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Chapter 1. General Introduction 

 

1.1. Solid base catalyst 

1.1.1 Homogeneous and heterogeneous catalyst 

 Catalytic processes can be divided into two categories: homogeneous and heterogeneous. 

 Processes in which the catalyst and reactant are both gases (e.g., decomposition of ozone by 

chlorine) or liquids (e.g., carbonization of methanol to acetic acid by [Rh(CO)2I2]-complex) are 

called homogeneous catalytic processes. Metal complexes that are soluble in solvent and ions in 

aqueous solution are used as homogeneous catalysts. 

 Processes in which the catalytic phase and the reaction phase are different are called heterogeneous 

catalytic processes. If the catalyst is a solid, the reaction takes place on the surface of the solid. For 

this reason, porous materials with large surface areas are often used. 

 Advantages of heterogeneous catalysts in industrial use are as follows:[1] 

1. In order to recover homogeneous catalysts, it is necessary to precipitate the catalyst using 

reagents. On the other hand, since heterogeneous catalysts are mainly solid, they can be easily 

recovered by filtration and other operations, are easy to reuse. Therefore, heterogeneous catalysts 

are environmentally friendly. 

2. In the homogeneous system, the solvent used for the reaction must be one that can dissolve both 

the catalyst and the reactants. For this reason, methyl chloride (CH3Cl) and dimethyl sulfoxide 

(DMSO) are often used as solvents, but these substances are toxic and must be handled with care. 

In addition, the reaction temperature is limited below boiling temperature of the solvent. On the 

other hand, in a heterogeneous system, all that is needed is a solvent that dissolves the reactants. 

Therefore, there is a wide range of solvents to choose from.  

 Characteristics of both systems are shown in Table 1-1. 

 

Table 1-1 General characteristics of homogeneous and heterogeneous system. 

 Homogeneous Heterogeneous 

Separation of catalyst and product 1. Precipitation by reagent 

2. Filtration 

Filtration 

Recycle of catalyst Difficult, high cost Easy 

Stability Low High (high thermal stability) 

Reaction temperature Low (< 200 °C) Low and high 

Selectivity High Low 

Diffusion Easy Difficult 

 



2 

 

1.1.2 Typical solid base catalysts 

 Many types of materials can act as solid base catalysts. Typical solid base catalysts are listed in 

Table 1-2. In this section, alkaline earth metal oxides and alkali cation-exchanged zeolites are 

discussed as typical solid base catalysts. 

 

Table 1-2 Classification of solid base catalysts.[2] 

 

 

1.1.2.1. Alkaline earth metal oxide 

 Alkaline earth metal oxides such as MgO, CaO, SrO, and BaO are representative of solid base 

catalysts and have been studied for a long time. The base strength of the surface is considered to be 

in the order of MgO < CaO < SrO < BaO.[2] In general, alkaline earth metal oxides are obtained by 

thermal decomposition of hydroxides. The surface structural model of MgO is shown in Figure 

1-1.[3] Although there are several types of Mg and O ions with different coordination numbers, the 

combination of 3-coordinated Mg2+ and 3-coordinated O2− (Mg2+
3C-O2−

3C) is reported to be the most 

active and adsorbs carbon dioxide and water easily. Alkali metal earth oxides have been reported to 

catalyze a variety of reactions, such as Henry reaction[4] and Michael reaction.[5] 
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Figure 1-1 The surface structural model of MgO.[3] 

 

1.1.2.2. Alkali cation-exchanged zeolite[6] 

 Zeolites exchanged with alkali metal cations exhibit basic properties. The alkali cation exchange of 

faujasite (X-type zeolite and Y-type zeolite) has been studied mainly for the dehydrogenation 

reactions of alcohols.[7] The catalytic properties of alkali cation-exchanged zeolites in 

dehydrogenation reactions show the following features: 

1) The activity order is Cs-Y>Rb-Y>K-Y>Na-Y>Li-Y. 

2) Na-X is more active than Na-Y. 

3) H-Y is not active. 

 The activity of alkali cation-exchanged zeolites with the same structure tends to be higher with 

larger radius of the exchanged cation and lower electronegativity. A similar feature has been 

observed in the alkylation of toluene with methanol and formaldehyde[7] and the reaction of 

γ-thiolactone formation from γ-butyrolactone and hydrogen sulfide.[8] 

 

1.1.3 Industrial use of solid base catalyst 

 Many research has been done on solid acid catalysts due to their demand in the petrochemical (oil 

refining and oil reforming) field. On the other hand, solid base catalysts have not been studied as 

much as solid acid catalysts. One possible reason for this is the poisoning of solid base catalysts. 

Water and carbon dioxide in the air adsorb onto the solid base catalyst, causing it to become inactive. 

Therefore, they need to be pre-treated at high temperature before use, but there is a risk of sintering 

and deactivation of the catalyst during the high temperature treatment. Thus, solid base catalysts are 

more difficult to handle than solid acid catalysts. 

 The industrial processes in which solid base catalysts are used are shown in Table 1-3.[1] In the 

future, it will be necessary to shift from homogeneous to heterogeneous base catalysts in terms of 
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environmental burden and cost. 

 

Table 1-3 Industrial processes in which solid base catalysts are used.[1] 

 

 

1.2 Nitrided silica 

 By substituting nitrogen atoms for oxygen atoms in the silica framework (nitridation), the Lewis 

base property appears in the non-covalent electron pair of the nitrogen atom, which has a weaker 

electron affinity than the oxygen atom, and acts as a base point (Figure 1-2). Many types of nitrided 

silica materials, such as amorphous silica[9], zeolite (FAU[10-14], MFI[11, 15-21], BEA[22], 

FER[23], LTA[24], MWW[21, 25]), zeolite analogue (AlPO4[11, 26], SAPO-34[27, 28]), mesoporous 

silica (MCM-41[29-33], MCM-48[33-35], SBA-15[30, 33, 36-42], FSM-16[43], IUMUV-6[44]), 

and fibrous silica (KCC-1[30, 45, 46]) has been reported. 
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Figure 1-2 Base site of nitrided silica. 

 

1.2.1 Preparation of nitrided silica 

 In 1968, Kerr et al. reported about HY zeolite treated with ammonia at 773 K.[10] Since then, 

nitridation of various silica materials has been studied. A typical nitridation experimental setup is 

shown in Figure 1-3. First, a ceramic boat loaded with silica material is placed in a quartz tube. The 

sample is heated in a temperature programmable furnace under N2 gas flow. When the temperature 

reaches above 643K, the N2 gas is switched to ammonia gas. When the sample has reached the 

desired temperature and held for several hours, the material is cooled. When the temperature reaches 

below 643K, the ammonia gas is switched to N2 gas. The sample should be removed when it reaches 

room temperature. 

 

 

Figure 1-3 Nitridation experimental setup.[29] 

 

 The relationship between nitridation conditions (e.g., time, temperature, ammonia flow rate) and 

the properties of the nitrided materials (e.g., nitrogen content, crystallinity, nitrogen species, basicity, 

acidity) has been investigated in various silica materials. 

 First, the nitridation of zeolite is discussed. In 2004, Zhang et al. reported the nitrided ZSM-5 with 

bimodal pores.[15] The commercial ZSM-5 heated in air at 1273 K for 2.5 h and heated in ammonia 

flow (500 mL·min−1) at 1323 or 1373 K for 4.5, 8, or 10 h. N2 adsorption shows ZSM-5 nitrided at 

1323 K was slightly destroyed and ZSM-5 nitrided at 1373 K was dramatically damaged (Table 1-4). 

XRD measurement and SEM also proved that nitridation at 1323 K leaded slight destruction of 
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zeolite structure. The nitrogen content of nitrided ZSM-5 measured by CHN analysis increased with 

nitridation time and temperature (7.2-15.6 wt%). 29Si MAS NMR showed that the SiNO3 phase 

formed and that the SiO3-OH phase disappeared in ZSM-5 nitrided at 1323 K. TG-MS and CO2-TPD 

indicated that stronger basic sites were existed in nitrided ZSM-5. Furthermore, TG-MS and 

NH3-TPD indicated that small quantity of acid sites was still existed after nitridation. 

 

Table 1-4 Textual properties of ZSM-5 before and after nitridation.[15] 

 

 

 Nitrided HZSM-5 was reported by Guan et al. in 2006.[17] The nitridation temperature was 1073 K 

and the nitridation time was 5, 10, and 15 h. XRD measurement, N2 adsorption, and SEM showed 

the structure of HZSM-5 had no great change after nitridation. The nitrogen content measured by 

alkaline digestion increased with increasing nitridation time (0.82-1.24 wt%). NH3-TPD showed that 

nitridation reduced the strong acid sites and did not affect the weak sites (Figure 1-4). Therefore, the 

acid strength distribution of HZSM-5 was more homogeneous after nitridation. Pyridine-IR 

measurement showed that Brönsted acid sites decreased sharply and Lewis acid sites decreased 

slightly after nitridation. TG analysis showed that nitridation leaded less deposition of coke probably 

due to weaker acidity. 

 

Figure 1-4 The patterns of NH3-TPD of (a) HZSM-5 and (b) HZSM-5-10N.[17] 

 

 Narasimharao et al. attempted to prepare basic zeolite by low temperature nitridation.[22] They 
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selected zeolite beta as parent material due to their large concentrations of defect sites. Synthesized 

zeolite bate was heated in ammonia flow (60 mL min−1) between 573 and 1073 K for 24 or 48 h. 

XRD measurement showed that the crystallinities of nitrided zeolite gradually decreased with 

increasing nitridation temperature and time. The nitrogen content measured by alkaline digestion 

increased with increasing nitridation temperature and time (1.25-10.85 wt%). When zeolite beta was 

heated in air at 1073 K for 24 h, the resulting material was amorphous. This suggested that the 

ammonia atmosphere probably contributed to preserving the zeolite framework. The result of N2 

adsorption measurement corresponded with XRD result. The nitrogen content of nitrided zeolite beta 

increased with nitridation time and temperature. Compared with NaY and ZSM-5, the nitrogen 

incorporation capacity of zeolite beta was higher at the same temperature probably due to their large 

concentrations of defect sites, which may promote a formation of terminal –NH2 groups. FTIR 

measurement showed that the intensity of bands attributed to silanol groups decreased with 

increasing nitridation temperature and that both basic sites and acid sites were present in zeolite 

nitrided at temperatures below 973 K. From this result, the following nitridation mechanism was 

suggested. At lower temperatures, Si-NH2 species were generated from silanol groups (Eqs. (1) and 

(2)). At higher temperatures, Si-NH-Si or Si-NH-Al species were generated (Eqs. (3)-(5)). 

 

Scheme 1-1 The mechanism of nitridation in nitrided zeolite.[22] 

 

 Dogan et al. examined the effect of Si/Al ratio, charge-compensating cation, and treatment 

temperature on reactivity, degree of nitrogen substitution, and framework stability of nitrided 

zeolite.[12] Commercial HY (Si/Al = 15), NH4Y (Si/Al = 2.55), NaY (Si/Al = 2.55), and HY (Si/Al 

= 2.55) were used as starting materials. The zeolite was heated in ammonia flow (approximately 

2000 cm3·min−1) at 1023-1123 K in 24 or 48 h. XRD measurement and N2 adsorption showed HY 

(Si/Al = 15 and 2.55) and NaY maintained their structure during nitridation (Figure 1-5 a, b, and c). 

However, the crystallinity of NH4Y decreased after nitridation (Figure 1-5 d) due to dihydroxylation 

of the Si-O(H)-Al linkages Elemental analysis (5.4-13.9 wt%) and EDX analysis (5.6-34.7 wt%) 

showed that the nitrogen content increased with increasing nitridation time and temperature in all 

sample.  
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Figure 1-5 Powder XRD pattern for nitrided zeolite Y. The first six reflections of the faujasite cell 

are indexed.[12] 

 

 Srasra et al. reported the effect of nitridation temperature on nitrogen amount and species of 

nitrided zeolite.[47, 48] Y zeolite (Si/Al = 2.6) and ultrastable Y zeolites (Si/Al =13 and 37) were 

heated in ammonia flow (60 mL min−1) for 48 h at 1023-1123 K. XRD and N2 adsorption results 

showed that nitridation caused a decrease of crystallinity of the samples. The crystallinity of 2.6Y 

and 37USY decreased more rapidly than that of 13USY. The content of total nitrogen was 

determined by the Grekov method and the content of surface nitrogen was determined by XPS 

analysis (Table 1-5). Both content increased with nitridation temperature in all samples. The content 
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of total nitrogen and that of surface nitrogen were similar. Therefore, the nitridation of the external 

and internal surfaces might proceed at the same rate. At the same nitridation temperature, all samples 

showed comparable nitrogen contents only excepted for samples nitrided at 1123 K. XPS analysis 

showed not only the quantity of nitrogen but also the chemical environment of nitrogen. Nitrided 

zeolites had some nitrogen species and nitrogen species appeared in the following order of 

increasing temperature: NH4
+, NH3 adsorbed on Lewis acid sites, -NH2, -NH- and >N- (Figure 1-6). 

The nitridation temperature affected their relative concentration. The result of DRIFTS corresponded 

with XPS result. 

 

Table 1-5 Total and surface nitrogen contents of the parent and nitrided zeolites.[47] 
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Figure 1-6 N1s XPS spectra of parent and nitrided zeolites. The relative intensities of each spectrum 

have been normalized. The deconvoluted peaks are assigned to NH4
+, ammonia adsorbed on Lewis 

acid sites, -NH2 and -NH- groups, and >N- groups with the binding energy of 402, 400, 398 and 397 

eV, respectively. [47] 

 

 Wu et al. remarked nitrogen species of nitrided zeolites.[18] ZSM-5 (Si/Al > 300) was heated in 

ammonia flow (60 mL·min−1) at 973-1173 K for 8 h. XRD measurement, N2 adsorption, and SEM 

characterization indicated that the crystallinity of zeolite was well-preserved after nitridation. CHN 

analysis indicated that nitrogen content of nitrided zeolite increased with nitridation temperature 
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(1.10-1.49 wt%). The result of FTIR and 29Si MAS NMR indicated that nitrogen atoms were 

introduced into the framework of ZSM-5 and Si-NH-Si group and/or Si-NH2 group were formed. 

Si-NH-Si groups are formed when nitridation temperature above 1073 K (Figure 1-7). In this report, 

the band assigned to Si-NH2 groups is not observed probably due to instability of Si-NH2 groups. 

 

 

Figure 1-7 FTIR spectra of nitrided samples treated under vacuum at 673 K for 1 h before IR 

measurements. (a) NZ-1173, (b) NZ-1073, (c) NZ-973, and (d) parent ZSM-5. The bands are 

assigned to Si-OH groups, Si-OH-Al groups, adsorbed water, Si-NH-Si groups, and Si-NH-Al 

groups with the wavenumber of 3696, 3611, 3477, 3406, and3360 cm−1 respectively.[18] 

 

 Hammond et al. investigated the effect of nitridation conditions, such as the ammonia introduction 

temperature/time, the ammonia treatment temperature/time, and the ammonia flow rate.[49] And 

they proposed recommended conditions. HY zeolite (Si/Al ≈ 20 estimated by 29Si MAS NMR) was 

heated in ammonia flow (70-2000 cm3·min−1) at 823-1123 K for 8-48 h. The ammonia introduction 

temperature was 673-1123 K. The nitrided zeolite was characterized by XRD, 29Si MAS NMR, N2 

adsorption, and FT-IR spectroscopy. When the ammonia was introduced before the furnace reached 

the reaction temperature, the zeolite contained fewer defects after nitridation than the temperature 

was reaction temperature. That might be because that high temperature treatment without ammonia 

gas causes dealumination and/or structural distortion. It was also revealed that the higher ammonia 

flow rate leaded the higher degree of nitrogen substitution due to higher ammonia concentration and 

lower H2O concentration. Longer nitridation time and higher nitridation temperature leaded more 

nitrogen substitution and partial collapse of the zeolite structure. Consequently, the condition; 

nitridation time = 8 h, nitridation temperature = 1023 K, ammonia flow started at 400 °C, ammonia 

flow rate = 600 cm3·min−1 was recommended for zeolite Y. 
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 Not only aluminosilicates but also silicoaluminophosphates (SAPO-34) were nitrided. Nitrided 

SAPO-34 was firstly reported by Guan et al. in 2006.[28] Synthesized SAPO-34 was heated in dry 

ammonia flow at 973, 1073, and 1173 K. In this material, the nitrogen content increased and 

subsequently decreased with the increase of nitridation temperature because of partial destruction of 

the framework and elimination of some nitrogen species during nitridation. XRD measurement 

confirmed the destruction of the framework in SAPO-34 nitrided at 1173 K. DRIFTS of CO2 

adsorption and CO2-TPD measurement showed that basic sites existed on the surface of nitrided 

SAPO-34. 

 

 Titanosilicates were also nitrided. Nitrided titanosilicates were reported by Zhang et al. in 

2012.[50] Synthesized Ti-MWW, TS-1, and Ti-Beta were used as starting materials. The zeolites 

were heated in ammonia flow (100 cm3·min−1) at 473-1173 K in 5 min-5 h. At lower temperature 

(under 873 K), the nitrogen content of nitrided Ti-MWW measured by CHNS analyzer slightly 

increased with increasing nitridation temperature (Figure 1-8). At higher temperature (over 1073 K), 

the nitrogen content increased obviously. That was because that the ammonia molecules might be 

adsorbed on the surface of titanosilicates at lower temperature and nitrogen could be incorporated 

titanosilicate framework only at higher temperature. XRD measurement showed high temperature 

nitridation caused structural degradation probably due to nitrogen incorporation. XRD measurement 

and N2 adsorption showed that the structures of Ti-MWW, TS-1, and Ti-Beta were preserved during 

nitridation under 873 K. UV-Vis spectra did not change after nitridation. Therefore, nitridation had 

no effect on the state of Ti species.  

 

Figure 1-8 Dependence of the N content and the activity of nitrided-Ti-MWW on nitridation 

temperature.[50] 

 

 The mechanism of nitridation of mesoporous silica is shown in Scheme 1-2. First, the silanol 

groups on the surface are replaced by primary amine groups (1), and the water desorbs from the two 



13 

 

silanol groups to form the monoradical ≡ Si-O· (non bridging oxygen hole center, NBOHC) (2). 

