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Abstract

:

Amine-functionalised mesoporous silica was prepared by the sonication method, a green approach. The method used aminopropyl trimethoxy silane as the amine source and tetraethyl orthosilicate as a silica source. We distinguished its performance compared to the amine-functionalised mesoporous silica sample prepared by the co-condensation method. The sonication method offered better catalytic activity. The amine-functionalised material was fully characterised by different characterisation techniques such as X-ray diffraction, FTIR, CHN, and SEM. The 12.8% of amine-functionalised material (12.A-MCM-41-S) gave excellent selectivity (98%) and conversion (95%). The activity remained almost unchanged for four cycles.
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1. Introduction


The porous materials with high specific surface areas are of broader interest, with potential applications in different fields such as gas storage, adsorption, sensor technology, and catalysis [1,2,3,4,5,6,7,8]. Mesoporous silica (M41S) belongs to a family of valuable materials composing MCM-41, MCM-48, MCM-50, and SBA-15, with high surface area, uniform pore size distribution, and easy surface modification potential [9,10,11,12,13]. MCM-41 is unique with accessible surface modification due to the surface silanol groups. The high density of silanol groups on the pore walls facilitates introduction of functional groups with high coverage. The mesoporous silica pores are large enough to accommodate a range of large molecules, such as the organic amine group. Various surface modifications have been introduced to provide new surface functions. The surface modification using amine by the post-synthesis, co-precipitation, and hydrothermal synthesis methods are well documented in the literature [14,15,16,17,18]. Generally, more functional groups on the mesoporous silica improve its catalytic performance. The high density of functional groups on the surface may inhibit molecule transport in the mesopore. The uneven distribution of functional groups in the mesopores negatively impacts the material’s performance. For good performance, it is necessary to balance the extensive loading of functional groups with the uniform distribution and the open-pore space. Therefore, we devolved a sonication approach for higher loading of amine compared to the other method and an easy way to apply surface modification.



Several amine-functionalised materials are normally prepared through wet-impregnation and co-precipitation methods for base-catalysed reactions [1,19,20,21,22,23,24,25]. Parida et al. reported that amine-functionalised MCM-41 prepared by the co-condensation method gave (92%) conversion and (99%) selectivity, but the post-synthesis method obtained (70%) conversion and (91%) selectivity [26]. The post-synthesis method leads to lower loading of aminopropyl trimethoxy silane (APTES) on the MCM-41 surface than the co-precipitation method. Therefore, they found less activity in the case of the post-synthesis technique. Further, Choudary et al. reported that amine-functionalised mesoporous silica for Knoevenagel condensation reaction [27]. They prepared diamine-functionalised mesoporous silica by the post-synthesis method. These materials gave 79% conversion and 99% yield in an organic solvent. Wang et al. reported amine-functionalised mesoporous silica by hydrothermal synthesis [28]. His group found 96.8% in both conversion and yield in 12 h. Amino-functionalised mesoporous silica hollow spheres were prepared with the hydrothermal synthesis procedure reported by Wang et al. [29]. They found 100% conversion in the presence of toluene at 4 h. Furthermore, Zhong et al. reported the post-synthesis method’s generation of amine-functionalised MCM-41 material. This method yielded 45% conversion and selectivity in 11 h under toluene solvent [30]. We prepared the amine-functionalised mesoporous materials for the first time by the sonication method. For the comparison study, we also prepared 12.8% of amine-functionalised MCM-41 via the co-condensation method [26]. Compared to other reported methods, we achieved better loading, high surface area, and higher catalytic activity with the sonication procedure. Better activity may be due to the higher loading of the amine group on the MCM-41 surface. Further, sonication also encourages the breakdown of hexagonal mesoporous silica agglomerates into more discrete primary particles. That increases the accessible surface to silane.



Here, for the first time, we report the surface modification of amine-functionalised MCM-41 using aminopropyl trimethoxy silane (APTES) by sonication. We also report its catalytic activity toward the Knoevenagel condensation reaction and compare the activity with the material prepared by the co-condensation method.




