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Abstract

:

The present manuscript describes the use of silk cocoons as a structuring agent for the formation of an iron-based active phase for the controlled oxidation of benzyl alcohol. Different samples were prepared using different calcination temperatures. X-ray diffraction and transmission electron microscopy showed a higher proportion of alpha-Fe2O3 phase and a higher global crystallinity at superior calcination temperature. In terms of catalytic activity, the sample treated at 500 °C presented the highest conversion reaching 47%, with selectivity in benzaldehyde of 75.9%.
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1. Introduction


The selective oxidation of alcohol in their corresponding aldehydes and ketones is a key step for oxidation reactions [1]. Benzaldehyde is industrially produced from the reaction of toluene and chromyl chloride during the Etard reaction [2]. However, the contamination by chlorine limits the valorization of the synthesized benzaldehyde. Thus, benzaldehyde production from benzyl alcohol oxidation was extensively studied since benzaldehyde is a commonly used platform molecule in fine chemical production [3]. This reaction could be performed using two main types of oxidant. On the one hand, the utilization of metal oxides such as chromates [4,5] or permanganates [6,7] could lead to pollution by heavy metals in the desired product. Moreover, this process does not respect the principle of green chemistry since a really low atom efficiency is obtained, and a large quantity of waste is generated. On the other hand, peroxide-like compounds are frequently reported for this reaction. The main ones include simple hydrogen peroxide as well as t-butylhydroperoxide [8,9]. However, as every application needs these compounds, issues related to their low stability during transportation and storage can be present.



In addition to a source of oxygen, a catalyst is often used in order to increase the reaction rate. Firstly, homogeneous systems were designed to reach high product yields [10,11]. However, recurrent problems of homogeneous catalyses, such as catalyst separation and recyclability, also apply here. To overcome these limitations; high interest has been put in developing heterogeneous counterparts. Catalysts based on supported noble metal nanoparticles are well known to be effective in a large number of applications [12,13,14] and were described as interesting for this oxidation reaction. Platinum [15,16], palladium, ruthenium [17,18], and gold [19,20] nanoparticles are most commonly used in combination with both molecular oxygen or hydrogen peroxide. Among these metals, palladium-based material attracted particular interest due to their high activity and selectivity, in particular to the aldehyde product with respect to the carboxylic acid compound [21]. Thus, despite their higher prices, it represents a relevant alternative to Pt-based catalysts. A common strategy to improve the performance of Pd-based catalysts is the addition of another metal to design bimetallic particles. The most suitable candidate for this role appears to be gold. In Pd-Au bimetallic systems, modulation of catalytic activity, selectivity and stability became possible [22,23,24]. However, this noble metal-based catalyst suffers from a high cost and high risk of scarcity in the coming years, particularly with prospects at industrial scale [25].



The use of non-noble, non-expensive, non-toxic, and widely available metals can provide a more sustainable alternative. Iron can potentially be a perfect candidate, according to this description. In combination with hydrogen peroxide under mild batch reaction conditions, iron oxide nanoparticles were reported as highly active for the oxidation of different compounds, including alcohols, alkenes, or sulfides [26,27,28,29,30,31]. Supported by MCM-41, aluminosilicate, MIL-101, or Al-SBA-15, iron nanoparticles reached high performance in different alcohol oxidations. However, unsupported iron nanoparticles possess certain limitations. It was shown by both theoretical and experimental methods that the modification of iron oxide nanoparticles by epichlorohydrin can lead to higher performance [32]. It was ascribed to a promoted adsorption and decomposition of hydrogen peroxide. Thus, in the case of unsupported catalysts, a strategy is needed to optimize the performance of the iron active phase.



In 2019, 679,306 tonnes of silk cocoons were produced worldwide. That represented an increase of 15.9% in the last decade. The producers’ podium is composed of China, India, and Thailand, with 410,000, 170,000, and 55,000 tonnes, respectively [33]. For five millennia, silk fibers produced by Bomby Mori were used in the textile industry. The development of this industry led to important cultural exchange throughout the silk route. This biocompatible fiber developed interesting porosity that could be useful in material science.



This paper used the natural nano-porosity of silk cocoons to design iron oxide nanoparticles. The catalytic materials were prepared by a mechanochemical ball-milling method. The resulting catalysts were employed in the oxidation of benzyl alcohol assisted by microwave irradiation.