This NBOHC produces ·NH2 from ammonia molecules (3). The reaction between radicals also 

generates primary amine groups (4). Primary amine groups are also generated in reactions such as 

(5). Furthermore, at high temperatures (above 973 K), primary amine groups condense to form 

cross-linked secondary amine groups (Si-NH-Si), as in (7). Therefore, nitration at low temperature 

(~873 K) results in more primary amine groups, while nitration at high temperature results in more 

bridged amine groups. 

 

Scheme 1-2 The mechanism of nitridation in nitrided mesoporous silica.[37] 

 

1.2.2 Characterization of nitrided silica 

 XRD measurements are widely used to investigate the structural changes before and after 

nitridation. The higher the nitridation temperature, the larger the decrease in peak intensity.[12, 22, 

47, 49] For zeolites, the peak position hardly changes[11, 12, 17, 22, 49], but for mesoporous silica, 

the peak position shifts to a higher angle as it is nitrided at higher temperatures.[31, 34, 40, 42, 51] 

 Many researchers used N2 adsorption measurement in order to investigate textual properties of 

nitrided silica materials. In general, the higher the nitridation temperature, the lower the surface area 

and pore volume. In nitrided mesoporous silica, the higher the nitridation temperature, the thinner 

the wall thickness.[40, 42] Hammond proposed avoiding discussions of BET surface area of zeolites 

and instead concentrating on high-resolution adsorption or micropore volumes determined from the 

t-plots or αs-plots.[49] 

 Combustion method, EDX measurement, alkaline digestion, titration method, and XPS 

measurement were often used for investigation on nitrogen content of nitrided materials. 

Combustion method (elemental analysis) shows lower nitrogen contents than EDX because of an 

incompletely combustion and a possible adsorption of water in zeolite.[12] 

 XPS analysis can investigate not only the quantity of nitrogen but also the chemical environment of 

nitrogen. However, there are few studies of XPS analysis on nitrided zeolites. Srasra et al. 

summarized N1s binding energy attribution of nitrided compounds (Table 1-6).[48] Figure 1-6 

shows XPS peak spectra of N1s levels for parent and nitrided zeolite.[48] It suggests that amines 

were formed when the nitridation temperature was above 800 °C. Figure 1-9 shows XPS peak 

spectra of N1s levels for nitrided SBA-15.[42] It suggests that the higher the nitridation temperature, 
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the higher the series number of amines is formed. Similar results have been reported for nitrided 

KCC-1.[45] 

 

Table 1-6 N1s binding energy attribution from the literature of some nitrided compounds.[48] 

Nitrogen species Assignment  BE N1s / eV Reference 

>N– SiN, SiNxHy
 397.1–397.7 [52-56] 

 AlN 396.4–396.8 [57-59] 

 TiN 396.8–397.2 [60-63] 

 AlPON 397.4 [64] 

 ZrPON 397.0–397.7 [65] 

–NH2 SiN 398.6–399.4 [52] 

 AlN 399.3 [57, 59] 

 AlPON 399.0 [64] 

–NH– SiN, SiNxHy 398.0–399.6 [52] 

 AlN 398.1 [57, 59] 

–NH2 and –NH– groups AlPON, ZrPON 398.8–399.6 [66] 

NH3 NH3–Y 400.4 [67] 

 NH3–Al2O3 400.8 [57, 60] 

NH4
+ NH4

+–mordenite 403 [68] 

 NH4
+–ZSM-5 402.4–402.6 [67] 

 

 

Figure 1-9 XPS spectra of N1s levels for nitrided SBA-15 with nitridation temperature of 873–1273 
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K. Red dots and blue carves are measured data and fitting curves, respectively. The deconvoluted 

peaks are assigned to primary (P), secondary (S), and tertiary (T) silanamine with the binding energy 

of 398.7, 398.0, and 397.3 eV, respectively.[42] 

 

 IR measurement was widely used to distinguish between different nitrogen species. Typical FT-IR 

peak assignments of nitrided SBA-15 are shown in Table 1-7[42] and those of nitrided zeolite are 

shown in Table 1-8.[48] FT-IR spectra of nitrided zeolites tend to be more complicated than those of 

nitrided mesoporous silica due to the presence of Al atoms. 

 

Table 1-7 Peak assignments of FT-IR spectra of nitrided SBA-15.[42] 

Wave number / cm−1
 Assignment Reference 

3536 vNH asymmetric (Si-NH2) [39] 

3530 vNH asymmetric (Si-NH2) [37] 

3516 vNH asymmetric (Si-NH2) [45] 

3515 vNH asymmetric (Si-NH2) [42] 

3505 vNH (Si-NH2) [69] 

3452 vNH symmetric (Si-NH2) [39] 

3452 vNH symmetric (Si-NH2) [37] 

3444 vNH symmetric (Si-NH2) [45] 

3405 (broad peak) vNH (Si-NH-Si) [69] 

3403 vNH (Si-NH-Si) [70] 

3396 (broad peak) vNH (Si-NH-Si) [37] 

3396 vNH (Si-NH-Si) [34] 

3388 (broad peak) vNH (Si-NH-Si) [31] 

3368 vNH (Si-NH-Si) [70] 

3390–3350 (broad peak) vNH (Si-NH-Si) [42] 

1555 δNH (Si-NH2) [69] 

1555 δNH (Si-NH2) [31] 

1552 δNH (Si-NH2) [45] 

1551–1550 δNH (Si-NH2) [70] 

1550 δNH (Si-NH2) [39] 

1548 δNH (Si-NH2) [42] 

1547 δNH (Si-NH2) [40] 
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Table 1-8 Peak assignments of FT-IR spectra of nitrided zeolite.[48] 

 

 

 29Si MAS NMR is used to study the environment of Si atoms in nitrided silica materials. Dogan et 

al. calculated chemical shifts of 29Si MAS NMR for nitrided HY and NaY.[12] Figure 1-10 shows Si 

MAS NMR spectra of parent and nitrided ZSM-5.[15] The sharp and strong peak near −112 ppm is 

derived from SiO4, and the shoulder near −100 ppm is derived from SiO3-OH, indicating the 

presence of silanol groups in the ZSM-5. After nitridation, the peak around −92 ppm derived from 

SiNO3 appears and the peak at −110 ppm disappears. It suggests that SiNO3 phase (nitrogen inside 

the ZSM-5 framework) had formed, and SiO3-OH phase had disappeared (Si–OH + NH3 → Si–NH2 

+ H2O). Similar results have been reported for nitrided KCC-1.[45] 

 

Figure 1-10 Si MAS NMR spectra of parent and nitrided ZSM-5 with nitridation temperature of 

1323 K.[15] 
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1.2.3 Applications 

1.2.3.1 Solid base catalyst 

 Nitrided zeolites have been attracted attention as solid catalysts due to their high crystallinity, 

porosity, and thermal stability. Knoevenagel condensation was widely used to investigate the base 

catalytic property of nitrided silica. 

 Climent et al. reported the base catalytic activity of nitrided amorphous aluminophosphates 

(ALPONs).[26] ALPONs with different nitrogen content were prepared by controlling the nitridation 

time. The basicity of ALPONs was investigated by carrying out the Knoevenagel condensation with 

reactants possessing different pKa value, ethyl cyanoacetate and malononitrile. The activity of 

ALPON increased with nitrogen content. In the reaction with malononitrile, the nitrogen content and 

the activity showed a reasonable linear correlation. Thus, all the basic sites were enough and equally 

active for this reaction. However, in the case of ethyl cyanoacetate, not all the basic sites were 

equivalent b. The also compared the basicity of ALPONs was compared with other solid base 

catalysts. The basicity of ALPONs was stronger than that on alkaline ion (Cs) exchanged X zeolites 

and weaker than that on MgO and Mg-Al hydrotalcites.  

 Ernst et al. reported the catalytic activity of nitrided NaY in Knoevenagel condensation of 

benzaldehyde with malononitrile.[11] The catalysts were by nitridation at 800–900 °C to investigate 

the effect of nitridation temperature. NaY nitrided at 850 or 875 °C showed high yield of the aimed 

product, i.e. high catalytic activity. A leaching test and a recycle test clarified that the activity was 

not derived from dissolved ammonia. However, untreated NaY and NaY nitrided at 800 °C showed 

low activity. NaY nitrided above 900 °C also showed low activity due to their low crystallinity and 

fewer accessible base sites. They also compared the catalytic activity of nitrided NaY, NaX (FAU), 

ZSM-5, Silicalite-1 (MFI), AlPO4-5, and amorphous AlPO in the same reaction. The catalysts were 

prepared by nitridation at 850 or 875 °C in order to investigate the effect of zeolite type. The 

catalytic activity increased with nitridation temperature. In FAU and MFI type zeolite, the activity 

increased with decreasing aluminum content. Nitrided AlPO4-5 showed lower activity than nitrided 

amorphous AlPO because the latter contained stronger base sites, bridging P-NH-Al groups. On the 

other hand, a microporous catalyst like nitrided AlPO4-5 could show higher selectivity than an 

amorphous one. 

 ZSM-5 nitrided at 1323 K catalyzed the Knoevenagel condensation of benzaldehyde with 

malononitrile.[15] The catalytic activity increased with nitridation time. However, ZSM-5 nitrided at 

1373 K showed low catalytic activity, though its nitrogen content was higher. It was due to low 

crystallinity. 

 Y zeolite and USY zeolite nitrided at 1023-1123 K catalyzed the Knoevenagel condensation 

between benzaldehyde and malononitrile.[47] When nitrogen content was too high, in other words, 

nitridation temperature was high (1173 K) the catalyst was deactivated because of the lack of 
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crystallinity. 

 High Si ZSM-5 nitrided at 973-1173 K catalyzed the Knoevenagel condensation between 

benzaldehyde and malononitrile.[18] The selectivity of the objective product was almost 100% for 

all catalysts. The initial activity of ZSM-5 nitrided at 1073 K was higher than ZSM-5 nitrided at 973 

K, however, the activity was lower after reaction for 6 h. It was because that not only nitrogen 

content but also nitrogen species affect the base catalytic activity. 

 Xia et al. reported that when nitrided MCM-48 was removed out from the reaction solution during 

Knoevenagel condensation between benzaldehyde and malononitrile, the reaction did not proceed 

further (Figure 1-11).[34] Therefore, the nitrogen in nitrided silica is not considered to be leached. 

 

 

Figure 1-11 Conversion as a function of time in the Knoevenagel condensation between 

benzaldehyde and malononitrile at 60 °C in toluene solution catalyzed by: (a) N-MCM-48B, (b) 

N-MCM-48A, (c) MgO and conversion as a function of time (d) after removal of the catalyst 

(N-MCM-48B) by filtration of reaction mixture. The reaction had previously been allowed to 

proceed for 15 min in the presence of the NMCM-48B catalysts during which a conversion of 40% 

was attained.[34] 

 

 Methylation of nitrided mesoporous silica improves its basicity (Figure 1-12). Methylated nitrided 

mesoporous silica can catalyze the Knoevenagel condensation of benzaldehyde and diethyl malonate, 

which is not possible with conventional nitrided mesoporous silica.[71] Methylated nitrided 

mesoporous silica also can catalyze the carbonate synthesis from carbon dioxide and cyclic 
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ethers[72] and that from carbon dioxide and cyclic ethers.[73] 

 

 

Figure 1-12 Methylation of nitrided mesoporous silica.[71] 

  

1.2.3.2 Solid acid catalyst 

 Recently, nitrided zeolites for solid acid catalysts have been studied. Nitridation of H-form zeolite 

could decrease their Brönsted acid sites, but some acid sites existed after nitridation.[15] Therefore, 

nitridation suppress the formation of byproduct in acid catalysis. 

 In 2006, Guan et al. proposed the controlling zeolite acidity by nitridation for the first time.[17] 

They treated H-form ZSM-5 with ammonia at 1073 K for 5–15 h. The selectivity to 

para-diethylbenzene increased with nitridation time in the ethylation of ethylbenzene with ethanol 

due to decrease of Brönsted acid sites. Moreover, nitridation suppressed coke deposition. 

 In 2017, Lyu et al. reported nitrided hierarchical porous ZSM-5.[19] In benzene alkylation with 

methanol, nitrided hierarchical porous ZSM-5 suppressed the formation of byproduct like 

ethylbenzene. It was because that the Brönsted acid sites, Si-OH-Al species decreased during 

nitridation. 

 Chen et al. controlled the acidity of silica pillared MFI zeolite nanosheet via nitridation. Lewis acid 

sites were more influenced by nitridation than Brönsted acid sites in MFI nanosheet, therefore 

nitridation changed the Brönsted/Lewis acid site ratio. In benzylation of mesitylene and benzyl 

alcohol, nitrided zeolite improve the selectivity of 2-benzyl-1,3,5-trimethyl benzene. 

 Metal-loaded nitrided zeolite was reported by Zhang et al. in 2020 for the first time.[20] 

Metal-loaded nitrided zeolite (M/N-HZSM-5, M = Mg, Fe, Co, Cu, Ni, or Zn) was prepared by 

immersing in the aqueous solution, ultrasonic stirring, and calcination. The catalytic activities of 

M/N-ZSM-5 on preparation of 1-hydroxy-3,6-dioxabicyclo[3.2.1]octan-2-one by pyrolysis of 

cellulose were compared (Figure 1-13). Mg/N-HZSM-5 showed higher yield and higher selectivity 

probably due to their low Brönsted/Lewis acid ratio. 
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Figure 1-13 Catalytic effect on preparation of 1-hydroxy-3,6-dioxabicyclo[3.2.1]octan-2-one over 

different metal-loaded nitrided zeolite catalysts.[20] 

 

1.2.3.3 Oxidation catalyst 

 Titanosilicates are considered as a promising catalyst for alkene epoxidation. Zhang et al. prepared 

nitrided Ti-MWW, TS-1, and Ti-Beta (N-Ti-MWW, N-TS-1, N-Ti-Beta) in order to enhance their 

catalytic activity.[50] The catalytic properties were evaluated by the epoxidation of 1-hexane with 

H2O2. In all topology, conversion of 1-hexane and epoxide selectivity increased after nitridation. 

Effect of nitridation condition on N-Ti-MWW was further investigated. At lower temperature (673 

K), the conversion increased with nitridation time due to higher nitrogen content. At lower 

temperature (under 873 K), the conversion increased with nitridation temperature due to higher 

nitrogen content. At higher temperature (over 1073 K), the conversion decreased sharply due to 

partial collapse of the titanosilicate structure. The change with time of the activity, Ti-MWW was 

deactivated earlier than N-Ti-MWW. It would be because that ammonia molecules adsorbed on 

titanosilicate surface suppressed the epoxide hydrolysis and coke formation. 

 

1.2.3.4. CO2 adsorbent 

 Nitrided silica is expected to be an adsorbent for CO2. Amine-functionalized silica materials have 

been used as CO2 adsorbents, but they have various disadvantages such as leaching, structural 

degradation, using toxic solvent, and low thermal stability. Patil et al. prepared nitrided KCC-1, 

SBA-15, and MCM-41.[30] These materials have a high CO2 adsorption capacity comparable to that 

of amine-functionalized mesoporous silica. The fact that the structure was maintained even after CO2 

adsorption/desorption indicates that these materials have high mechanical strength. Furthermore, TG 

analysis revealed that it possesses high thermal stability.  
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1.3 Porous carbon nitride 

 Porous carbon nitrides are expected to be used in various fields due to their large surface area, 

semiconductivity, basicity, intercalating and adsorption properties, and excellent physicochemical 

properties (Figure 1-14).[74] These materials are obtained by polymerization of precursors 

containing carbon and/or nitrogen. The structure of carbon nitride is showed in Figure 1-15. 

 

Figure 1-14 Overall scheme for the synthesis, functionalization, and applications of the mesoporous 

carbon nitride (MCN).[74] 

 

 

Figure 1-15 Structure of carbon nitride.[75] 
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1.3.1 Preparation of carbon nitride 

 There are two known methods for the preparation of porous carbon nitrides: the hard template 

method and the soft template method.[74] In the hard template method, mesoporous silica such as 

SBA-15 and KIT-6 is used as a template.[76, 77] The raw material is introduced into the template 

pores and carbonized by high temperature treatment. Then, the silica template is removed using 

hydrofluoric acid or sodium hydroxide solution to obtain porous carbon nitride. On the other hand, 

the soft template method uses a liquid template such as surfactant or ionic liquid.[78, 79] Unlike the 

hard template method, the soft template method requires only high temperature treatment to remove 

the template. However, since template removal and carbonization occur simultaneously, the structure 

is destroyed, and the specific surface area tends to become smaller. The textural parameters and the 

C/N ratio of porous carbon nitride prepared from both soft and hard template method are 

summarized in Table 1-9. 

 

Table 1-9 Summary of the textural parameters and the C/N ratio of MCNs prepared from both soft 

and hard templating approaches.[74] 

 

 

 In 2005, Vinu et al. firstly reported the preparation of hexagonally-ordered MCN materials 

(MCN-1) through a polymerization between ethylenediamine (EDA) and carbon tetrachloride (CTC) 

using SBA-15 as hard template (Scheme 1-3).[80] XRD measurements showed that MCN-1 has the 



23 

 

2D hexagonal structure same as SBA-15, and nitrogen adsorption measurements showed that 

MCN-1 has uniform mesopores. The results of CHN analysis, XPS measurement, and 

energy-filtering transmission electron microscopy (EF-TEM) observation showed that MCN-1 was 

mainly composed of carbon and nitrogen. XPS measurements showed that no Si atoms were 

detected in MCN-1 after template removal, but CHN analysis showed the presence of 12.1 wt% of 

other elements. 

 

 

Scheme 1-3 Preparation of MCN-1.[74] 

 

 Vinu also reported controlling the pore size and the nitrogen content of MCN-1.[75] As the pore 

diameter of SBA-15, the template, increased, the pore diameter of MCN-1 also increased. The 

relationship between the weight ratio of EDA and CTC and the C/N ratio of MCN-1 is shown in 

Figure 1-16. The nitrogen content of MCN-1 significantly increased when the EDA to CTC weight 

ratio was increased. Therefore, it can be concluded that the pore size and nitrogen content of MCN-1 

can be easily controlled. 