2. Results


Figure 1a illustrates the FT-IR spectrum of the 12.8-A-MCM-41-S catalyst. The absorption band at 1080–1090 cm−1 is the result of the Si-O starching of the Si-O-Si structure [31]. The bands at 1620–1640 cm−1 and 3100–3600 cm−1 correspond to H-O-H bending vibration of H2O and absorption of the water molecule, respectively [32]. In this spectrum, both N-H bending vibration and -NH2 symmetric bending vibration of amine-functionalised mesoporous silica are represented as 690 cm−1 and 1532 cm−1 [33]. In addition, CH2 groups of the propyl chain are characterised by wavenumber at 2935 cm−1. The spectral data confirm the amino functionalisation of the mesoporous silica surface.



Figure 1b illustrates the small-angle X-ray diffraction study of the 12.8-A-MCM-41-S catalyst. As can be seen from Figure 1b, a strong peak at 2θ = 2.2 degrees due to (100) plane. Other small peaks indicate the formation of well-ordered mesoporous materials, which follow the higher order of reflections plane for (110), (200), and (210), respectively. All the reflection planes are present within 5 degrees [34]. If we compare 12.8-A-MCM-41-S with MCM-41 [35], a marginal reduction of the (100) peak is observed. The mesoporous nature remains unchanged after modifying the silica network by organic amino groups.



The N2- sorption measurement of 12.8-A-MCM-41-S catalyst is shown in Figure 1c. As per the IUPAC nomenclature, [36] the isotherm of the parent MCM-41 material shows an H4-type hysteresis loop with a well-developed step in the relative pressure range ≈ 0.9. After modification of the organic group in the MCM-41 framework, it seems to lower the P/P0 for the capillary condensation step, showing the shift in pore volume and pore size to a lower value due to the incorporation of the amino group in the pore of the support. The BET surface area of the parent MCM-41 sample was 1380 m2/g, and a pore volume of 1.28 cm3/g was reported [37]. With loading the organic amino group, the surface area (985 m2/g) and pore volume (0.81 cm3/g) gradually decrease. This decrease may be due to the functionalisation of the substrate inside the mesopores.



Figure 1d illustrates the scanning electron microscopy image of the 12.8-A-MCM-41-S catalyst. As revealed in Figure 1d, the 12.8-A-MCM-41-S catalyst, prepared by the sonication method, shows slightly elliptical morphology with good order. The CHN analysis found 5.52, 1.27, and 1.19 wt.% of C, H, and N, respectively.



The C-C bond formation reaction between benzaldehyde and diethyl malonate is facilitated by amine-functionalised mesoporous silica. Cinnamic acid is the main product of the Knoevenagel condensation reaction, and Table 1 summarises the results using 12.8-A-MCM-41-S and 12.8-A-MCM-41-C as catalysts for benzaldehyde conversion and selectivity towards cinnamic acid. Our preliminary experiment generated no product without any catalyst at room temperature (RT). The procedure was repeated using parent MCM-41 material at RT, where we saw a 10% conversion, with 51% selectivity towards cinnamic acid. With 12.8-A-MCM-41-S as the catalyst, the % transformation and selectivity were outstanding (95% and 98%, respectively). We employed a 12.8-A-MCM-41-C catalyst for the comparative investigation, made by a co-condensation process. While the selectivity of both catalysts (12.8-A-MCM-41-C and 12.8-A-MCM-41-S) is comparable, the co-condensation catalyst produced roughly 2.6% less conversion. Improved selectivity with 12.8-A-MCM-41-S catalyst may be due to the uniform or higher loading of aminopropyl trimethoxy silane (APTES) on the MCM-41 surface by the sonication than using the traditional stirred reactor technique.



The amount of catalyst for the Knoevenagel condensation reaction under similar conditions was evaluated. The effect of 12.8-A-MCM-41-S catalyst loading on the Knoevenagel condensation reaction is illustrated in Figure 2. An examination of Figure 2 shows that conversion increases from 54 to 95%, increasing the catalyst from 0.01 g to 0.05 g. Then, the conversion marginally increases (only 0.3%), further increasing the catalyst amount.