2. Results and Discussion


XRD analyzed the prepared samples after calcination at 100 °C, 200 °C, and 300 °C. The results are exposed in Figure 1. The original sample is composed of only one phase, the magnetite Fe3O4. In this sample, only 21 wt% are in the crystalline phase, while the other 79 wt% are amorphous. The crystallite size was measured at 4 nm. The 100 °C sample appears almost completely amorphous since no diffraction peaks were detected. Thus, 100 °C appears as a high enough calcination temperature to completely destabilize the magnetite phase. Increasing the calcination temperature leads to higher crystallinity in the material. More precisely, both alpha-Fe2O3 and gamma-Fe2O3 are present after thermal treatment at 200 °C and 300 °C. For the 200 °C samples, the amount of alpha-Fe2O3, gamma-Fe2O3, and amorphous is 35 wt%, 21 wt%, and 44 wt%, respectively. In this sample, the crystal size of the alpha-Fe2O3 phase was about 26 nm, and 6 nm for gamma-Fe2O3. A higher crystallinity is obtained after calcination at 300 °C with an amount of alpha-Fe2O3, gamma-Fe2O3, and amorphous of 45 wt%, 27 wt%, and 28 wt%, respectively. Here, the crystal size of the alpha-Fe2O3 phase was about 26 nm, and 9 nm was for gamma-Fe2O3. Thus, a slightly larger crystallite size of gamma-Fe2O3 was measured after treatment at 300 °C.



Micrographs of these three materials obtained by transmission electron microscopy are compiled in Figure 2. Figure 2A,B represents the structure of the samples calcined at 100 °C and 200 °C, respectively. With these two images, onion-like lamellar structures clearly appear. However, low-defined structures are obtained due to low crystallinity. As previously seen by XRD, increasing the calcination temperature leads to higher material crystallinity. Figure 2C,D brings to light the well-defined onion-like structure of the sample calcined at 300 °C. On these micrographs, circular lamellar iron structures are observed. In accordance with XRD, the 300 °C sample seems to be more precisely defined with higher phase homogeneity. Without the use of silk cocoon as a sacrificial structural agent, synthesized iron oxide nanoparticles would not show any particular structural shape (e.g., classical spherical nanoparticle morphology). The use of silk cocoons allows the preparation of iron oxide nanomaterials with more defined porosity and morphology with respect to classical methods.



These samples were used in the microwave-assisted oxidation of benzyl alcohol. The obtained results are summarized in Table 1. First, almost negligible conversion (lower than 5%) was obtained in the absence of a catalyst, suggesting that the results presented in the table are due to the effect of the catalysts. All samples detected no products other than benzaldehyde and benzoic acid. Drying the sample for 48 h or 6 days leads to 14% and 10% conversion, respectively. The related selectivity in benzaldehyde is 96.6% and 97.1%. After calcination at 100 °C and 200 °C, the materials do not overcome the blank activity, showing the inefficiency of these catalysts. However, an interesting conversion of 35% with selectivity in benzaldehyde of 90.2% could be obtained after thermal treatment at 300 °C. These collected data seem to indicate that higher crystallinity is beneficial for reactivity.



The calcination temperature’s impact on the material structure and reactivity showed thermal treatments at higher temperatures ranging from 500 °C to 800 °C. X-ray diffractograms as well as the reference of hematite alpha-Fe2O3 (PDF number 89-0597), are compiled in Figure 3. According to this XRD analysis, only hematite alpha-Fe2O3 is present in the samples calcined at 500, 600, and 800 °C. These diffractograms measured the crystallite size of 31 nm, 41.6 nm, and 54.9 nm for samples treated at 500, 600, and 800 °C, respectively. Increasing the calcination temperature up to 600 °C or 800 °C leads to larger crystallite sizes. These larger crystallites logically developed a smaller specific surface area. Using the QXRD technique, the ratio between the crystalline phase and the amorphous part of the materials was determined. The amount of amorphous phase decreased at increasing calcination temperatures due to the thermal stability of the alpha-Fe2O3 phase (hematite) with respect to amorphous iron oxide. From 18.31 wt% for the material calcined at 500 °C, the amorphous phase decreased as low as 13.83 wt% after calcination at 800 °C. Intermediate calcination at 600 °C leads to a quantity of amorphous phase of 17.64 wt%. Thus, an important part of each material was successfully synthesized as crystalline phases.