 

 

Figure 1-16 Effect of EDA and CTC weight ratio on the nitrogen content of MCN-1.[75] 

 

 Zhang et al. reported the effect of carbonization temperature on the composition and textual 

properties of MCN-1.[81] Figure 1-17 shows XRD patterns of MCN-1 with different carbonization 

temperatures. Since a diffraction peak was observed at 1.10–1.20° for all MCN-1 samples, the 

structure of samples was considered to be a replication of the template SBA-15. The peak intensity 

increased with increasing carbonization temperature, which is considered to increase the structural 

order. In the high-angle region (Figure 1-17B), a broad diffraction peak was observed around 25.3°, 
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which corresponds to the interplanar stacking peaks of aromatic systems in graphitic materials.[75, 

82] The N2 adsorption isotherms of all MCN-1 samples were type IV, suggesting the presence of 

mesopores. Textural properties measured by N2 adsorption and chemical compositions measured by 

CHN elemental analysis are summarized in Table 1-10. The nitrogen content of carbonized products 

decreased with increasing nitridation temperature. This could be explained by the low 

thermodynamic stability of nitrogen species in the carbon materials.[83] As a result of investigating 

the nitrogen species by XPS measurement, it was found that the percentage of pyridine nitrogen 

decreased and the percentage of tricoordinated nitrogen and/or amino groups increased with 

carbonization temperature. 

 

Figure 1-17 XRD patterns of (a) template SBA-15 and MCN-1-T samples (T : carbonization 

temperature / °C, T = (b) 300, (c) 400, (d) 500, (e) 600, (f) 700, and (g) 800).[81] 

 

Table 1-10 Textural properties and chemical compositions of MCN-1-T and SBA-15 samples.[81] 

 

 

1.3.2 Characterization of carbon nitride 

 XRD measurements have been widely used to investigate the periodic structure of porous carbon 

nitride. Figure 1-18 shows XRD spectra of mesoporous carbon nitride MCN-1 and template 

SBA-15.[80] The pattern of MCN-1 was similar to the pattern of template SBA-15, suggesting the 

existence of a hexagonal arrangement of cylindrical pores. 
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Figure 1-18 (a) XRD patterns of MCN-1and SBA-15. (b) XRD pattern of XRD at high angle 

range.[80] 

 

 N2 adsorption is used to confirm the presence of mesopores and to investigate the pore size 

distribution. The order of carbon nitride can be studied from the intensity ratio of the D (disordered) 

band to the G (graphitic) band in the Raman spectrum.[84] 

 Combustion method and XPS measurement were often used for investigation on nitrogen content 

of nitrided materials. In general, porous carbon nitrides contain not only carbon and nitrogen, but 

also hydrogen and oxygen due to moisture or ethanol adsorbed on the surface, or amine group on 

porous carbon nitride. EF-TEM is also used to investigate the distribution of elements.[80, 85] 

 XPS measurements can be used to investigate the state of carbon and nitrogen atoms as well as the 

composition of porous carbon nitride. Figure 1-19 shows XPS spectra of DUCN-1, one of 

mesoporous carbon nitrides. The peak observed at 284.7 and 288.2 eV in C1s XPS spectrum (Figure 

1-19(a)), which are attributed to graphitic carbon and sp2-bonded carbon (N-C=N) in the 

nitrogen-containing aromatic rings, respectively.[86] In general, the latter carbon species is the major 

one in porous carbon nitride. The N 1 s spectrum can be deconvolved into four signals centered at 

398.7, 399.7, 401.1, and 404.6 eV, which correspond to the sp2-bonded N involved in the triazine 
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rings (C-N=C)[87], the tertiary nitrogen bonded to three carbon atoms (N-(C)3)[88], the primary or 

secondary amine groups (-NH2 or -NH-)[89], and the to the quaternary nitrogen species and/or 

charging effect (N+– (C)4)[90], respectively. 

 

 

Figure 1-19 XPS spectra of DUCN-1 : (a) survey, (b) C1s, (c) N1s, and (d) O1s spectra.[85] 

 

1.3.3 Application of carbon nitride 

 Porous carbon nitrides are expected to be used in various fields such as catalysis, energy storage, 

sensing, and adsorption due to their large surface area, semiconductivity, basicity, intercalating and 

adsorption properties, and excellent physicochemical properties.  

 Zhang et al. reported the effect of the carbonization temperature on the catalytic activity of 

MCN-1.[81] MCN-1 with different nitrogen content were prepared by controlling the carbonization 

temperature. Comparing the composition and conversion of each catalyst, a correlation was found 

between the amount of tricoordinated nitrogen and/or amino groups rather than the total nitrogen 

content (Figure 1-20). Therefore, it is revealed that the catalytic activity of MCN-1 is determined by 

the surface nitrogen species. The catalytic stability of MCN-1 was also investigated. In the case of 
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MCN-1 carbonized at 400°C, the conversion kept higher than 90% within five repeated runs of 

Knoevenagel condensation between benzaldehyde and malononitrile. Therefore, MCN-1 materials 

are considered to be reusable catalysts. 

 

 

Figure 1-20 Plots for the benzaldehyde and acetone conversions obtained in the Knoevenagel 

condensations of benzaldehyde or acetone and malononitrile against (a) the surface concentrations of 

tricoordinated nitrogen and/or amino groups and (b) total nitrogen species.[81]  

 

 Similar studies have been conducted on graphitic carbon nitride, DUCN.[85] The order of catalytic 

activities of nitrogen species in DUCN for the Knoevenagel condensation was -NH2 > -NH- > 

N(-C)3 > C=N-C. DUCN was stable and reusable in the reaction. 
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1.4 Amine functionalized silica 

 By immobilizing amine groups on the surface of the silica material, it can be used as a solid base. A 

various types of amine groups have been reported to be tethered on silica surfaces (Figure 1-21).[2] 

The material is denoted as amine functionalized silica, amino functionalized silica, amine grafted 

silica, amine modified silica, and so on. 

 

Figure 1-21 Amine groups tethered to silica materials.[2] 
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1.4.1 Preparation of amine functionalized silica 

 There are two known methods for the preparation of amine functionalized silica: post-synthesis 

grafting method and direct co-condensation method (Figure 1-22).[91] The post-synthesis method is 

the most common method of amine functionalized silica synthesis and is carried out by the reaction 

of silanol groups on the silica surface with silane coupling agents. A variety of amine groups have 

been modified on the surface of various silica materials (such as MCM-41[92-96], SBA-15[85, 

97-99], FAU[100], FAU/EMT[101]) by post-synthetic methods. In the direct co-condensation 

method, trialkoxysilanes with amine groups are used as one of the raw materials to synthesize silica 

materials. Introduction of carious amine groups to mesoporous silica (MCM-41[94, 102-105], 

SBA-15[106-110]) by direct co-condensation method has been reported. 

 

 

Figure 1-22 Preparation of amine functionalized silica.[91] 

 

 Macquarrie et al. compared the post-synthesis method with the direct co-condensation method.[96] 

Amine functionalized MCM-41 and Kieselgel 60 were prepared by post-synthesis method using 

3-aminopropyltriethoxysilane. Hexagonal mesoporous silica and amorphous silica with aminopropyl 

groups were prepared from tetraethoxysilane and 3-aminopropyltrimethoxysilane by direct 

co-condensation method. Amine-functionalized silica prepared by direct co-condensation method are 

less active than those obtained by grafting method for nitroaldol reaction and Michael addition. This 

is probably because some of the amines are incorporated within the siliceous framework, reducing 

the number of active sites that the reactants can access. 

 Pineda et al. carried out the post-synthesis of amine functionalized mesoporous silica (HMS and 

SBA-15) by varying the amount of silane coupling agent.[97] The textural properties of 

functionalized SBA-15 are summarized in Table 1-11. As the amount of silane coupling agent used 

in the synthesis increases, the amount of amine to be modified also increases, but about 10 wt% is 

the maximum value. 
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Table 1-11 Textural properties of SBA-15 functionalized with various amount of aminopropyl 

groups. The content of aminopropyl groups was measured by TG.[97] 

 

 

1.4.2 Characterization of amine functionalized silica 

 In this section, the characterization method of the amine functionalized silica obtained by the 

post-synthesis method is described. 

 XRD measurements are widely used to investigate the structural changes before and after grafting. 

Figure 1-23 shows XRD patterns of APTES-functionalized mesoporous silica before and after 

grafting.[98] The peak position hardly changes after grafting process, suggesting that mesoporous 

structure is preserved.  

 

Figure 1-23 XRD patterns of mother and APTES-functionalized mesoporous silicas: (A) SBA-16, 

(B) SBA-15, (C) PHTS, and (D) MCF.[98] 

 

 Many researchers used N2 adsorption measurement in order to investigate textual properties of 

amine functionalized silica materials. In general, the type of adsorption isotherm does not change 

before and after grafting process. In addition, after grafting process, the surface area and pore 

volume decrease due to the presence of organic functions inside the mesopores.[98] 
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 The amount of functionalized amine groups is measured by thermogravimetric analysis, CHN 

analysis, and the argentometric titration using AgNO3. The content of all amine groups in the bulk is 

measured by CHN analysis. On the other hand, the content of amine groups only on the surface is 

measured by titration.[94, 111]  

 The functionalized amine group is confirmed by FT-IR spectroscopy[97, 112, 113], XPS 

measurement[108, 113-116], and 13C NMR.[97, 113] Figure 1-24 shows FT-IR spectra of silica and 

amine-functionalized silica.[112] The peak at 3400-3200 cm–1 is different depending on the amine 

series. 

 

 

Figure 1-24 FT-IR spectra of silica and amine-functionalized silica. 1NS-P/SiO2, 1NS-S/SiO2, and 

1NS-T/SiO2 means (3-aminopropyl)trimethoxysilane, [3-(methylamino)propyl]trimetoxysilane, and 

[3-(diethylamino)propyl]trimethoxysilane functionalized silica, respectively.[112] 

 

1.4.3 Application of amine functionalized silica 

 Amine functionalized mesoporous silica has attracted much attention as a solid base catalyst. It 

catalyzes epoxidation and C-C bond formation reactions, such as Knoevenagel condensation, aldol 

condensation reaction, Michael addition reaction, Claisen-Schmidt reaction, and nitroaldol 

reaction.[117-120] 

 Zhang et al. reported the effect of the functionalized group on the catalytic activity of amine 

functionalized silica.[85] (3-aminopropyl)trimethoxysilane, bis(trimethoxysilylpropyl)amine, and 

2-(2-pyridylethyl)trimethoxysilane were grafted onto the surface of SBA-15. Their nitrogen content 

and surface area were not significantly different. The catalytic activities of amine functionalized 
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SBA-15 materials were investigated by Knoevenagel condensation. The order of catalytic activities 

of nitrogen species in amine functionalized silica was -NH2 > -NH- > C=N-C (Table 1-12). 

 

Table 1-12 Catalytic results of amine functionalized SBA-15 materials for different Knoevenagel 

condensation reactions.[85] 

 

 

 The catalytic stability of aminopropyl modified MCM-41 was reported.[115] The conversion kept 

95% within three repeated runs of Knoevenagel condensation between benzaldehyde and diethyl 

malonate. Therefore, amine functionalized silica is considered to be a reusable catalyst. 

 

 Amine functionalized mesoporous silica is also expected to be used as an adsorbent for toxic heavy 

metal ions (e.g., Hg2+, Cu2+, Zn2+, Cr3+, and Ni2+) and CO2. From the perspective of CCUS (carbon 

capture, utilization and storge), it has been especially studied as a CO2 adsorbent.[91, 121, 122] 

Amine functionalized silica showed higher thermal stability than amine sorbents.[123]  

 Hiyoshi et al. reported the adsorption characteristics of CO2 on amine functionalized SBA-15.[114] 

3-aminopropyltriethoxysilane (APS), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS) 

and (3-trimethoxysilylpropyl)diethylenetriamine (TA) were used as grafting agents. Figure 1-25(a) 

shows relationship between amine content and CO2 adsorption capacity. The CO2 adsorption 

capacity increased with increasing amine content, but the relationship was not linear. Focusing on 

amine efficiency (η = adsorbed CO2 (mmol/g) / nitrogen content (mmol/g)), a correlation was 

observed between surface amine density and amine efficiency (Figure 1-25 (b)). This is thought to 

be because the pair amine sites are more likely to form than isolated amine sites due to the increase 

in surface amine density, and the pair amine sites adsorb CO2 by generating carbamates (Figure 

1-26). 
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Figure 1-25 Relationship between (a) amine content and CO2 adsorption capacity and (b) that 

between surface density of amine and amine efficiency. ●:APS-, △ :AEAPS-, and ◆ : 

TA-functionalized SBA-15. The adsorption was conducted at 333 K with 15 kPa CO2 and 12 kPa 

H2O with N2 balance.[114] 

 

 

Figure 1-26 Adsorption of CO2 on amine functionalized SBA-15.[114] 

 

 The effect of amine species on CO2 adsorption was also investigated by Hiyoshi et al.[114] 

3-aminopropyltriethoxysilane (APS, primary amine), N-methylaminopropyltrimethoxysilane (MAPS, 

secondary amine), and (N,N-dimethyl-3-aminopropyl)trimethoxysilane (DMAPS, tertiary amine) 

reacted with SBA-15. The amine efficiency of APS-SBA-15, MAPS-SBA-15, and DMAPS-SBA-15 

was 0.25, 0.13, and 0.03, respectively. The amine efficiency is considered to be more strongly 

influenced by steric hindrance caused by the bulky groups attached to the nitrogen atom than the 

type of amine. 
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1.5 Objectives of this thesis 

 As mentioned in the previous chapter 1.1, base catalyzed reactions are used in a variety of fields 

such as fine chemicals, drugs, and cosmetics industries. Since solid base catalysts have many 

advantages over liquid base catalysts, there is a need to develop novel solid base catalysts. 

 I focused on the following five properties of solid base catalysts: activities, durabilities, 

selectivities, accessibilities and safeties of the synthesis method. Nitrogen-containing porous 

catalysts were selected as the target solid base catalysts. These catalysts are known to exhibit higher 

selectivities compared to alkali metal oxides.[41] In addition, the porosity increases the surface area, 

resulting in higher accessibility. 

 As mentioned above, various nitrogen sites have been reported to work as base sites. The nitrogen 

sites in the nitrogen-containing porous solid base catalysts are summarized in Table 1-13. In this 

dissertation, by comparing the properties of various nitrogen sites, effects of nitrogen sites on base 

catalytic properties were investigated. Based on the results, design guidelines for new solid base 

catalysts were developed. 

 

Table 1-13 Nitrogen sites in the nitrogen-containing porous solid base catalysts. 

Catalyst Nitrogen site 

Nitrided silica Si-NH2 

Si-NH-Si 

N-(Si)3 

Carbon nitride Graphitic N 

Pyridinic N 

Pyrrolic N 

C-NH2 

C-NH-C 

N-(C)3 

Amine-functionalized silica C-NH2 

C-NH-C 

N-(C)3 
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1.6 Outline of this thesis 

 The framework of this dissertation is shown in Figure 1-27. 

 In Chapter 1, general research backgrounds and research objective of this dissertation are described. 

In particular, solid base catalysts which nitrogen species are the active sites were summarized. 

 In Chapter 2, nitrogen sites in nitrided silica were studied. By comparing the catalytic properties of 

nitrided zeolite and nitrided delaminated zeolite, the effect of the type and location of nitrogen sites 

on the catalytic properties was discussed. 

 In Chapter 3, nitrogen sites of nitrided silica were compared with those of carbon nitride. The effect 

of the functional groups attached to the nitrogen sites on the catalytic properties was investigated. 

 In Chapter 4, nitrogen sites of nitrided silica were compared with those of amine-functionalized 

silica. A variety of nitrogen sites were modified on the silica surface by a grafting method, and the 

properties of each nitrogen site were investigated by comparing them. 

 In Chapter 5, the basicity of nitrogen-containing catalysts was evaluated by CO2 adsorption. 

 Finally, general conclusions and future perspectives are described in Chapter 6. 

 

 

Figure 1-27 Framework of this dissertation. 
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Chapter 2. Nitrogen sites in nitrided silica 

 

2.1 Introduction 

 Zeolites are microporous crystalline materials that have been widely used in industries such as 

sorbents and acid catalysts.[1] Recently, a nitrided zeolite has been reported as a novel base 

catalyst.[2-5] This material is synthesized by reacting with ammonia to substitute the framework 

oxygen by nitrogen under high temperature condition, forming primary (Si–OH + NH3 → Si–NH2 + 

H2O) and/or secondary (Si–O–Si + NH3 → Si–NH–Si + H2O) amine species.[2] The basicity of this 

material arises from the presence of a lone pair on the framework nitrogen atom, and it is potentially 

affected by the type of mother framework structure and crystallographic nitrogen site (N-site) 

location.[2] Although the number of N-site on a nitrided zeolite is generally smaller than that on a 

nitrided mesoporous silica,[6, 7] N-sites on zeolite showed higher base-catalytic activity per active 

site than those on mesoporous silica maybe because of their crystallinity.[8] When the nitridation 

temperature is in a proper range, the substitution proceeds without collapsing the original porous 

structure of zeolite.[2, 4, 9] Therefore, the molecular sieve effect would remain on the material even 

after the nitridation. This feature would, however, prevent its application from base catalysis to form 

large products via a C–C bond formation reaction. If a larger molecule compared to the micropore 

window is involved in the reaction as a reactant or a product, the size constraints on accessibility or 

diffusibility would restrict the reaction. 

 Increasing the external surface area of zeolites would be an approach to overcome the drawback, 

which allows catalytic sites to be exposed on the surface and relatively increases the number of 

accessible sites.[10] Delamination of lamellar zeolite precursors with maintaining the structure of 

mother layers has been known as an effective approach.[11] For example, delaminated MCM-22(P), 

called ITQ-2, was successfully synthesized via swelling the layers by template intercalation and 

dispersing them by ultrasonic treatment.[12] ITQ-2 is made of a MCM-22(P) sheet of 2.5 nm in 

thickness, which possesses open 12-membered ring hemicavities on the external surface.[12] Min et 

al. carried out the successful nitridation of ITQ-2 with maintaining the original crystalline 

structure.[13] They also revealed that, when it was used in the reaction involving bulky molecules, 

the high accessibility of surface active sites improved both the base catalytic property and the 

catalyst life compared to the nitrided MCM-22 zeolite.[13] The report clearly shows an effectiveness 

of the combination of base catalysis for large molecule and high accessibility of high surface area 

zeolite. 

