrated with optical fiber; and (7) magnetic stirrer.
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Additionally, reaction samples before and after 6 h in reaction were also analyzed by gas chromatography in an YL6100 GC equipped with a Porapak-N column and a flame ionization detector (FID). The cyclohexene conversion was defined in Equation (3).



Cyclohexene conversion = 100% × (moles of initial cyclohexene − moles of final cyclohexene)/moles of initial cyclohexene



(3)







4. Conclusions

A series of V- and/or Ti-loading MCM-41 catalysts are successfully synthesized with a hydrothermal method. At low metal loading, of both vanadium and titanium ions, which mainly exists as tetrahedral coordination, are well dispersed to the Si–O framework. Both V- and Ti-loading can be responsible for the cyclohexene epoxidation. Moreover, the complementary behavior of V- and Ti-loading may be related to a similar role of activation. On the other hand, real-time Raman monitoring during thermo-photocatalytic cyclohexene epoxidation is for the first time successfully conducted without interference from UV-light irradiation. The results indicate that cyclohexene is directly photo-epoxidized to 1,2-epoxycyclohexane in the presence of t-BuOOH, thus, it runs directly with no stable intermediate. A possible mechanism of cyclohexene photo-epoxidation was proposed based on the Raman result.
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