TEM images of the corresponding samples were compiled in Figure 4 with samples calcined at 500 °C, 600 °C, and 800 °C in Figure 4A, Figure 4B, and Figure 4C, respectively. Whatever the calcination temperature employed, a similar aspect with high homogeneity was observed. More precisely, the same type of porosity is detected, indicating the relative structural stability of the samples. Silk cocoon utilization is responsible for the defined porosity and morphology with respect to classical iron oxide synthesis methods. High-resolution transmission electron microscopy images of samples calcined at 500 °C, 600 °C, and 800 °C are presented in Figure 4D, Figure 4E, and Figure 4F, respectively. Similar periodic fringes were measured for the sample calcined at 500 °C and 800 °C with spaces of 0.3719 nm and 0.3659 nm, respectively. These values are consistent with the d-spacing corresponding to the (012) plane of alpha-Fe2O3, determined by SAED (Figure 4G,I). Concerning the material calcined at 600 °C, a periodic fringe of 0.2713 nm was measured. In this case, this spacing also corresponds to the d-spacing of the alpha-Fe2O3 but in the (104) plane (Figure 4H).



These materials were employed in the selective oxidation of benzyl alcohol to benzaldehyde. The obtained results are compiled in Table 2. As described in previous results, without a catalyst, a conversion lower than 5% is obtained during the oxidation of benzyl alcohol. Thus, the higher conversion and obtained selectivity are related to their catalytic effect. For all catalytic tests reported herein, only benzaldehyde and benzoic acid were detected as products of the reaction. During their first use, the conversion obtained with the different materials decreased as the calcination temperature increased. More precisely, conversions of 47%, 31%, and 12% were measured for the samples calcined at 500 °C, 600 °C, and 800 °C, respectively. The lower conversion obtained while increasing the temperature of calcination could be ascribed to the larger crystallites correlating with a smaller specific surface area of the iron oxide active phase. The related selectivity in benzaldehyde is 75.9%, 83.6%, and 94.6%. As expected, the selectivity in benzaldehyde increases as the conversion of benzyl alcohol decreases. Comparing these results with those previously reported in Table 1, an opposite trend is present with respect to the calcination temperature. Plotting the conversion with respect to calcination temperature leads to the visualization of a volcano-like curve, suggesting that an intermediate calcination temperature of 500 °C is favorable for the reaction. These trends can be explained by the following. On the one hand, increasing the calcination temperature decreases the amorphous phase in aid of the crystalline phase, suggesting it to be more active. In particular, the alpha-Fe2O3 phase (hematite) seems to be the active phase for the reaction. On the other hand, a calcination temperature too important could destabilize the active site leading to lower catalytic activity. Thus, the sample calcined at 500 °C benefits from the two-exposed contributions.



In order to test the stability of these three materials, recyclability tests were performed during four cycles. Unfortunately, the three materials are poorly recyclable. Taking as an example the Cocoon Fe-mag cal 500, while the conversion of benzyl alcohol decreased from 47% to 30%, 17%, and 16%, the selectivity in benzaldehyde increased from 75.9% to 90%, 92.1%, and 95.5% during the first, second, third, and fourth cycle, respectively. Once again, and as expected, the selectivity in benzaldehyde was higher for the lower conversion. Similar results were observed using different materials.




3. Experimental Section


3.1. Material Preparation


Silk cocoons (5 g) were crushed and ground in a ball mill (Retsch, PM 100) at 300 rpm for 20 min with the appropriate quantity of metal precursor (FeCl3.6H2O) to reach a theoretical 5 wt.% iron loading in the material. Samples were then collected and calcined under Nitrogen atmosphere (50 mL/min) at different temperatures, namely 100, 200, 300, 500, 600 and 800 °C, respectively. All materials with the exception of samples calcined at 500 °C and higher temperatures (see results and discussion for iron oxide phases present in these materials).




3.2. Characterization Techniques


X-ray powder diffraction data were collected using a D8 Advanced Diffractometer (Bruker AXS) with a Lynxeye detector, which operated at 40 kV and 40 mA with Cu Kα radiation at room temperature. The 2θ scan range was from 10° to 90°, with a step size of 0.02° and a counting time of 0.2 s for phase identification and 0.5 s for phase quantification. Phase identifications were conducted using the Bruker Diffrac-plus EVA software, supported by the Powder Diffraction File (PDF) database of the International Centre for Diffraction Data (ICDD). Crystallite size was determined by the Scherrer equation using the most intense peak to obtain precise results. Quantitative X-ray diffraction (QXRD) analysis was carried out with TOPAS 4.2 software (Bruker AXS GmbH, Germany). All of the samples were mixed with 45 wt% of CaF2 (449717-25G, Merck, Germany) as the internal standard in our QXRD technique to assist in quantifying the amorphous content.