 In this chapter, I further investigated the effect of delamination on the catalytic behavior. It was 

proposed that the key of delamination is not to increase the external surface area but to increase a 

unique catalytic site on the surface. Nitrided MCM-22(P)-derived materials were synthesized with 

different degrees of delamination treatment (denoted as NMCM-22-Del) by controlling the treatment 
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temperature and time. The chemical and the textural properties of delaminated products before and 

after nitridation were characterized by various techniques (XRD, nitrogen adsorption, elemental 

analysis, TEM, and FT-IR). The base catalytic property of the prepared products was evaluated by a 

typical base-catalyzed reaction of Knoevenagel condensation between benzaldehyde and ethyl 

cyanoacetate. A critical parameter affecting the catalytic property would be investigated by 

comparing the initial product formation rates and the textural properties of the catalysts. 

 

2.2 Experimental 

2.2.1 Synthesis of catalysts 

 MCM-22(P) product was prepared by hydrothermal synthesis.[14] Typically, sodium aluminate 

(0.536 g, Al/NaOH = 0.80, Wako) and sodium hydroxide (0.375g, 97.0%, Kanto Chemical) were 

dissolved in distilled water (62.88 g), and then hexamethyleneimine (4.056 g, 98%, Aldrich) and 

fumed silica (4.92 g, Aldrich) were added consecutively. The chemical composition of the final 

mixture was 2.6 Na2O : Al2O3 : 30 SiO2: 15 SDA : 1367 H2O. The mixture was stirred vigorously for 

2 h at room temperature. The crystallization of MCM-22(P) was performed at 423 K for 7 days 

under autogenous pressure under dynamic condition tumbled at 60 rpm using a 23 mL PTFE-lined 

stainless-steel autoclave (Parr, model #4649). The obtained product was filtered, washed with 

distilled water, and dried at 373 K for 24 h in an oven.  

 Delaminated products (MCM-22-Del) were prepared by swelling and dispersing the lamellar 

precursor MCM-22(P).[12] Practically, the dried MCM-22(P) (0.54 g) was dispersed in distilled 

water (9.62 g), and then hexadecyltrimethylammonium bromide (3.05 g, 99%, Wako) and an 

aqueous solution of tetrapropylammonium hydroxide (3.3 g, 40 wt%, TCI) were added. The resultant 

mixture was heated at different temperature from 313 to 373 K (i.e., 40 to 100 °C) and vigorously 

stirred for 16 or 46 h to facilitate the swelling of the precursor by intercalation of the large cation 

(hexadecyltrimethylammonium cation). The suspension was sonicated in an ultrasound bath (40 

kHz) for 1 h to disperse the individual layers. Then, the pH was adjusted to 2.0 by adding 2 M HCl 

solution dropwisely to flocculate the delaminated products, which was recovered by centrifugation 

(6000 rpm, 15 min) and washed with distilled water. The obtained products were calcined for 12 h at 

813 K in air. As a control product, a 3D microporous MCM-22 zeolite was obtained by calcination 

of the dried MCM-22(P) products in air for 12 h at 813 K.[14] 

 Nitrogen-substituted catalysts were prepared by nitridation of the products. All the products were 

placed in a quartz tube and heated at 973 K for 7 or 10 h with the ramping rate of 5 K·min−1 under 

ammonia gas flow of 0.5 L·min−1 (99.999%, TAIYO NIPPON SANSO). Products were cooled down 

to room temperature under nitrogen atmosphere. 

 

 Nitrided SBA-15 (NSBA-15) was prepared for comparison. 
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 SBA-15 was prepared by hydrothermal treatment.[15] Typically, triblock copolymer poly(ethylene 

glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), Pluronic P-123 (4.0 g, PEG 30 

wt%, average Mn of 5800, Aldrich), was dissolved in 2 M aqueous hydrochloric acid solution (118.6 

g, for Volumetric Analysis, FUJIFILM Wako Pure Chemical) and distilled water (29.2 g) under 

stirring at 313 K for 3 h. TEOS (8.6 g, 95.0%, FUJIFILM Wako Pure Chemical) was then dripped to 

the solution, and hydrolyzed at 313 K for 24 h under stirring. The chemical composition of the final 

mixture was SiO2 : 0.017 P123 : 6HCl : 190 H2O. The resultant solution was placed in an electric 

oven for hydrothermal treatment at 373 K for 24 h. The obtained sample was filtered and washed 

with distilled water. The sample was calcined at 823 K for 6 h to remove the template surfactants. 

 Nitrogen-substituted catalysts were prepared by nitridation of the products. 0.1 g of SBA-15 was 

placed in a quartz tube and heated at 973–1173 K for 2 or 10 h with the ramping rate of 5.0 K·min−1 

under ammonia gas flow of 1.0 L·min−1 (99.999%, TAIYO NIPPON SANSO). Products were cooled 

down to room temperature under nitrogen atmosphere. 

 

2.2.2 Product characterization 

 Powder XRD patterns of the products were collected by a RINT2100 diffractometer (Rigaku) using 

Cu Kα radiation (λ = 0.1541 nm). The data were recorded in the 2θ range of 2–40° with an angular 

step size of 0.02°. Nitrogen sorption measurement was conducted by a Quadrasorb evo 

(Quantachrome) at 77 K to determine total surface area, micropore volume, micropore surface area, 

and external surface area of the products. Prior to the measurement, the products were degassed in 

vacuum at 575 K for 3 h. The total surface area was calculated by the BET isothermal equation. The 

micropore volume, the micropore surface area, and the external surface area were evaluated by the 

t-plot method. The quantitative analysis of nitrogen content was carried out by a vario MICRO cube 

elemental analyzer (Elementer). The FT-IR spectra of the products were collected by a 4100 FT-IR 

spectrometer (JASCO). The measurements were carried out with a self-supporting product wafer put 

in an in-situ quartz cell. The product was pretreated at 673 K in vacuum for 1 h, and the spectra were 

recorded at room temperature under vacuum condition with a resolution of 4.0 cm−1. Transmission 

electron microscopy measurement was performed to obtain bright field STEM images using a 

JEM-ARM200F (JEOL, 200 kV). 

 

2.2.3 Catalytic test 

 Knoevenagel condensation was performed as a model base-catalyzed reaction. A mixture of 

benzaldehyde (10 mmol, 98.0%, Wako), ethyl cyanoacetate (10 mmol, 98%, Wako), and toluene as a 

solvent (40 mL, 99.5%, Wako) were introduced into the round-bottom flask. The flask was heated in 

a thermostatic oil bath and the mixture was stirred by a magnetic stirrer. After the temperature was 

reached to 353 K, catalyst (50 mg) was added into the mixture. Small portion of liquid products 
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(about 0.1 mL) were collected as needed from the reaction mixture with a syringe. The obtained 

products were analyzed with a gas chromatograph GC-14B (Shimadzu) equipped with an FID 

detector and a ZB-1 capillary column. 

 For the NSBA-15 catalyst, the experiment was conducted with a different procedure. A mixture of 

benzaldehyde (1 mmol, 98.0%, FUJIFILM Wako Pure Chemical), malononitrile (1 mmol, 98%, 

FUJIFILM Wako Pure Chemical) or ethyl cyanoacetate (1 mmol, 98%, FUJIFILM Wako Pure 

Chemical), and toluene as a solvent (10 mmol, 99.5%, FUJIFILM Wako Pure Chemical) were 

introduced into the test tube. The tube was heated in a thermostatic oil bath and the mixture was 

stirred by a magnetic stirrer. After the temperature was reached to 333 K, catalyst (10 mg) was added 

into the mixture. The mixture was heated for 3 h. The obtained products were analyzed with a gas 

chromatograph GC-14B (Shimadzu) equipped with an FID detector and a ZB-1 capillary column. 

 

2.3 Results and discussion 

2.3.1 Catalyst preparation 

 The powder XRD patterns of the nitrided and its original products are shown in Figure 2-1. The 

XRD patterns of as-made MCM-22(P) and calcined MCM-22 products (Figure 2-1(a)) were 

identical to those shown in the previous report,[14] so that successful synthesis of zeolitic layered 

precursor was achieved. In the previous report,[12] ITQ-2 did not show the diffraction at 7.2° due to 

the lack of the long-range order of layer stacking, whereas the diffraction peaks originated from the 

crystalline layer remain in the higher angle region.[12] On the other hand, in our delaminated 

products, the small peak at 7.2° was observed besides the higher angle region peaks (Figure 2-1(a)). 

Although the complete reproduction of ITQ-2 was not achieved, the smaller peak of post-treated 

product compared to the original MCM-22 suggests the partial delamination. The intensity of the 

peak at 7.2° decreased with an increase of post treatment temperature (Figure 2-1(a)), indicating the 

gradual disorder of long-range layer stacking structure. In other words, delamination of the layer 

may proceed in a small portion along with the increase of the temperature. The XRD pattern of each 

product was not changed before and after nitridation (Figure 2-1(b)), which indicates that the 

crystalline framework structure of the product was preserved even after the high-temperature 

nitridation treatment at 973 K. 
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Figure 2-1. X-ray diffraction patterns of (a) MCM-22 and delaminated products before delamination 

and (b) NMCM-22 and NMCM-22-Del products. 

 

 To further confirm the partial delamination, TEM measurement was performed. TEM images of a 

representative delaminated product (NMCM-22-Del80-2) are shown in Figure 2-2. The morphology 

of the crystals was a plate-like shape in size of 0.3 μm (Figure 2-2 (a)), which is typical for 

MCM-22(P)-derived materials.[14] Although a single layer of MCM-22(P) (i.e., ITQ-2) was not 

observed,[12] the cross-section image clearly showed that layers were cleaved from the edge of the 

crystal to the planar direction (Figure 2-2 (b)). The high-resolution image showed that each crystal is 

build-up by stacking of thin layers with the thickness of 2.5 nm (Figure 2-2 (c)), which was the 

thickness of a MCM-22(P) sheet. This result is consistent with the changes in the XRD patterns 

discussed above. Therefore, XRD and TEM measurements reveal that the products are successfully 

delaminated in part and the crystalline structure is maintained after nitridation procedures. 
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Figure 2-2. TEM images of NMCM-22-Del80-2 product, as a representative of delaminated product. 

(a) low magnification image, (b) cross-section image, and (c) high-resolution cross-section image. 

 

 The N2 adsorption isotherms of the mother MCM-22 and the delaminated products are shown in 

Figure 2-3. Hysteresis due to slit mesopores was observed in the relative pressure range of 0.8–1.0 in 

all the delaminated products. The textural properties of delaminated products based on N2 sorption 

measurement are summarized in Table 2-1. The product before nitridation possessed micropore 

volume larger than 0.15 cc·g−1, suggesting that the zeolitic porous framework structure is maintained 

during the delamination process. Decrease in the micropore surface area was observed with increase 

of delamination temperature. This could be explained by the disappearance of large 1.8 × 0.7 × 0.7 

nm “inside cavities” changed into the “surface cup structures” by delamination. In some products, 

the order of external surface area did not correlate with the order of delamination temperature (e.g., 

MCM-22-Del80-2 has a larger external surface area than MCM-22-Del100). This might be due to 

different mother MCM-22(P) synthesized in a different batch. These results show that the series of 

delaminated products are successfully prepared with a different external surface area. 
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Figure 2-3. N2 adsorption isotherms of MCM-22 and delaminated samples. 

 

Table 2-1. Textural properties of samples before and after delamination at different conditions. 

Product Delamination 

temperature 

/ °C 

Delamination time 

/ h 

Sext 

/ 

m2·g−1 

Smicro 

/ 

m2·g−1 

Vmicro 

/ cc·g−1 

MCM-22 – – 118 531 0.216 

MCM-22-Del40 40 16 147 500 0.206 

MCM-22-Del60 60 16 131 402 0.166 

MCM-22-Del80-1 80 46 151 384 0.160 

MCM-22-Del100 100 16 197 358 0.152 

MCM-22-2 – – 146 547 0.227 

MCM-22-Del80-2 80 16 368 481 0.244 

 

 The N2 adsorption isotherms of the nitrided products are shown in Figure 2-4. In all the nitrided 

samples, hysteresis was observed in the relative pressure range of 0.8–1.0. Therefore, it is considered 

that the slit mesopores are still present after nitridation. The textural properties of delaminated 

products based on N2 sorption measurement are summarized in   
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Table 2-2. After nidation, a decrease in the surface area of micropores was observed in all products. 

It suggests that a partial collapse of the micropore structure occurred. 

 

 

Figure 2-4. N2 adsorption isotherms of NMCM-22 and nitridated delaminated products. 
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Table 2-2. Textural properties and nitrogen contents of nitrided products. 

Product Nitridation 

time / h 

Sext / 

m2·g−1 

Smicro / 

m2·g−1 

Vmicro / 

cc·g−1 

N content[a] 

/ wt% 

Next 

content[b]  

/ wt% 

NMCM-22 10 151 433 0.180 4.90 1.27 

NMCM-22-Del40 10 146 377 0.157 5.21 1.45 

NMCM-22-Del60 10 113 240 0.101 4.88 1.56 

NMCM-22-Del80-1 10 154 282 0.122 6.53 2.30 

NMCM-22-Del80-2 10 255 311 0.146 7.17 3.23 

NMCM-22-Del100-1 10 187 278 0.122 5.64 2.27 

NMCM-22-Del100-2 7 183 244 0.107 4.00 1.72 

[a] calculated from elemental analysis. [b] Next content = N content × Sext / (Sext + Smicro) 

 

 The nitrogen contents of nitrided products measured by elemental analysis are also listed in Table 

2-2. The contents were similar to the values reported in the nitrided zeolites in the previous studies 

(e.g., zeolite Y, ZSM-5, MCM-22, and ITQ-2).[4, 5, 13] There was no clear correlation between the 

amount of nitrogen and the nitridation conditions (e.g., temperature or time), maybe due to the 

difference of mother MCM-22(P) materials synthesized in different batches. Compared to the 

well-studied nitrided mesoporous silica materials,[6-8, 16] the nitrogen contents of N-zeolite used in 

this study and previous zeolitic nitrided material were relatively small. Because zeolites possess 

more stable crystalline framework and much less silanol groups on the pore wall, the amount of 

nitrogen substituted in the zeolite framework is much less than that in mesoporous framework 

treated under the same nitridation condition. For example, nitrogen content reached up to 36.3 wt% 

on MCM-41 material by nitridation (600 mL·min−1
, 1273 K, 10 h),[7] whereas only reached to 15.6 

wt% on ZSM-5 zeolite obtained under similar nitridation condition (500 mL·min−1
, 1373 K, 10 h).[5] 

The nitridation of pure silica material proceeds mainly in two-stage reactions at different 

temperatures.[17] At a lower temperature, Si–NH2 groups are formed from silanol groups (Si–OH + 

NH3 → Si–NH2 + H2O). On the other hand, siloxane bond starts to react at a higher temperature (Si–

O–Si + NH3 → Si–NH–Si + H2O, and/or → Si–NH2 + HO–Si). In this point of view, the 

delamination treatment increases the accessible silanol groups by exposing the interlayer surfaces. 

Even though the amount of surface silanol group is not so many (e.g., 4 oxygen atoms form silanol 

groups out of 144 oxygen atoms per unit cell in MWW-type framework), delaminated zeolites 

should have more chance to form Si–NH2 groups compared to the conventional 3D crystalline 

zeolites, and they would show different catalytic features.  

 Assuming that the diffusion of ammonia molecule into the micropore is fast enough and the 

nitridation of the external and internal surfaces proceeds at the same rate,[4] the nitrogen content of 
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external surface (Next content) could be calculated from the ratio of the external surface area to the 

total surface area. The estimated amount of Next content is listed in Table 2-2. It is clear that about 

30–45% of nitrogen atoms are exposed to the external space on the NMCM-22-Del, whereas about 

25% of nitrogen atoms are exposed on NMCM-22 (Table 2-2). The presence of different amine 

species on the nitrided products are confirmed by FT-IR spectroscopy. Figure 2-5 shows FT-IR 

spectra of the nitrided products in the range from 3000 to 3600 cm−1. The bands at 3415, 3367, and 

3258 cm−1 could be assigned to Si–NH2, Si–NH–Si(Al), and Si–NH2∙∙∙Al groups, respectively.[17] 

On a proton-form aluminosilicate zeolite, the previous report proposed the formation of isolated and 

bridged primary amines (i.e., Si–NH2 and Si–NH2∙∙∙Al, respectively) at a lower temperature through 

the amination of surface silanol and Brønsted acid site (i.e., Si–OH and Si–OH∙∙∙Al), 

respectively.[18] It should be noted that, our products made with sodium cation were also changed 

into proton-form because of the acidic treatment to flocculate the dispersed products (see 

Experimental Section). The result indicates that all these types of N-atom were formed on all 

nitrided products, and the proposed surface N-sites are illustrated in Figure 2-6. Different from 

conventional 3-D zeolites, a layered zeolite formed from 2-D zeolitic precursor possesses 

structurally prescribed surface silanol groups (e.g., MWW-type zeolite as shown in Figure 2-6). 

Therefore, primary amine generally formed on a silanol site is unique and number-limited on the 

surface. Furthermore, the number of silanol site would have a linear correlation with the surface area. 

On the other hand, secondary amine could be formed as far as nitridation proceeds. I estimate that, in 

this sense, degree of delamination can be directly connected to the surface area and eventually to the 

number of surface silanol sites, which would be equal to the number of primary amine species 

formed by nitridation. 
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Figure 2-5. FT-IR spectra of nitrided products in the range from 3000 to 3600 cm−1. (a) NMCM-22, 

(b) NMCM-22-Del40, (c) NMCM-22-Del60, (d) NMCM-22-Del80-1, (e) NMCM-22-Del80-2, (f) 

NMCM-22-Del100-1, and (g) NMCM-22-Del100-2 products. 