The catalytic activities of the different substituents of aldehydes with the malonic ester (fixed) in the presence of 12.8-A-MCM-41-S catalyst are summarised in Table 2. Table 2 shows that all the aldehydes with different electron-withdrawing and donating substituents gave good to excellent yields with 12.8-A-MCM-41-S with lower reaction time. Specifically, the aldehyde substrates with electron donation groups (-CH3, -OCH3, -NH2, etc.) and -NH2 group in the para position gave better conversion (84%) and selectivity (92%) towards cinnamic acid. The aldehydes with electron-withdrawing (nitro and halo group) substituents and halo substituents showed higher conversion (92%) and selectivity (93%). The results may be due to the enrichment of carbanion at carbonyl carbon of the electron-withdrawing groups than the electron-donating groups.



Table 3 compares the efficacy of several literature-reported materials for the Knoevenagel condensation reaction. The data reveals that % conversion in the current investigation is higher at room temperature. As seen in Table 3, catalysts obtained using the sonication method gave better conversion than classical surface modification. The improved activity may be due to the better loading of functional groups with uniform distribution.



Under controlled circumstances, the 12.8-A-MCM-41-S catalyst was used in recycling tests for the Knoevenagel condensation reaction. After the initial cycle, the catalyst was recovered through filtration, washed with ethanol, and dried at 60 °C. The recovered catalyst was reused, and we continued recycling the material up to five times. Figure 3 illustrates the catalytic activity of the reused catalyst in consecutive cycles. Figure 3 shows that conversion efficiency (11%) decreases after the 4th cycle. The lowered efficiency may be due to catalyst poisoning by organic impurities.



Figure 4 represents the XRD pattern of the reused catalyst after the fourth cycle. This image demonstrates that the 12.8 A-MCM-41-S catalyst retained its well-defined ordered mesoporous structure.



Scheme 1 depicts the probable mechanism of the Knoevenagel condensation process over 12.8 A-MCM-41-S catalysts. The amino group removes the proton from the diethyl malonate generating the diethyl malonate anion. Following the hydrolysis of the intermediate in the solvent phase, the diethyl malonate anion interacts with the carbonyl carbon of the modified aldehyde to produce the main product, cinnamic acid.




3. Materials and Methods


3.1. Catalysts Preparation


Cetyltrimethylammonium bromide (CTAB, 0.5 g), 2 M of aqueous NaOH (7 mL, 14 mmol), and H2O (26.67 mmol) are kept in a conical flask and heated at 80 °C for 30 min. The mixture was maintained at а constant pH of 12.4. Then, tetraethyl ortho silicate (TEOS, 9.34 g, 44.8 mmol) and APTES (1.34) mL were added sequentially and rapidly. Following the addition, white precipitation was observed after 3 min. The reaction mixture was sonicated at 60 °C for 4 h. The products were isolated by a hot filtration, washed with a sufficient amount of water followed by methanol, and dried under a vacuum. To remove surfactant, we used 1 g of sample with a mixture of the con. HCl (1) mL and ethanol (100) mL sonicate at 60 °C for 8 h. Then, the mixture was washed with ethanol and dried at 100 °C overnight. Then, the final sample was designated as 12.8 A-MCM-41-S. For comparison, we also prepared 12.8% of amine-functionalised mesoporous silica by co-condensation. The sample was designed as 12.8 A-MCM-41-C.




3.2. Catalyst Characterisation


The catalyst’s surface area and pore size distribution were determined by N2 adsorption-desorption at 77 K using the ASAP 2020 (Micrometrics Instruments Corporation, Norcross, GA, USA) instrument. Varian FTIR-800 (Varian Instruments, Randolph, MA, USA) in KBr matrix in the range of 4000–400 cm−1 to record the FT-IR spectra. We used the Thermo Scientific LECO CHNS-932 elemental analyser (Winsford, UK) to obtain the elemental data. The powder X-ray diffraction patterns of the sample were measured by Rigaku D/Max III VC diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation at 40 kV and 40 mA in the range of 2θ = 0–10 degrees. The FE-SEM was performed with a ZEISS 55 microscope(Carl Zeiss, Oberkochen, Germany).