The morphologies of different materials were examined by transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and selected-area electron diffraction (SAED) using an FEI Tecnai G2 20 S-TWIN Scanning Transmission Electron Microscope System and a JEOL 2010F transmission electron microscope.




3.3. Catalytic Activity


The catalytic activity of the prepared materials was tested in the oxidation reaction of benzyl alcohol. In total, 50 mg of catalyst was added to the reaction solution containing 2 mL of acetonitrile, 0.2 mL of benzyl alcohol, and 0.3 mL of H2O2 50%. The reaction was conducted with a CEM-discover microwave reactor. A power of 300 W was applied, leading to a temperature of 200 °C for 5 min, with an auto-generated pressure of 240 PSI.





4. Conclusions


Nanostructured iron-based catalysts have been synthesized from the mechanochemical incorporation of iron precursors on silk cocoons as a sacrificial template. Designed catalysts have been proven to be promising materials for the oxidation of benzyl alcohol. X-ray diffraction studies pointed to the alpha-Fe2O3 (hematite) crystalline phase as an active phase for the reaction. An optimum in the temperature of calcination was determined around 500 °C. This phenomenon was ascribed to a higher crystallinity after treatment at elevated temperatures. A further temperature increase led to reduced activities due to deteriorated nanostructures (e.g., lower surface areas). The optimum Cocoon Fe-mag cal 500 reached a conversion of 47% with selectivity in benzaldehyde of 75.9%, benzoic acid being the only side product of the reaction.
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Figure 1. X-ray diffractograms of the original sample and samples calcined at 100 °C, 200 °C, and 300 °C. 
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Figure 2. Transmission electron microscopy of samples calcined at (A): 100 °C, (B): 200 °C, and (C,D): 300 °C. 
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Figure 3. X-ray diffractograms of samples calcined at 500 °C, 600 °C, and 800 °C. 
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Figure 4. Transmission electron microscopy of samples calcined at (A): 500 °C, (B): 600 °C, and (C): 800 °C. High-resolution transmission electron microscopy of samples calcined at (D): 500 °C, (E): 600 °C, and (F): 800 °C. Selected area electron diffraction during high-resolution microscopy of samples calcined at (G): 500 °C, (H): 600 °C, and (I): 800 °C. 






Figure 4. Transmission electron microscopy of samples calcined at (A): 500 °C, (B): 600 °C, and (C): 800 °C. High-resolution transmission electron microscopy of samples calcined at (D): 500 °C, (E): 600 °C, and (F): 800 °C. Selected area electron diffraction during high-resolution microscopy of samples calcined at (G): 500 °C, (H): 600 °C, and (I): 800 °C.
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Table 1. Benzyl alcohol oxidation using 50 mg of catalyst, 2 mL of acetonitrile, 0.2 mL of benzyl alcohol, 0.3 mL of H2O2 50%, CEM-Discover, 300 W, 200 °C, 240 PSI, 5 min.
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	Material
	Conversion (%)
	Selectivity Benzaldehyde (%)
	Selectivity Benzoic Acid (%)





	Blank
	<5
	100
	0



	Cocoon Fe-mag dried 48 h
	14
	96.6
	3.4



	Cocoon Fe-mag dried 6 days
	10
	97.1
	2.9



	Cocoon Fe-mag cal 100
	<5
	100
	0



	Cocoon Fe-mag cal 200
	<5
	100
	0



	Cocoon Fe-mag cal 300
	35
	90.2
	9.8
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Table 2. Benzyl alcohol oxidation using 50 mg of catalyst, 2 mL of acetonitrile, 0.2 mL of benzyl alcohol, 0.3 mL of H2O2 50%, CEM-Discover, 300 W, 200 °C, 240 PSI, 5 min.
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Material

	
Cycle

	
Conversion (%)

	
Selectivity Benzaldehyde (%)

	
Selectivity Benzoic Acid (%)






	
Blanco

	
-

	
<5

	
100

	
0




	
Cocoon Fe-mag cal 500

	
1

	
47

	
75.9

	
24.1




	
2

	
30

	
90.0

	
10.0




	
3

	
17

	
92.1

	
7.9




	
4

	
16

	
95.5

	
4.5




	
Cocoon Fe-mag cal 600

	
1

	
31

	
83.6

	
16.4




	
2

	
11

	
95.4

	
4,6




	
3

	
15

	
97.2

	
2.8




	
4

	
10

	
97.4

	
2.6




	
Cocoon Fe-mag cal 800

	
1

	
12

	
94.6

	
5.4




	
2

	
<10

	
97.7

	
2.3
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