 

 

Figure 2-6. Schematic illustration of external surface structure of MWW-type zeolite. Oxygen, 

silicon, and hydrogen atoms are depicted in red, yellow, and green, respectively. The blue and white 

area are internal and external area, respectively. 
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 The powder XRD pattern of mother SBA-15 is shown in Figure 2-7. Three peaks were observed at 

0.95, 1.59, and 1.82°. The peaks assigned to100, 110, and 200 diffractions of 2D-hexagonal structure. 

The lattice spacing of 001 plane (d100) was 9.3 nm and the lattice parameter (a0) was 10.7 nm. In 

previous reports, the lattice parameter of SBA-15 is 10.22–10.67 nm.[19-22] Therefore, the mother 

sample was conventional SBA-15. 

 The powder XRD patterns of NSBA-15 products are also shown in Figure 2-7. Three peaks 

assigned to 100, 110, and 200 diffractions of 2D-hexagonal structure were observed in all products, 

indicating the preservation of periodic structure after high temperature treatment. The three peaks 

shifted to a higher angle with increasing nitridation temperature. It suggests that the high 

temperature treatment caused the shrinkage of the periodic structure.[7, 20, 22-24] Figure 2-8(a) 

shows the nitrogen adsorption-desorption isotherm of the series of NSBA-15 products. The typical 

type-IV isotherms were observed in all products, indicating the presence of mesopores. Figure 2-8(b) 

shows the BJH adsorption pore size distribution of the series of NSBA-15. Table 2-3 summarizes the 

textural properties of NSBA-15 products based on XRD measurement and nitrogen sorption 

measurement. a0 is the average lattice parameter calculated based on d100 values. The BET surface 

area and the micropore volume decreased with the increase of nitridation temperature. Moreover, the 

mean pore diameter and the wall thickness decreased with increasing nitridation temperature. It 

suggests that the shrinkage of the structure occurred. This result is consistent with the changes in the 

previous report.[7, 20, 22-24] The shrinkage was caused by condensation of silanamine groups (Si–

NH2 + Si–NH2 → Si–NH–Si + NH3, Si–NH–Si + Si–NH2 → N–(Si)3 + NH3) in higher temperature 

nitridation process.[20, 24, 25] 

 

 

Figure 2-7. XRD patterns of mother SBA-15 and series of nitrided samples (NSBA-15) prepared at 

different temperature from 973 to 1173 K (ammonia flow rate of 1.0 L min−1 for 10 h). 
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Figure 2-8. (a) N2 adsorption isotherms and (b) BJH adsorption pore size distribution of (1) 

NSBA-15-973, (2) NSBA-15-1073, and (3) NSBA-15-1173. 

 

Table 2-3. Structural properties of mother SBA-15 and nitrided SBA-15 (NSBA-15) prepared at 

different temperature (973–1173 K). 

Product Nitridation 

temperature 

/ K 

Nitridat

ion 

time / h 

d100  

/ 

nm 

a0  

/  

nm 

BET 

surfac

e area 

/ 

m2·g−1 

[a] 

Total 

pore 

volume 

/ 

cm3·g−

1 [a] 

Mean 

pore 

diamete

r 

/ nm [b] 

Wall 

thicknes

s 

/ mm [c] 

SBA-15 – – 9.3 10.7 806 0.89 8.1 2.6 

NSBA-15-973 973 10 8.9 10.3 790 1.05 7.1 3.2 

NSBA-15-973-2 973 2 – – 660 0.95 7.4 – 

NSBA-15-1073 1073 10 8.4 9.7 640 0.92 6.8 2.9 

NSBA-15-1173 1173 10 8.1 9.4 424 0.68 6.6 2.8 

[a] Measured by nitrogen sorption measurements. 

[b] Calculated by BJH method with adsorption isotherm. 

[c] Calculated as a difference of lattice parameter and pore diameter. 

 

 The nitrogen contents of nitrided products were measured by elemental analysis. The nitrogen 

contents of NSBA-15-973, NSBA-15-973-2, NSBA-15-1073, and NSBA-15-1173 were 7.86 wt% 

(5.61 mmol·g−1), 2.90 wt% (2.07 mmol·g−1) 13.1 wt% (9.36 mmol·g−1), and 18.2 wt% (13.0 

mmol·g−1), respectively. The nitrogen contents increased with increasing nitridation temperature and 

time. The nitrogen content of obtained NSBA-15 in this study was comparable to the previous 

reports applying similar nitridation condition.[20, 26, 27] The maximum amount of oxygen atoms 



59 

 

existing on the pore surface of mother SBA-15 is calculated to be 12.6 mmol·g−1.[26] Therefore, as 

the nitridation processes from the pore surface, all of the oxygen atoms on the pore surface would be 

replaced with nitrogen atoms in NSBA-15-1173 case. 

 In order to identify nitrogen species, XPS measurement was performed. Figure 2-9 shows the XPS 

spectra of N1s levels for NSBA-15 samples. The peak was observed at around 398 eV and shifted to 

lower binding energy with increasing nitridation temperature. This would be attributed to the 

condensation of silanamine and the formation of secondary and tertiary silanamine species.[17, 28] 

The XPS spectra was deconvoluted to three peaks as blue lines shown in Figure 2. The peak at 399.8 

eV is attributed to the primary silanamine (Si-NH2). The peak at 398.0 eV is attributed to the 

secondary silanamine (Si-NH-Si). The peak at 397.3 eV is attributed to the tertiary silanamine 

(N-(Si)3).[4, 17, 20, 27-30] The nitrogen and silanamine contents of nitrided SBA-15 calculated by 

XPS are listed in Table 2-4. The content of tertiary silanamine species increased with increasing 

nitridation temperature. In nitridation process, primary silanamine species were formed first (Si–OH 

+ NH3 → Si–NH2 + H2O) at lower temperature around 773 K.[31] At higher temperature, 

secondary/tertiary silananime species were subsequently formed (Si–O–Si + NH3 → Si–NH–Si + 

H2O, Si–NH–Si + Si–NH2 → N–(Si)3 + NH3).[6] 

 

 

Figure 2-9. XPS spectra of N 1s levels for series of nitrided samples (NSBA-15) prepared at 

different temperature from 973 to 1173 K (ammonia flow rate of 1.0 L min−1 for 10 h). Black curves 



60 

 

and blue curves are measured data and fitting curves, respectively. The deconvoluted peaks are 

assigned to primary, secondary, and tertiary silanamine with the binding energy of 398.7, 398.0, and 

397.3 eV, respectively. Red curves show difference between measured data and sum of fitting 

curves. 

 

Table 2-4. Nitrogen and silanamine contents of nitrided SBA-15 (NSBA-15) prepared at different 

temperature (973–1173 K) measured by CHN elemental analysis and XPS. The values from CHN 

analysis are the average of 3 measurements. 

 CHN XPS 

Product N 

content  

/ wt% 

N content  

/ atomic% 

Si content  

/ atomic% 

O content / 

atomic% 

Silanamine content / wt%*1 

(molar percentage / %) 

Si-NH2 Si-NH-Si N-(Si)3  

NSBA-15-973 7.86 5.85 30.6 63.6 3.22 

(41.0) 

3.15 

(40.1) 

1.49 

(18.9) 

NSBA-15-973-2*2 2.90 – – – 1.19 

(41.0) 

1.16 

(40.1) 

0.55 

(18.9) 

NSBA-15-1073 13.1 12.3 28.8 58.8 3.56 

(27.2) 

5.82 

(44.4) 

3.72 

(28.4) 

NSBA-15-1173 18.2 26.1 34.2 39.6 2.77 

(15.2) 

6.24 

(34.3) 

12.7 

(50.5) 

*1 Silanamine content = N content (measured by CHN) × silanamine percentage 

*2 Calculated assuming equal percentage of silanamine in NSBA-15-973 and NSBA-15-973-2 

 

2.3.2 Catalytic reactions 

 Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate was performed as a model 

base-catalyzed reaction. Figure 2-10 shows the changes of product yields along with the reaction 

time catalyzed by the series of nitrided products as listed in Table 2-2. The yield increased 

monotonously with increasing reaction time over all the catalysts. At every data point, the selectivity 

towards the desired product, ethyl α-cyanocinnamate, was over 99%. The initial rates are 

summarized in Table 2-5, which were calculated from the slope of initial 1 hour based on the linear 

approximation. The rates were, however, neither proportional to the delamination temperature nor 

identical to each other, and it was unclear what was the major factor that contributes to the formation 

rate. Because the size of ethyl α-cyanocinnamate (0.57 nm) is larger than the size of 10-membered 

ring window open in MCM-22 crystal (0.40 × 0.55 nm), N-sites on the internal pore surface would 

not be catalytic active sites. Thus, it is simply estimated that the catalyst possessing larger external 
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nitrogen content shows higher formation rate per gram of catalyst. To identify the major parameter 

that affects the product formation rate, the relationship between the formation rates and the textual 

properties was examined.  

 

 

Figure 2-10. Changes in the product yield of Knoevenagel condensation reaction as a function of 

reaction time over NMCM-22 and NMCM-22-Del catalysts (10 mmol benzaldehyde, 10 mmol ethyl 

cyanoacetate, 40 mL toluene, 50 mg catalyst, 353K). 

 

Table 2-5. Initial formation rate of the Knoevenagel condensation reaction between benzaldehyde 

and ethyl cyanoacetate on NMCM-22 and NMCM-22-Del catalysts. 

Product Initial formation rate[a] / mmolproduct·h−1·gcatalyst
−1 

NMCM-22-Del40 0.29 

NMCM-22-Del60 0.26 

NMCM-22-Del80-1 0.24 

NMCM-22-Del80-2 0.27 

NMCM-22-Del100-1 0.54 

NMCM-22-Del100-2 0.60 

[a] calculated by a linear approximation in the initial one hour established in Figure 2-10. 

 

 The initial rates (Table 2-5) were plotted as a function of micropore surface area (Figure 2-11(a)), 

total nitrogen content (Figure 2-11(b)), external surface area (Figure 2-11(c)), and external nitrogen 

content (Figure 2-11(d)). Clear correlation was not observed with micropore surface area (Figure 
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2-11(a)) nor with total nitrogen content (Figure 2-11(b)). This clearly indicates that; 1) active sites, 

where both reactants and the product can access, were not uniformly distributed on the internal and 

external surfaces, and 2) not all the nitrogen is the active site. As discussed above, this would be 

explained by the structural size constraints between the framework window and the 

products/reactants. 

 

Figure 2-11. Correlation of initial formation rate in Knoevenagel condensation with (a) micropore 

surface area, (b) nitrogen content, (c) external surface area, and (d) external nitrogen content over 

NMCM-22-Del catalysts. The dashed lines joining the points are approximation curves. R2 

represented the coefficient of determination calculated by Microsoft Excel. 

 

 A proportional relationship between the initial product formation rate and the external surface area 

was observed with the coefficient of determination (R2) of 0.74 (Figure 2-11(c)). This suggested that 

the reaction mainly proceeds on the external surface. It was, however, incomprehensive that the 

nitrogen content on the external surface showed less liner correlation with the formation rate (R2 of 

0.47 in Figure 2-11(d)). If all the N-sites on the external surface were active sites, the correlation 

value should be expected to be similar in the both the external surface area and the number of 

external N-site. Thus, based on these experimental facts, the major active site is assumed to be a 

number-limited (i.e., structurally unique) nitrogen on the external surface. In the previous study on 

the nitrided mesoporous silica, Si–NH2 group has been reported to be more active than Si–NH–Si 

group for Knoevenagel condensation.[32] As shown in Figure 2-6 and described above, silanol 
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group that sits on the external surface reacts to form Si–NH2 group at a lower temperature than 

siloxane group. Even though the primary amine group would also be formed from the reaction via 

siloxane cleavage (Si–O–Si + NH3 → Si–NH2 + HO–Si), this pair site might be subsequently 

dehydrated to form secondary amine (Si–NH2 + HO–Si → Si–NH–Si + H2O).[3] The Si–NH2 

formed from surface silanol is, however, unique because it never turns into Si–NH–Si due to the lack 

of neighboring silanol groups (Figure 2-6). A bridged primary amine (Si–NH2∙∙∙Al) is expected to be 

less active because the lone pair of nitrogen is interacting with the neighboring aluminum atom. 

When MCM-22(P) was completely delaminated to form dispersed monolayers, the theoretical 

maximum of nitrogen content of Si–NH2 formed from surface silanol groups is about 1.5 wt%. 

Because the nitrogen contents of all products in this study exceeded this value (Table 2-2), it is 

straightforward to imagine all the silanol groups are turned into Si–NH2 at the nitridation 

temperature of 973 K, and further nitridation on the siloxane bond results to form Si–NH2, Si–NH–

Si, and Si–NH2∙∙∙Al groups. This would explain why the external surface area showed higher linear 

correlation with the initial product formation rate (Figure 2-11(c)) rather than the Next content 

(Figure 2-11(d)). Although further detailed analysis is ongoing to determine the shape and to count 

the number of active sites, here, it can be concluded that Si–NH2 is the most plausible active site on 

the NMCM-22 catalyst, which is mainly formed by the nitridation of the surface silanol group. 

 

 Figure 2-12 shows the relationship between the yields and the nitrogen content of the catalysts. At 

every data point, the selectivity towards the desired product, benzalmalononitrile or ethyl 

α-cyanocinnamate, was over 99%. Therefore, NSBA-15 showed good selectivity for Knoevenagel 

condensation. The contribution of each amine species in the reaction between benzaldehyde with 

ethyl cyanoacetate was calculated by the least-squares method according to previous report,[20] and 

it was 96.3% for primary amines, −7.11% for secondary amines, and 10.8% for tertiary amines. 

There was a rough correlation between the amount of primary silanamine and the catalytic activity 

like previous report.[20] 
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Figure 2-12. The relationship between the yields at three hours after the start of the reaction and the 

nitrogen content of the catalysts in Knoevenagel condensation between benzaldehyde and (a) 

malononitrile (pKa : 11.1) or (b) ethyl cyanoacetate (pKa : 13.1). 

 

 Figure 2-13 shows the changes of product yields along with the reaction time catalyzed by 

NSBA-15-973-2. At every data point, the selectivity towards the desired product, ethyl 

α-cyanocinnamate, was over 99%. The initial rate is 1.63 mmolproduct·h−1·gcatalyst
−1, which was 

calculated from the slope of initial 1 hour based on the linear approximation. 

 

 

Figure 2-13. Changes in the product yield of Knoevenagel condensation reaction as a function of 

reaction time over NSBA-15-973-2 catalyst (10 mmol benzaldehyde, 10 mmol ethyl cyanoacetate, 

40 mL toluene, 50 mg catalyst, 353K). 
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2.3.3 Comparison between nitrided zeolite and nitrided mesoporous silica 

 In both NMCM-22-Del and NSBA-15 catalysts, the amount of primary amines on the accessible 

micropore external surface was key factor for catalytic activity. The amount of primary amines was 

listed in Table 2-6. Figure 2-14 shows schematic illustration of MWW-type zeolite unit cell viewed 

from the c-axis direction. Two oxygen atoms of the silanol group are present on the unit cell surface 

(1.79 × 10−18 m2). Assuming that all the external surfaces of MCM-22-Del were layer surfaces, the 

amount of primary amines was estimated from the external surface area (Table 2-6). The primary 

amine content of NSBA-15-973-2 was calculated based on the XPS measurement results of 

NSBA-15-973 (Table 2-4). The initial rates were plotted as a function of the amount of primary 

amine (Figure 2-15). A proportional relationship between the initial product formation rate and the 

amount of primary amine was observed. The result of NMCM-22-Del was below the dashed line 

connecting the zero point and the result of NSBA-15-973-2. This is probably because the actual 

external surfaces of NMCM-22-Del are not only the layer surfaces, so the amount of primary amines 

shown in Table 2-6 was higher than actual. Considering the above, the activities of primary amines 

in NMCM-22-Del and NSBA-15 are considered to be almost similar. Therefore, the catalytic activity 

of primary amines in nitrided silica was independent of the mother silica materials. 

 

Table 2-6. Amount of primary amine nitrogen and initial formation rate of the Knoevenagel 

condensation reaction between benzaldehyde and ethyl cyanoacetate on NMCM-22-Del and 

NSBA-15 catalysts. 

Product Amount of primary 

amine nitrogen / wt% 

Initial formation rate / 

mmolproduct·h−1·gcatalyst
−1 

NMCM-22-Del40 0.379 0.29 

NMCM-22-Del60 0.293 0.26 

NMCM-22-Del80-1 0.399 0.24 

NMCM-22-Del80-2 0.661 0.27 

NMCM-22-Del100-1 0.475 0.54 

NMCM-22-Del100-2 0.485 0.60 

NSBA-15-973-2 1.18 1.63 
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Figure 2-14. Schematic illustration of MWW-type zeolite unit cell viewed from the c-axis direction. 

Oxygen and silicon atoms are depicted in red and yellow, respectively. The oxygen atoms 

surrounded by the blue dashed lines represent the oxygen of the surface silanol groups. 

 

 

Figure 2-15. Correlation of initial formation rate in Knoevenagel condensation with primary amine 

content over NMCM-22-Del and NSBA-15 catalysts. The dashed line connects the zero point and 

the result of NSBA-15-973-2. 
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2.4 Conclusions 

 A variety of delamination of MWW zeolites was achieved by controlling the temperature or the 

time of the swelling step. The microstructure was preserved even after a high-temperature nitridation 

treatment. Elemental analysis suggests the successful substitution of nitrogen atom into the zeolite 

framework and Si–NH2, Si–NH–Si, and Si–NH2∙∙∙Al groups were formed on all nitrided products. 

All nitrided products catalyzed Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate. 

A proportional relationship between the initial rate and the external surface area was observed and 

the nitrogen content on the external surface showed less linear correlation with the formation rate. It 

is because the increase of the external surface area brings the increase of structurally unique Si–OH 

and eventually Si–NH2, which is more active than Si–NH–Si or Si–NH2∙∙∙Al on the same surface. 

Therefore, delamination of lamellar zeolite precursor is an effective approach to increase the base 

catalytic activity of nitrided zeolites for a reaction involving larger molecules. 