3.3. Catalytic Activity


Initially, 10 mmol of benzaldehyde, 10 mmol of malonic ester, and 0.05 g of catalyst were taken in the reactor and stirred at room temperature in an oil bath. After 10 h of reaction, 50 mL of methanol was added to soluble all the organic compounds. Then, the mixture was stirred for 10 min (Scheme 2). The catalyst was recovered by centrifugation, and offline GC analysed the reaction mixture.





4. Conclusions


In conclusion, we describe the sonication method’s advantage in synthesising organo-functionalized mesoporous material. An XRD and BET surface area revealed that the amino functionalisation material retained mesoporous characteristics. FTIR spectra confirmed the amino attachment onto the MCM-41. The reused materials included the ordered mesoporous structure after the fourth cycle. The 12.8 A-MCM-41-S material may be recycled up to four times and is stable, recyclable, and excellent for the Knoevenagel condensation reaction.
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Figure 1. (a) FT-IR spectra, (b) Small-angle XRD pattern, (c) N2-sorption and (d) SEM image of 12.8-A- MCM-41-S catalyst (Scale bar = 1 µm). 
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Figure 2. Variation of catalyst amounts of 12.8-A-MCM-41-S catalyst over Knoevenagel condensation reaction. 
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Figure 3. Recycle experiments of 12.8-A-MCM-41-S catalyst. 
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Figure 4. XRD spectrum of the reused catalyst after the fourth cycle. 
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Scheme 1. Mechanism of the Knoevenagel condensation reaction over 12.8 A-MCM-41-S catalyst. 
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Scheme 2. Schematic presentation of Knoevenagel condensation reaction. 
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Table 1. Catalytic activity towards Knoevenagel condensation reaction *.
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Sl. No.

	
Catalyst

	
Conversion (%)

	
Selectivity (%)




	
Cinnamic Acid

	
Other






	
1

	
Without catalyst

	
0

	
0

	
0




	
2

	
MCM-41

	
10

	
51

	
49




	
3

	
12.8 A-MCM-41-S

	
95

	
98

	
2




	
4

	
12.8 A-MCM-41-C

	
92.4

	
98

	
2








* Benzaldehyde = 10 mmol, Malonic ester = 10 mmol, Catalyst = 0.05 g, Temperature = RT and Reaction time = 10 h.













[image: Table] 





Table 2. Knoevenagel condensation of aldehyde substituents with diethyl malonate over 12.8-A-MCM-41-S catalyst.
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Sl. No.

	
 [image: Catalysts 12 01212 i001]

Reactant
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Major Product

	
Conversion (%)

	
Selectivity (%)




	
Major

	
Others






	
1

	
X = CHO

	
X = CH = CH-COOH

	
95

	
98

	
2




	
2

	
X = CHO, W = NH2

	
X = CH = CH-COOH, W = NH2

	
84

	
92

	
8




	
3

	
X = CHO, Z = OH

	
X = CH = CH-COOH, Z = OH

	
89

	
91

	
9




	
4

	
X = CHO, W = CH3

	
X = CH = CH-COOH, W = CH3

	
77

	
85

	
15




	
5

	
X = CHO, Y = OH

	
X = CH = CH-COOH, Y = OH

	
85

	
89

	
11




	
6

	
X = CHO, W = F

	
X = CH = CH-COOH, W = F

	
92

	
93

	
7




	
7

	
X = CHO, W = NO2

	
X = CH = CH-COOH, W = NO2

	
99

	
99

	
1




	
8

	
X = CHO, W = COH3

	
X = CH = CH-COOH, W = COH3

	
79

	
83

	
17




	
9

	
X = CH = CH-CHO

	
X = CH = CH-CH = CH-COOH

	
97

	
98

	
2
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Table 3. Effectiveness of the current work in comparison to reported literature.






Table 3. Effectiveness of the current work in comparison to reported literature.





	Catalyst
	Temp (°C)
	Conversion
	Ref.





	Amine functionalised MCM-41
	RT
	92
	[26]



	Amine-functionalized MCM-41
	RT
	81
	[38]



	Aminopropyl-functionalised MCMs
	82
	84
	[39]



	12.8-A-MCM-41-S
	RT
	95
	Current work
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