 NSBA-15 was prepared by reacting with ammonia gas. The 2D hexagonal structure was preserved 

even after a high-temperature nitridation treatment. Elemental analysis and XPS measurement 

suggest the successful substitution of nitrogen atom into the silica framework and primary 

silanamine species (Si-NH2), secondary silamanime species (Si-NH-Si), and tertiary silanamine 

species (N-(Si)3) were formed on all nitrided products. As the nitridation temperature increased, 

higher amines were formed. All nitrided products catalyzed Knoevenagel condensation of 

benzaldehyde with malononitrile or ethyl cyanoacetate. There was a rough correlation between the 

amount of primary silanamine and the initial rate. 

 The catalytic properties of nitrided delaminated zeolite and nitrided mesoporous silica nitride were 

compared. A proportional relationship between the initial product formation rate and the amount of 

primary amine was observed. Therefore, the catalytic activity of primary amines in nitrided silica 

was independent of the mother silica materials. 
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Chapter 3. Comparison of nitrogen sites in porous carbon nitride 

and nitrided silica 

 

3.1. Introduction 

 Nitrided silica (zeolite and mesoporous silica),[1, 2] amine-functionalized silica (zeolite and 

mesoporous silica) and carbon nitride[3] have been reported as solid base catalysts whose nitrogen 

atoms work as base sites. 

 Nitrided mesoporous silica is synthesized by reacting mesoporous silica with ammonia under high 

temperature condition. Oxygen atoms in the silica framework are substituted by nitrogen atoms. The 

basicity of this material arises from the presence of a lone pair on the framework nitrogen atom. The 

nitridation temperature affects on the type of nitrogen species produced. Primary amines are formed 

at lower temperature (873–973 K) and secondary/tertiary amines are formed at higher temperatures 

(above 973 K).[4, 5] Increasing the nitridation time or increasing the ammonia flow rate, i.e., 

increasing the total amount of ammonia to be reacted increases the amount of substituted nitrogen.[6, 

7] 

 The catalytic performance of nitrided mesoporous silica depends on the type and amount of 

nitrogen species. In aldol condensation and Knoevenagel condensation, the catalytic activity was in 

the order of primary > secondary ~ tertiary amine sites.[5] Moreover, methylation enhances the 

basicity of the nitrided mesoporous silica. Methylated nitrided mesoporous silica catalyze 

Knoevenagel condensation of high pKa reactant (diethyl malonate)[8] and CO2 addition reaction.[9, 

10] Nitrided silica is a solid base catalyst that is resistant to poisoning by atmospheric carbon dioxide 

and does not require pretreatment, but it has the disadvantage that the Si-N bond is unstable and 

easily hydrolyzed.[7] Another disadvantage is that toxic ammonia gas is required for synthesis.[11] 

 Carbon nitride material has been also studied as a novel solid base catalyst. Compared with bulk 

carbon nitride material, porous carbon nitride (PCN) material shows higher mass diffusion rate and 

higher catalytic activity because of its large surface area and nanosized pores.[3] There are two 

known methods for the preparation of porous carbon nitrides: the hard template method and the soft 

template method.[12] In the hard template method, mesoporous silica such as SBA-15 is used as a 

template.[13] The raw material is introduced into the template pores and carbonized by high 

temperature treatment. Then, the silica template is removed using hydrofluoric acid or sodium 

hydroxide solution to obtain porous carbon nitride. On the other hand, the soft template method uses 

a liquid template such as surfactant or ionic liquid.[14, 15] Unlike the hard template method, the 

template can be removed only by high temperature treatment. However, since template removal and 

carbonization occur simultaneously, the structure is destroyed, and the specific surface area tends to 

become smaller. 

 Carbon nitride contains multiple types of nitrogen species such as pyridine nitrogen and 
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primary/secondary/tertiary amine.[16, 17] The relationship between nitrogen species in carbon 

nitride and catalytic properties has been studied. Zhang and co-workers reported that the catalytic 

activity of porous carbon nitride for the Knoevenagel condensation of benzaldehyde or acetone and 

ethyl cyanoacetate was related to their amount of primary or secondary amine species.[17] 

 In this chapter, the catalytic properties of nitrogen species in silica-based materials and 

carbon-based materials were investigated (Figure 3-1). A series of nitrided mesoporous silica 

SBA-15 materials (denoted as NSBA-15) at different nitridation temperature was synthesized. A 

series of porous carbon nitride materials (PCN) at different carbonization temperature was 

synthesized by the hard template method. The chemical and the textural properties of the prepared 

products were characterized by various techniques (XRD, nitrogen adsorption, elemental analysis, 

and XPS). The base catalytic property of the products was evaluated by Knoevenagel condensation 

between benzaldehyde and malononitrile or ethyl cyanoacetate. The effect of nitrogen species on the 

catalytic properties was investigated by comparing the properties of the two catalysts, NSBA-15 and 

PCN. NSBA-15 can catalyze a basic reaction involving a higher pKa reactant than the one that PCN 

can handle. 

 

 

Figure 3-1. Schematic diagram of Chapter 3. 

 

3.2. Experimental 

3.2.1 Synthesis of catalyst 

 SBA-15 was prepared by hydrothermal treatment.[18] Typically, triblock copolymer poly(ethylene 

glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), Pluronic P-123 (4.0 g, PEG 30 

wt.%, average Mn of 5800, Aldrich), was dissolved in 2 M aqueous hydrochloric acid solution (118.6 

g, for Volumetric Analysis, FUJIFILM Wako Pure Chemical) and distilled water (29.2 g) under 
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stirring at 313 K for 3 h. TEOS (8.6 g, 95.0%, FUJIFILM Wako Pure Chemical) was then dripped to 

the solution, and hydrolyzed at 313 K for 24 h under stirring. The chemical composition of the final 

mixture was SiO2 : 0.017 P123 : 6HCl : 190 H2O. The resultant solution was placed in an electric 

oven for hydrothermal treatment at 373 K for 24 h. The obtained sample was filtered and washed 

with distilled water. The sample was calcined at 823 K for 6 h to remove the template surfactants. 

 Porous carbon nitride materials were prepared using mesoporous silica template (Scheme 3-1).[16] 

Typically, the calcined SBA-15 (0.5 g), anhydrous ethylenediamine (1.35 g, 99.0%, KANTO 

CHEMICAL), and carbon tetrachloride (3.0 g, 99.5%, FUJIFILM Wako Pure Chemical) were mixed 

in PTFE bottle. The mixture was heated at 363 K for 6 h. The obtained dark-brown-colored solid 

mixture was dried at 355 K for overnight. The product was placed in a quartz tube and heated at 

873–1273 K for 5 h with the ramping rate of 3.0 K·min−1 under nitrogen gas flow of 2.0 L·min−1 to 

carbonize the polymer. The silica template was removed by hydrofluoric acid (5 wt%, MORITA 

CHEMICAL INDUSTRIES CO.). The obtained product was filtrated and washed in distilled water 

and dried at 373K. 

 

 

Scheme 3-1 Preparation of porous carbon nitride using SBA-15.[16] 

 

3.2.2 Product characterization 

 Powder XRD patterns of the products were collected by a RINT2100 diffractometer (Rigaku) using 

Cu Kα radiation (λ = 0.1541 nm). The data were recorded in the 2θ range of 0.5–3.0° with an 

angular step size of 0.01°. 

 Nitrogen sorption measurement was conducted by a Quadrasorb evo (Quantachrome) at 77 K to 

determine total surface area, micropore volume, micropore surface area, and external surface area of 

the products. Prior to the measurement, the products were degassed in vacuum at 523 K for 3 h 

(PCN) or 573 K for 3 h (others). The total surface area was calculated by the BET isothermal 

equation. The pore size was obtained from the adsorption branch of the nitrogen isotherms using the 

Barrett-Joyner-Halenda method. 
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 The quantitative analysis of nitrogen content was carried out by a vario MICRO cube elemental 

analyzer (Elementer). 

 X-ray photoelectron spectroscopy was conducted by a PHI Quantera SXM (ULVAC-PHI Inc.). 

Powder samples were hold on a sample stage with a silver paste. Prior to the measurement, the 

sample stage with samples was degassed in vacuum at room temperature overnight. 

 

3.2.3 Catalytic test 

 Knoevenagel condensation was performed as a model base-catalyzed reaction. A mixture of 

benzaldehyde (1 mmol, 98.0%, FUJIFILM Wako Pure Chemical), malononitrile (1 mmol, 98%, 

FUJIFILM Wako Pure Chemical) or ethyl cyanoacetate (1 mmol, 98%, FUJIFILM Wako Pure 

Chemical), and toluene as a solvent (10 mmol, 99.5%, FUJIFILM Wako Pure Chemical) were 

introduced into the test tube. The tube was heated in a thermostatic oil bath and the mixture was 

stirred by a magnetic stirrer. After the temperature was reached to 333 K, catalyst (10 mg) was added 

into the mixture. The mixture was heated for 3 h. The obtained products were analyzed with a gas 

chromatograph GC-14B (Shimadzu) equipped with an FID detector and a ZB-1 capillary column. 

 In order to identify the active site, a change over time in Knoevenagel condensation was performed. 

A mixture of benzaldehyde (10 mmol, 98.0%, FUJIFILM Wako Pure Chemical), malononitrile (10 

mmol, 98%, FUJIFILM Wako Pure Chemical), and toluene as a solvent (40 mL, 99.5%, FUJIFILM 

Wako Pure Chemical) were introduced into the round-bottom flask. The flask was heated in a 

thermostatic oil bath and the mixture was stirred by a magnetic stirrer. After the temperature was 

reached to 353 K, catalyst (PCN series, 10 mg) was added into the mixture. Small portion of liquid 

products (about 0.1 mL) were collected as needed from the reaction mixture with a syringe. The 

obtained products were analyzed with a gas chromatograph GC-14B equipped with an FID detector 

and a ZB-1 capillary column. 

 

3.3. Results and Discussion 

3.3.1 Catalyst preparation 

 The powder XRD patterns of PCN products are shown in Figure 3-2. The peak assigned to 100 

diffractions of 2D-hexagonal structure[16] was observed only in PCN-1273, indicating the 

incomplete replication of SBA-15 template structure in the other samples. It was probably due to 

insufficient cleaning, which resulted in the presence of carbon nitride on the surface of the SBA-15 

template. The carbon nitride exist on the surface was decomposed and removed during the high 

temperature treatment at 1273 K. 

 Figure 3-3 shows the powder XRD patterns of PCN products at higher angle. All products showed 

a single broad diffraction peak near 26°. It corresponded to non-porous carbon nitride spheres, 

indicating turbostratic ordering of the carbon and nitrogen atoms in the graphene layers.[19] 
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Therefore, the PCN products were thought to be turbostratic layers of graphene in which some of the 

carbon has been replaced by nitrogen. 

 

 

Figure 3-2. XRD patterns of mother SBA-15 and series of porous carbon nitride carbonized at 

different temperature (773–1273 K). 

 

 

Figure 3-3. XRD patterns of series of porous carbon nitride carbonized at different temperature 

(773–1273 K). 

 

 Figure 3-4(a) shows the nitrogen adsorption-desorption isotherm of the series of PCN products. The 

typical type-IV isotherms were observed in all products, indicating the presence of mesopores. Table 

3-1 summarized the textural properties of PCN products. When the carbonization temperature is less 

than 1073 K, the BET surface area and total pore volume increased with increasing carbonization 
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temperature. This result is consistent with previous reports.[17] However, PCN-1273 showed less 

BET surface area than PCN-1073, indicating that carbonization at higher temperature lead to 

structural damage.  

 Figure 3-4(b) shows BJH pore size distributions of the series of PCN products. PCN-773, 873, and 

1073 had non-uniform pores. It suggests the incomplete replication of SBA-15 template structure. 

The mean pore diameter of PCN-1273 was 3.3 nm. The wall thickness of mother SBA-15 is 2.6 nm. 

Therefore, nitrogen adsorption-desorption measurement revealed that only PCN-1273 processed the 

replication structure of mother SBA-15 and other product processed the incomplete replication 

structure. The result was consistent with the changes in the XRD patterns discussed above. 

 

 

Figure 3-4. (a) N2 adsorption isotherms and (b) BJH adsorption pore size distribution of PCN 

samples prepared at 773–1273 K. 

 

Table 3-1. Textual properties of porous carbon nitride (PCN) carbonized at different temperature 

(773–1273 K) calculated from N2 sorption measurement. 

Product BET Surface area  

/ m2 g−1 

Total pore volume  

/ cm3 g−1 

PCN-773 502 0.284 

PCN-873 1019 0.486 

PCN-1073 1214 0.855 

PCN-1273 527 0.440 

 

 The nitrogen contents of nitrided products as prepared and three months after preparation measured 

by elemental analysis are listed in Table 3-2. The C/N ratio of products before carbonization was 

consistent with that of raw material (Scheme 3-1). The nitrogen content of carbonized products 

decreased with increasing nitridation temperature. This could be explained by the low 
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thermodynamic stability of nitrogen species in the carbon materials.[12, 20] Weights other than C, N, 

and H were thought to be mainly due to the remaining SBA-15 template. 

 

Table 3-2. Composition of porous carbon nitride (PCN) prepared at different temperature (773–1273 

K) measured by elemental analysis and XPS. 

Product CHN XPS 

C / 

wt% 

N / 

wt% 

H / 

wt% 

Others 

/ wt% 

C/N 

molar 

ratio 

C / 

at% 

N / 

at% 

O / 

at% 

Si / 

at% 

C/N 

molar 

ratio 

PCN-773 56.2 31.7 2.34 9.76 2.06 69.94 24.85 4.21 1.00 2.81 

PCN-873 66.4 19.7 2.11 11.8 3.92 77.82 16.42 4.87 0.88 4.74 

PCN-1073 74.6 10.6 1.24 13.6 8.20 81.42 5.11 11.4 2.07 15.9 

PCN-1273 81.8 6.72 0.493 11.0 14.2 89.03 7.82 2.00 1.16 11.4 

Before 

carbonization 

(PCN-873) 

23.3 19.3 5.60 51.8 1.40 ― ― ― ― ― 

 

 To identify composition, XPS measurement was also performed. Figure 3-5 shows XPS survey 

spectra of carbonized products. The peaks derived from carbon, nitrogen, and oxygen atom were 

observed in all products. The peak at 368 eV derived from silver atom was observed in PCN-873, 

owing to the silver paste which was used for holding of samples. The peak at 151 eV derived from 

silicon atom was observed in PCN-1273, probably owing to incomplete removal of SBA-15 template. 

There is a correlation between the amount of Si measured by XPS and others content in the 

elemental analysis (Table 3-2).  
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Figure 3-5. XPS survey spectra for series of porous carbon nitride (PCN) prepared at different 

temperature from 773 to 1273 K. 

 

 Figure 3-6 shows the XPS spectra of N1s levels for PCN samples. The XPS spectra was 

deconvoluted to four peaks as blue lines shown in Figure 3-6. The peak at 398.5 eV arises from the 

sp2 N atoms bonded to C atoms in aromatic rings, i.e., pyridine nitrogen (C-N=C).[21, 22] The peak 

at 399.7 eV is attributed to tertiary nitrogen groups bonded to three carbon atoms (N–(C)3). [21, 22] 

The peak at 400.9 eV is attributed to primary or secondary amine species (C-NH2 or C-NH-C).[21, 

22] The signal centered at ca. 404.4 eV is attributed to the quaternary nitrogen species and/or 

charging effect (N+– (C)4).[21, 22]  

 The content and the percentage of nitrogen species in PCN calculated from XPS spectra are listed 

in Table 3-3. Pyridine nitrogen content significantly decreased, and the sum of amine nitrogen 

contents increased with increasing carbonization temperature above 1073 K. The tendency was 

consistent with the previous report.[17] 
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Figure 3-6. XPS spectra of N 1s levels for series of porous carbon nitride (PCN) prepared at 

different temperature from 773 to 1273 K. Black curves and blue curves are measured data and 

fitting curves, respectively. The deconvoluted peaks are assigned to pyridinic nitrogen species 

(C-N=C), the tertiary nitrogen bonded to three carbon atoms (N-(C)3), the primary or secondary 

amine groups (C-NH2 or C-NH-C), and the quaternary nitrogen species (N+– (C)4) with the binding 

energy of 398.5, 399.7, 400.9, and 404.4 eV, respectively. Red curves show difference between 

measured data and sum of fitting curves. 

 

Table 3-3. Contents of nitrogen species in porous carbon nitride (PCN) prepared at different 

temperature (773–1273 K) measured by CHN and XPS. 

Product Content / wt% (molar percentage / %) 

C=N-C N-(C)3 -NH2 or -NH- N-(C)4 

PCN-773 15.0 (47.1) 9.3 (29.4) 3.7 (11.8) 3.7 (11.7) 

PCN-873 8.4 (42.5) 5.3 (26.7) 3.0 (15.1) 3.1 (15.7) 

PCN-1073 2.9 (27.6) 1.9 (17.8) 3.9 (36.6) 1.9 (18.0) 

PCN-1273 1.7 (25.0) 0.5 (8.0) 3.4 (50.9) 1.1 (16.1) 
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3.3.2 Catalytic reactions 

 Knoevenagel condensation of benzaldehyde with active methylene compounds was performed as a 

model reaction. Malononitrile (pKa : 11.1) and ethyl cyanoacetate (pKa : 13.1) were used as active 

methylene compounds. Nitrogen contents of the catalysts were measured by CHN just before the 

reaction was carried out. 

 Figure 3-7 shows the relationship between the yields and the nitrogen content of the catalysts. At 

every data point, the selectivity towards the desired product, benzalmalononitrile or ethyl 

α-cyanocinnamate, was over 99%. Therefore, PCN showed good selectivity for Knoevenagel 

condensation. 

 

 

Figure 3-7. The relationship between the yields at three hours after the start of the reaction and the 

nitrogen content of the catalysts in Knoevenagel condensation between benzaldehyde and (a) 

malononitrile (pKa : 11.1) or (b) ethyl cyanoacetate (pKa : 13.1). The results of NSBA-15 were from 

Chapter 2. 

 

 A previous report revealed that the catalytic activity of porous carbon nitride depends on the 

content of primary or secondary amine species (C-NH2 or C-NH-C).[17] However, there was no 

proposal relationship between the yield with the content of any nitrogen species. For a further 

investigation, the change of yield over time in Knoevenagel condensation between benzaldehyde and 

malononitrile was measured (Figure 3-8). Initial formation rates were calculated by a linear 

approximation in the initial one hour established in Figure 3-8. Although a rough correlation was 

found between the initial reaction rate and the nitrogen contents, the least-squares method could not 

identify the active species. To summarize the above results, in this study, a critical parameter 

affecting the catalytic property was not identified. 
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Figure 3-8. Changes in the product yield of Knoevenagel condensation reaction as a function of 

reaction time over PCN catalysts (10 mmol benzaldehyde, 10 mmol malononitrile, 40 mL toluene, 

10 mg catalyst, 353K). 

 

 In the case of malononitrile, both NSBA-15 and PCN showed high catalytic activity (Figure 3-7(a)). 

On the other hand, in the case of ethyl cyanoacetate, only NSBA-15 showed high catalytic activity 

(Figure 3-7(b)). When diethyl malonate (pKa : 16.4) was used as active methylene compounds, both 

NSBA-15 and PCN did not catalyzed the Knoevenagel condensation of benzaldehyde.[8, 23] 

Therefore, the limit of pKa of active methylene compound in PCN would be lower than that in 

NSBA-15. That is probably because of the different of the structure of active nitrogen sites. Figure 

3-9 shows the structure of active nitrogen sites in NSBA-15 and PCN. n NSBA-15, nitrogen atoms 

bond with silicon atoms, which is quasi-aliphatic amines (e.g., ethylamine (pKa : 10.6)). On the other 

hand, nitrogen atoms in PCN are on or in aromatic rings, i.e., they are aromatic amines (e.g., 

pyridine (pKa : 5.3)). Aliphatic amines generally exhibit stronger proton abstraction than aromatic 

ones. Therefore, NSBA-15 can catalyze a basic reaction involving a higher pKa reactant than the one 

that PCN can handle. 

 



81 

 

 

Figure 3-9. The structure of the active sites in (a) NSBA-15 and (b)PCN. 

 

 The percentage of nitrogen remaining before and after the reaction was compared. The reaction 

with malononitrile was conducted three months after preparation and the products were stored in air 

after preparation. The used catalysts were collected by filtration of reaction liquid after catalytic 

reaction, washed by ethanol, and dried at 373 K. 

 The nitrogen contents of catalysts before and after catalytic reaction are showed in Figure 3-10. In 

as prepared products, the nitrogen content increased with increasing nitridation temperature. The 

nitrogen contents decreased after three months, probably because of the decomposition of Si-N bond 

by water vapor in air.[7] The nitrogen contents remained after three months and PCN materials 

showed high stability. 

 Almost all nitrogen atoms remained after the reaction test in PCN, but only three-quarters nitrogen 

atoms remained in NSBA-15. Nitrogen atoms bond to silicon atoms in NSBA-15 and that bond to 

carbon atoms in PCN (Figure 3-9). Si-N bond is easily hydrolyzed. So, Si-N bond in NSBA-15 was 

hydrolyzed by water formed by Knoevenagel condensation. Therefore, NSBA-15 showed lower 

catalytic stability than PCN. The reuse tests have not been conducted yet. However, the catalytic 

stability of carbon nitride synthesized by the same method as the PCNs in this paper was 

reported.[17] The conversion kept higher than 90% within five repeated runs of Knoevenagel 

condensation between benzaldehyde and malononitrile. Therefore, PCN materials are considered to 

be reusable catalysts. 
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Figure 3-10. Nitrogen content of NSBA-15 and PCN as prepared, before, and after the reaction test. 

 

3.4. Conclusions 

 PCN was prepared by using carbon tetrachloride and ethylenediamine as precursor and SBA-15 as 

template. The PCN possessed an incomplete replication of the structure of the SBA-15 template. 

XPS measurement suggests the presence of pyridine nitrogen species (C-N=C), primary or 

secondary amine species (C-NH2 or C-NH-C), and tertiary amine species (N–(C)3) on the surface of 

PCN. 

 In NSBA-15, the primary silanamine species were the most active site for Knoevenagel 

condensation. It was not possible to identify the most dominant nitrogen site for the reaction in PCN. 

NSBA-15 showed higher catalytic activity than PCN for Knoevenagel condensation between 

benzaldehyde and ethyl cyanoacetate probably because of their higher pKa. PCN showed higher 

catalytic stability than NSBA-15 because of the lack of unstable Si-N bond. Based on the above 

results, a catalyst with aliphatic amines and no Si-N bond is considered to have both high activity 

and high stability. 
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Chapter 4. Comparison of nitrogen sites in amine functionalized 

silica and nitrided silica 

 

4.1 Introduction 

 Silane coupling agents containing amines can be used to immobilize the basic moieties to the 

surface of silica materials. Silica materials functionalized by amine groups are called 

amine-functionalized silica and have been widely studied as solid base catalysts, adsorbents, and 

drug carriers.[1, 2]  

 There are two methods to prepare amine-functionalized silica, post-synthesis grafting method and 

direct co-condensation method. In the grafting method, amines are functionalized by the reaction of 

silanol groups of silica with silane coupling agents. There have been reports of amine 

functionalization of silica materials such as MCM-41,[3, 4] SBA-15,[5] and X-type zeolites[6] by 

the grafting method. On the other hand, in the direct co-condensation method, silane coupling agent 

is used as one of the raw materials in the synthesis step of silica materials. For example, hexagonal 

mesoporous silica and amorphous silica with aminopropyl groups can be prepared from 

tetraethoxysilane and 3-aminopropyltrimethoxysilane.[4] Amine-functionalized silica prepared by 

direct co-condensation method are less active than those obtained by grafting method for nitroaldol 

reaction and Mihael addition.[4] This is probably because some of the amines are incorporated 

within the siliceous framework, reducing the number of active sites that the reactants can access. 

 In this chapter, in order to clarify the differences in catalytic properties of different nitrogen species, 

amine-functionalized SBA-15 with four different amines were prepared (Figure 4-1). The chemical 

and the textural properties of products were characterized by various techniques (elemental analysis, 

thermogravimetry, nitrogen sorption, and FT-IR). The base catalytic property of the prepared 

products was evaluated by a typical base-catalyzed reaction of Knoevenagel condensation and 

compared with those of nitrided SBA-15 (NSBA-15), porous carbon nitride (PCN), methylated 

nitrided SBA-15 (MeNSBA-15). 
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Figure 4-1 Structure of silane coupling agents (a) 3-aminopropyltriethoxysilane, (b) 

3-(methylamino)propyltrimethoxysilane, (c) [3-(N,N-Dimethylamino)propyl]trimethoxysilane, and 

(d) trimethoxy[3-(phenylamino)propyl]silane and surface structure of amine-functionalized SBA-15.  

 

4.2 Experimental 

4.2.1 Synthesis of catalysts 

 SBA-15 was prepared by a hydrothermal method (Chapter 3.2.1). 

 SBA-15 functionalized with silane coupling agents were prepared by a grafting method.[5, 7] 

Obtained SBA-15 was dried at 383 K overnight for pretreatment. 0.01 mmol of silane coupling 

agents and 10 mL of dehydrated toluene were mixed. The silane coupling agents were 

3-aminopropyltriethoxysilane (>98.0%, Tokyo Chemical Industry Co., Ltd.), 

3-(methylamino)propyltrimethoxysilane (>95.0%, Tokyo Chemical Industry Co., Ltd.), 

[3-(N,N-Dimethylamino)propyl]trimethoxysilane (>96.0%, Tokyo Chemical Industry Co., Ltd.), and 

trimethoxy[3-(phenylamino)propyl]silane (>98.0%, Tokyo Chemical Industry Co., Ltd.). The dried 

SBA-15 was added into the mixture and refluxed at 383 K for 22 h. The mixture was filtrated and 

washed by 30 mL of dehydrated toluene and 30 mL of dehydrated dichloromethane. The obtained 

material was dried at 343 K for 2 h in vacuum. The products obtained by grafting 

3-aminopropyltriethoxysilane, 3-(methylamino)propyltrimethoxysilane, 

[3-(N,N-Dimethylamino)propyl]trimethoxysilane, and trimethoxy[3-(phenylamino)propyl]silane on 

SBA-15 were denoted as AP-SBA-15 (aminopropyl-SBA-15), MAP-SBA-15 (methyl 

aminopropyl-SBA-15), DMAP-SBA-15 (dimethyl aminopropyl-SBA-15) and PAP-SBA-15 (phenyl 

aminopropyl-SBA-15), respectively. 

 

4.2.2 Product characterization 

 The quantitative analysis of nitrogen content was carried out by a vario MICRO cube elemental 

analyzer (Elementer). 

 Simultaneous thermogravimetry / differential thermal analysis (TG-DTA) was conducted by 
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Thermo plus TG8120 (Rigaku). A sample of ca. 2 mg was heated in a flow of air (30 mL min−1) at a 

heating rate of 10 K min−1 from room temperature to 873 K. 

 Nitrogen sorption measurement was conducted by a Quadrasorb evo (Quantachrome) at 77 K to 

determine total surface area, micropore volume, micropore surface area, and external surface area of 

the products. Prior to the measurement, the products were degassed in vacuum at 423 K for 3 h. The 

total surface area was calculated by the BET isothermal equation. The micropore volume, the 

micropore surface area, and the external surface area were evaluated by the t-plot method. 

 The FT-IR spectra of the products were collected by a 4100 FT-IR spectrometer (JASCO). 15 mg 

of the catalyst was pressed at 10 MPa to mold the disk and submitted to the cell for FT-IR 

measurement. Then, the disk was pretreated at 423 K in vacuum for 1.5 h, and the spectra were 

recorded at room temperature under vacuum condition with a resolution of 4.0 cm−1.  

 

4.2.3 Catalytic test 

 Knoevenagel condensation was performed as a model base-catalyzed reaction. A mixture of 

benzaldehyde (1 mmol, 98.0%, FUJIFILM Wako Pure Chemical), malononitrile (1 mmol, 98%, 

FUJIFILM Wako Pure Chemical) or ethyl cyanoacetate (1 mmol, 98%, FUJIFILM Wako Pure 

Chemical), and toluene as a solvent (10 mmol, 99.5%, FUJIFILM Wako Pure Chemical) were 

introduced into the test tube. The tube was heated in a thermostatic oil bath and the mixture was 

stirred by a magnetic stirrer. After the temperature was reached to 333 K, catalyst (10 mg) was added 

into the mixture. The mixture was heated for 3 h. The obtained products were analyzed with a gas 

chromatograph GC-14B (Shimadzu) equipped with an FID detector and a ZB-1 capillary column. 

 Knoevenagel condensation of benzaldehyde and diethyl malonate was also conducted. A mixture of 

benzaldehyde (2 mmol), diethyl malonate (2 mmol, 98%, FUJIFILM Wako Pure Chemical), and 

ethanol as a solvent (2.13 mL, 99.5%, FUJIFILM Wako Pure Chemical) were introduced into the 

flask. The flask was heated in a thermostatic oil bath and the mixture was stirred by a magnetic 

stirrer. After the temperature was reached to 353 K, catalyst (20 mg) was added into the mixture. The 

mixture was heated at 353 K for 24 h with a reflux condenser. The obtained products were analyzed 

with the gas chromatograph and the ZB-1 capillary column. 

 

4.3 Results and discussion 

4.3.1 Catalyst preparation 

 The nitrogen and carbon contents of amine-functionalized products measured by elemental analysis 

are listed in Table 4-1. The contents were similar to the values reported in the amine-functionalized 

SBA-15 in the previous study.[5] The nitrogen contents of MAP-SBA-15 and DMAP-SBA-15 were 

higher than that of AP-SBA-15. In previous report, that of SBA-15 functionalized with 

methylaminopropyl group was lower than that of SBA-15 functionalized with aminopropyl group.[8] 
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The difference was caused by silane coupling agents. In the previous reports, silane coupling agents 

with trimethoxy groups were used for grafting of aminopropyl groups and methylaminopropyl 

groups. However, in this study, the silane coupling agent with triethoxy groups was used for grafting 

of aminopropyl groups and the silane coupling agent with trimethoxy groups was used for grafting 

of methylaminopropyl groups. The reason why more amine groups were functionalized on 

MAP-SBA-15 and DMAP-SBA-15 than AP-SBA-15 would be because the trimethoxy group is 

more reactive than the triethoxy group. The nitrogen content of PAP-SBA-15 was lower than that of 

AP-SBA-15, probably due to the steric hindrance of silane coupling agents. In all products, the C/N 

molar ratio was higher than the C/N molar ratio of the amino group considered to be functionalized. 

It suggested that toluene and dichloromethane used in washing or carbon dioxide in air were 

adsorbed on the surface of the product. 

 

Table 4-1 Nitrogen and carbon contents of SBA-15 and amine-functionalized SBA-15. 

Product N / wt%  

(mmol·g−1) 

C / wt%  

(mmol·g−1) 

C/N molar 

ratio 

C/N molar ratio of the 

functionalized amino group 

SBA-15 0 (0) 0.0307 

(0.0256) 

– – 

AP-SBA-15 1.63 (1.17) 5.52 (4.61) 3.95 3 

MAP-SBA-15 1.96 (1.40) 8.05 (6.71) 4.79 4 

DMAP-SBA-15 1.90 (1.36) 10.3 (8.55) 6.29 5 

PAP-SBA-15 1.33 (0.947) 12.9 (10.7) 11.3 9 

 

 Figure 4-2 shows thermogravimetric analysis results for mother SBA-15 and amine-functionalized 

SBA-15. A weight loss and an endothermic peak below 100 °C were observed in SBA-15 (Figure 

4-2 (a)). The weight loss is considered to be due to the desorption of adsorbed water. On the other 

hand, weight losses and exothermic peaks after 200 °C were also observed in amine-functionalized 

SBA-15 (Figure 4-2 (b), (c), (d) and (e)). The weight losses of amine-functionalized products were 

lower than that of SBA-15, suggesting that the surface of amine-functionalized products was 

hydrophobic. The weight loss in the second step was 5 wt% for AP-SBA-15, 9 wt% for 

MAP-SBA-15, 11 wt% for DMAP-SBA-15, and 10 wt% for PAP-SBA-15. Since these values are 

roughly consistent with the total amount of C and N measured by elemental analysis, the decrease in 

the second step is considered to be due to the combustion of the modified functional groups. The 

temperature of the second mass loss was different for each sample. The temperature of the second 

step was 300 °C for AP-SBA-15, 310 °C for MAP-SBA-15, 300 °C for DMAP-SBA-15, and 330 °C 

for PAP-SBA-15. This difference might be due to the difference in the functional groups 

functionalized on each sample. 
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Figure 4-2 TG and DTA curves of (a) SBA-15, (b) AP-SBA-15, (c) MAP-SBA-15, (d) 

DMAP-SBA-15 and (e) PAP-SBA-15. 

 

 Figure 4-3 (a) shows the nitrogen adsorption-desorption isotherm of the mother SBA-15 and 

amine-functionalized products. The typical type-IV isotherms were observed in all products, 

indicating the presence of mesopores. Figure 4-3 (b) shows the BJH adsorption pore size distribution 

of the mother SBA-15 and amine-functionalized products. All samples possessed uniform 

mesopores. 

 Textual properties calculated by the nitrogen sorption measurement were summarized in Table 4-2. 

The pore diameter, the BET surface area, and micropore volume were decreased after amine 

functionalization. The higher the amount of amine functionalization in the sample, the more these 

values decreased. It suggests that the functionalized amine groups were located inside the 
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mesopores.[5]  

 

 

Figure 4-3 (a) N2 adsorption isotherms and (b) BJH adsorption pore size distribution of SBA-15 and 

amine-functionalized SBA-15. 

 

Table 4-2 Textual properties of mother SBA-15 and amine-functionalized products calculated from 

nitrogen sorption measurement. 

Product Pore diameter / nm BET Surface area  

/ m2 g−1 

Micropore volume  

/ cm3 g−1 

SBA-15 8.1 783 0.10 

AP-SBA-15 7.4 548 0.063 

MAP-SBA-15 6.8 379 0.0 

DMAP-SBA-15 6.8 339 0.0 

PAP-SBA-15 8.1 531 0.053 

 

 The functional groups in the products were investigated by FT-IR spectroscopy. Figure 4-4 (a) 

shows FT-IR spectrum of mother SBA-15 in the range from 1300 to 4000 cm−1. The band at 3740 

cm−1 could be assigned to v(OH) of Si-OH.[9] The broad band at 3530 cm−1 and the bands at 1630 

cm−1 could be assigned to adsorbed water.[9] Figure 4-4 (b) shows FT-IR spectrum of AP-SBA-15. 

The bands at 3375 and 3300 cm−1 were observed. These bands could be assigned to va(NH) and 

vs(NH) of aliphatic primary amine (C-NH2).[10] The bands at 2935 and 2870 cm−1 were derived 

from va(CH) and vs(CH) of methylene groups, respectively. In the low wavenumber region, bands 

were observed at 1630, 1600, and 1480–1415 cm−1. These bands could be assigned to v(OH) of 

Si-OH, v(NH) of aliphatic primary amine, δ(CH) of methylene groups, respectively. From the above 
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results, the surface of AP-SBA-15 is considered to be as shown in Figure 4-1. Figure 4-4 (c) shows 

FT-IR spectrum of MAP-SBA-15. The FT-IR spectrum of MAP-SBA-15 is similar to that of 

AP-SBA-15, but there is a difference in that there is only one band around 3320 cm–1. The band 

could be assigned to v(NH) of aliphatic secondary amine (C-NH-C). Figure 4-4 (d) shows FT-IR 

spectrum of DMAP-SBA-15. The FT-IR spectrum of DMAP-SBA-15 is similar to that of 

AP-SBA-15, but there is a difference in that there is only one broad band around 3400 cm–1 assigned 

to adsorbed water. No peaks derived from tertiary amines were observed.[10] Figure 4-4 (e) shows 

FT-IR spectrum of PAP-SBA-15. The band at 3320 cm–1 could be assigned to v(CH) of aromatic 

secondary amine. The bands at 3060 and 3020 cm−1 were derived from va(CH) and vs(CH) of 

aromatic rings, respectively. In the low wavenumber region, strong sharp bands were observed at 

1602 and 1510 cm−1. These bands could be assigned to va(C=C) and vs(C=C) of aromatic rings. 

Therefore, FT-IR measurements confirmed that the desired amine groups were attached on each 

surface of SBA-15. 
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Figure 4-4 FT-IR spectra of products in the range from 1300 to 4000 cm−1. (a) SBA-15, (b) 

AP-SBA-15, (c) MAP-SBA-15, (d) DMAP-SBA-15 and (e) PAP-SBA-15. 

 

4.3.2 Catalytic reaction 

 Knoevenagel condensation of benzaldehyde with active methylene compounds was performed as a 

model reaction. Malononitrile (pKa : 11.1) and ethyl cyanoacetate (pKa : 13.1) were used as active 

methylene compounds.  
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 Figure 4-5 shows the relationship between the yields and the nitrogen content of the catalysts. At 

every data point, the selectivity towards the desired product, benzalmalononitrile or ethyl 

α-cyanocinnamate, was over 99%. Therefore, amine-functionalized SBA-15 showed good selectivity 

for Knoevenagel condensation. In addition, no peak derived from the desorbed aminopropyl group 

was observed in GC, indicating that amine-functionalized SBA-15 showed good stability. 

 AP-SBA-15 showed high catalytic activity in the case of both malononitrile (Figure 4-5 (a)) and 

ethyl cyanoacetate (Figure 4-5 (b)). This trend of AP-SBA-15 was similar to that of NSBA-15. On 

the other hand, PAP-SBA-15 showed high catalytic activity only in the case of malononitrile. This 

trend of PAP-SBA-15 was similar to that of PCN. In AP-SBA-15, nitrogen atoms bond with alkyl 

groups and donates electrons. On the other hand, nitrogen atoms in PAP-SBA-15 bond with phenyl 

groups, which show electron-withdrawing properties. Therefore, AP-SBA-15 can catalyze a basic 

reaction involving a higher pKa reactant than the one that PAP-SBA-15 can handle. 

 Comparing the catalytic activity of AP-SBA-15 with that of NSBA-15, AP-SBA-15 showed higher 

catalytic activity than NSBA-15 even though the nitrogen content was lower. AP-SBA-15 showed 

higher activity than NSBA-15 when compared by primary amine nitrogen content (Figure 4-5 (c)). 

The reason for the high activity of AP-SBA-15 could be the possibility that the active site of 

NSBA-15 is difficult to access, effect of surface silanol groups, and that AP-SBA-15 is hydrophobic. 

While the active sites of AP-SBA-15 are located where bulky molecules such as silane coupling 

agents can access, the active sites of NSBA-15 are not necessarily located only on the mesopore 

surface. The silanol protonates the benzaldehyde oxygen while the amine undergoes nucleophilic 

attack on the carbonyl carbon.[11] The hydrophobicity of catalysts provides two advantages: 1) The 

water produced by the condensation reaction is released rapidly. 2) Reactants (such as benzaldehyde 

and ethyl cyanoacetate) can easily access the catalyst surface.[12]  
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Figure 4-5 The relationship between the yields at three hours after the start of the reaction and the 

nitrogen content of the catalysts in Knoevenagel condensation between benzaldehyde and (a) 

malononitrile (pKa : 11.1) or (b) ethyl cyanoacetate (pKa : 13.1). (c) The relationship between the 

yields at three hours after the start of the reaction and the primary amine nitrogen content of the 

catalysts in Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate. The results of 

NSBA-15 and PCN were from Chapter 2 and 3. 

 

 The order of catalytic activities of aliphatic amine functionalized SBA-15 catalysts for the reactions 

of benzaldehyde and malononitrile or ethyl cyanoacetate was AP-SBA-15 > MAP-SBA-15 > 

DMAP-SBA-15 (Figure 4-5). This would be explained by the difference of reaction 

mechanism.[13-15] Figure 4-6 shows the reaction mechanism of Knoevenagel condensation using 

AP-SBA-15 which was drawn based on previous reports.[14, 15] First, the primary amine group 

makes a nucleophilic attack on the aldehyde group of benzaldehyde. After the removal of water, a 

stable imine intermediate (Schiff-base) is created (step A). In step B, the Schiff-base deprotonates 

ethyl cyanoacetate resulting in a carbanion that initiates the carbon–carbon coupling (step C). In step 

D, a proton shifts from the former methylene compound to the nitrogen of primary amine group. 

Finally, the product is desorbed from the catalyst and the reaction is complete (step E).  
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Figure 4-6 Proposed mechanism of the reaction between benzaldehyde and ethyl cyanoacetate 

catalyzed by AP-SBA-15 (primary amine). 

 

 On the other hand, Figure 4-7 shows the reaction mechanism of Knoevenagel condensation using 

MAP-SBA-15 which was drawn based on previous reports.[15, 16] First, the secondary amine group 

makes a double nucleophilic attack on the aldehyde group of benzaldehyde. After the removal of 

water, a stable intermediate is created (step A). In step B, one of the attached secondary amines 

deprotonates ethyl cyanoacetate. A carbanion is created in step C and then creating a stable 

intermediate. In step D, a proton shifts from the former methylene compound to the nitrogen of 

secondary amine group. Finally, the product is desorbed from the catalyst and the reaction is 

complete (step E). Compared to the case of AP-SBA-15 (Figure 4-6), the type of intermediates is 

different, and two amine groups are required for the reaction. 
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Figure 4-7 Proposed mechanism of the reaction between benzaldehyde and ethyl cyanoacetate 

catalyzed by MAP-SBA-15 (secondary amine). 

 

 Figure 4-8 shows the reaction mechanism of Knoevenagel condensation using DMAP-SBA-15 

which was drawn based on previous reports.[14, 15] First, the basic nitrogen extracts the proton from 

the active methylene compound to form the carbanion (step A). Next, the carbanion and 

benzaldehyde react (step B). The third step consists of a proton shift, giving an arrangement to a 

hydroxyl group (step C). Finally, the water and products are desorbed, and the catalyst returns to its 

original state (step D). In general, it is described that there are no intermediates in the Knoevenagel 

condensation using tertiary amines.[15] And because of the differences in the intermediates in each 

reaction, it is assumed that the catalytic activity differs depending on the class of amine. 
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Figure 4-8 Proposed mechanism of the reaction between benzaldehyde and ethyl cyanoacetate 

catalyzed by DMAP-SBA-15 (tertiary amine). 

 

 In order to compare the catalytic properties of SBA-15, nitrided SBA-15 (NSBA-15), 

amine-functionalized SBA-15, and methylated nitrided SBA-15 (MeNSBA-15), Knoevenagel 

condensation of benzaldehyde and diethyl malonate was performed (Table 4-3). In previous report, 

SBA-15 and nitrided SBA-15 cannot catalyze the reaction. On the other hand, MeNSBA-15, 

AP-SBA-15, and MAP-SBA-15 catalyzed the reaction. Therefore, the secondary amine connected to 

carbon atoms (the C-NH-C species) is more active than the secondary amine connected to silicon 

atoms (the Si-NH-Si species) for Knoevenagel condensation. 
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Table 4-3 The relationship between the yield at 24 hours after the start of the reaction and the 

amount of active sites of the catalysts in Knoevenagel condensation between benzaldehyde and 

diethyl malonate. 

Catalyst Amount of active sites / mmol·g−1 Yield / % 

SBA-15, NSBA-15[17] 0.0*1 0.0 

MeNSBA-15[17] 3.2*1 14.7 

AP-SBA-15 1.2*2 16.9 

MAP-SBA-15 1.4*2 10.2 

DMAP-SBA-15 1.4*2 0.36 

*1 amount of methylated nitrogen sites (Si-N(-CH3)-Si) measured by elemental analysis 

*2 amount of functionalized amine measured by elemental analysis 

 

 The percentage of nitrogen remaining before and after the reaction was compared. The used 

catalysts were collected by filtration of reaction liquid after catalytic reaction, washed by ethanol, 

and dried at 373 K. The nitrogen contents of catalysts before and after catalytic reaction are showed 

in Figure 4-9. Almost all nitrogen atoms remained after the reaction test in AP-SBA-15, but only 

two-thirds nitrogen atoms remained in NSBA-15-973. Si-N bond is easily hydrolyzed. So, Si-N 

bond in NSBA-15 was hydrolyzed by water formed by Knoevenagel condensation. Therefore, 

NSBA-15 showed lower catalytic stability than AP-SBA-15. The reuse tests have not been 

conducted yet. However, the catalytic stability of aminopropyl modified MCM-41 was reported.[3] 

The conversion kept 95% within three repeated runs of Knoevenagel condensation between 

benzaldehyde and diethyl malonate. Therefore, AP-SBA-15 is considered to be a reusable catalyst. 

 

 

Figure 4-9 Nitrogen content of NSBA-15-973 and AP-SBA-15 before and after the reaction test. 
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4.4 Conclusions 

 AP-SBA-15, MAP-SBA-15, DMAP-SBA-15 and PAP-SBA-15 were prepared by functionalizing 

SBA-15 with aminopropyl, methyl aminopropyl, dimethyl aminopropyl and phenyl aminopropyl 

groups using silane coupling agents. Elemental analysis and FT-IR measurement revealed that the 

desired amine groups were functionalized. Amine-functionalized SBA-15 showed high selectivity 

and stability for Knoevenagel condensation. Aliphatic amine functionalized SBA-15 (AP-SBA-15, 

MAP-SBA-15, and DMAP-SBA-15) showed higher catalytic activity than aromatic amine 

functionalized SBA-15 (PAP-SBA-15) for Knoevenagel condensation probably because of the 

electron-donating groups. The order of catalytic activities of aliphatic amine functionalized SBA-15 

catalysts for the reactions of benzaldehyde and malononitrile or ethyl cyanoacetate was AP-SBA-15 

> MAP-SBA-15 > DMAP-SBA-15. Comparison between amine-functionalized SBA-15 and nitrided 

SBA-15 revealed that alkyl amines are more active and durable than silanamines. 
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Chapter 5. Evaluation of basicity by CO2 adsorption 

 

5.1 Introduction 

 Adsorption of acidic molecules such as CO2, benzoic acid and phenol is one of the typical tools for 

evaluating basicity.[1] Since the CO2 molecule is smaller than the substrates used in the catalytic 

reactions, the basicity of the sample can be evaluated without being affected by steric hindrance. 

 In this section, the catalysts prepared in previous chapters were evaluated by CO2 probe FT-IR at 

ambient temperature. Comparing the results of the CO2 probe FT-IR with those of the catalytic 

reaction, the results agreed that the silica with aliphatic amines had stronger basicity. 

 

5.2 Experimental 

 The FT-IR spectra of the products were collected by a 4100 FT-IR spectrometer (JASCO). 

 15 mg of samples (SBA-15 and NSBA-15-973-2 prepared in Chapter 2 and amine-functionalized 

SBA-15 prepared in Chapter 4) were pressed into a self-supporting disk of 20 mm diameter and 

placed in a quartz IR cell. In the case of PCN-600 (prepared in Chapter 3), 0.30 mg of samples and 

30 mg of binder fumed silica (Aldrich, pre-treated with deionized water and agglomerated by drying 

overnight at 393 K in the air) [2] was mixed. The mixture was pressed into a self-supporting disk of 

20 mm diameter and placed in a quartz IR cell. 

 The sample was pretreated by evacuation at 423 K for 1.5 h and the spectra were recorded at room 

temperature under vacuum condition with a resolution of 4.0 cm−1. Highly pure CO2 gas (99.995%, 

Taiyo Nippon Sanso Corp.) was introduced into the cell. The introduce pressure of CO2 was 6.0 torr. 

After more than 10 minutes from the introduction of CO2 gas, the cell was evacuated. 

 

5.3 Results and Discussion 

 Figure 5-1 shows time-resolved FT-IR difference spectra of SBA-15 for CO2 adsorption. After the 

introduction of CO2 gas, a peak at 2345 cm−1 was observed (Figure 5-1(a)). The peak was derived 

from linear CO2 molecules hydrogen bonded to silanol groups in SBA-15 (Figure 5-2).[1, 3-6] A 

peak around 1625 cm−1 was also observed after the introduction of CO2 gas. The peak was derived 

from adsorbed water. After the evacuation, the peak at 2345 cm−1 decreased with time (Figure 

5-1(b)). 
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Figure 5-1 Time-resolved CO2 probe FT-IR difference spectra of SBA-15 measured at ambient 

temperature. 6.0 torr CO2 was introduced. Spectra at 1 min, 3 min, 5 min, and 10 min are shown (a) 

after CO2 introduction and (b) after evacuation. 

 

 

Figure 5-2 Schematic diagram of CO2 adsorption on SBA-15. 

 

 Figure 5-3 shows time-resolved FT-IR difference spectra of NSBA-15-973-2 for CO2 adsorption. 

After the introduction of CO2 gas, a peak at 2345 cm−1 was observed (Figure 5-3(a)). The peak was 

derived from hydrogen bonds between CO2 molecules and silanol groups or silanamine groups in 

NSBA-15 (Figure 5-4).[1] A peak around 1622 cm−1 was also observed after the introduction of CO2 

gas. The peak was derived from adsorbed water. After the evacuation, the peak at 2345 cm−1 

decreased with time (Figure 5-3 (b)). A negative spectrum at 1622 cm−1 was observed after the 

evacuation. It is assumed that water was still adsorbed on this sample after pretreatment and that the 

adsorbed water was desorbed by the evacuation. 
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Figure 5-3 Time-resolved CO2 probe FT-IR difference spectra of NSBA-15-973-2 measured at 

ambient temperature. 6.0 torr CO2 was introduced. Spectra at 1 min, 3 min, 5 min, and 10 min are 

shown (a) after CO2 introduction and (b) after evacuation. 

 

 

Figure 5-4 Schematic diagram of CO2 adsorption on NSBA-15. 

 

 Figure 5-5 shows typical FT-IR difference spectra of SiO2 used as a binder for PCN. Almost no 

hydrogen bonds were formed between this material and CO2. Therefore, SiO2 as the binder does not 

seem to affect the CO2 probe FT-IR measurement of PCN. 
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Figure 5-5 CO2 probe FT-IR difference spectra of SiO2 measured at ambient temperature. 6.0 torr 

CO2 was introduced.  

 

 Figure 5-6 shows time-resolved FT-IR difference spectra of PCN-600 for CO2 adsorption. After the 

introduction of CO2 gas, a peak at 2345 cm−1 was observed (Figure 5-6(a)). The peak might be 

derived from hydrogen bonds between CO2 molecules and amine groups in PCN. No peak derived 

from adsorbed water was observed suggesting that the surface of PCN is hydrophobic. After the 

evacuation, the peak at 2345 cm−1 decreased with time (Figure 5-6(b)).  

 

 

Figure 5-6 Time-resolved CO2 probe FT-IR difference spectra of PCN-600 measured at ambient 

temperature. 6.0 torr CO2 was introduced. Spectra at 1 min, 3 min, 5 min, and 10 min are shown (a) 

after CO2 introduction and (b) after evacuation. 

 

 Figure 5-7 shows FT-IR difference spectra of each amine functionalized SBA-15 for CO2 

adsorption. A broad peak was observed at around 2345 cm−1 in all samples. The peak was derived 

from hydrogen bonds between CO2 molecules and silanol groups or amine groups in 
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amine-functionalized SBA-15.[1] Figure 5-8 shows FT-IR difference spectra above 2500 cm−1. In 

the case of AP-SBA-15 (Figure 5-8(a)), the bands at 3370, 2935, and 2870 cm−1 were observed. The 

bands could be assigned to va(NH) of aliphatic primary amine (C-NH2), va(CH), and vs(CH) of 

methylene groups, respectively.[7] In the case of MAP-SBA-15, (Figure 5-8(b)), the band at 3320 

cm−1 was observed. The band could be assigned to v(NH) of aliphatic secondary amine (C-NH-C). 

The bands at 2940, 2860 and 2810 cm−1 were derived from v(CH) of methylene groups. Therefore, it 

is thought that CO2 molecules are hydrogen-bonded to the amine and alkyl groups (Figure 5-9). 

Furthermore, in the case of AP-SBA-15 and MAP-SBA-15, five bands were observed in the range of 

1380-1620 cm−1. The bands at 1620, 1430-1440, 1385-1390 cm−1 could be assigned to δ(NH) of 

NH3
+ species.[8] The bands at 1540-1560 and 1490-1495 cm−1 could be assigned to va(CO) and 

vs(CO) of CO2
− species.[8] Therefore, carbamate species (Figure 5-10) would be formed on the 

surface of AP-SBA-15 and MAP-SBA-15 (Figure 5-9). It indicates that strong bond between amine 

sites and CO2 molecules formed in AP-SBA-15 and MAP-SBA-15. This result indicates that 

AP-SBA-15 and MAP-SBA-15 possess a stronger basicity than NSBA-15, PCN, tertiary alkyl amine 

sites and aromatic amine sites. The result is consistent with the results of the Knoevenagel 

condensation between benzaldehyde and diethyl malonate in Chapter 3 and 4. In PAP-SBA-15, 

peaks at 1602 cm−1 and 1510 cm−1 were observed. The peaks might be derived from interaction of 

phenyl groups with CO2. 
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Figure 5-7 Time-resolved CO2 probe FT-IR difference spectra of (a) AP-SBA-15, (b) MAP-SBA-15, 

(c) DMAP-SBA-15, and (d) PAP-SBA-15 measured at ambient temperature. 6.0 torr CO2 was 

introduced. Spectra at 1 min, 3 min, 5 min, and 10 min are shown after CO2 introduction. 
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Figure 5-8 Time-resolved CO2 probe FT-IR difference spectra (higher wavenumber) of (a) 

AP-SBA-15, (b) MAP-SBA-15, (c) DMAP-SBA-15, and (d) PAP-SBA-15 measured at ambient 

temperature. 6.0 torr CO2 was introduced. Spectra at 1 min, 3 min, 5 min, and 10 min are shown 

after CO2 introduction. 
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Figure 5-9 Schematic diagram of CO2 adsorption on (a) AP-SBA-15, (b) MAP-SBA-15, (c) 

DMAP-SBA-15 and (d) PAP-SBA-15. 

 

 

Figure 5-10 Structure of carbamate species on (a) AP-SBA-15 and (b) MAP-SBA-15. 

 

 Figure 5-11 shows FT-IR difference spectra of each amine functionalized SBA-15 for CO2 

adsorption after the evacuation. It was observed that the peaks derived from CO2 decreased with 

time. 
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Figure 5-11 Time-resolved CO2 probe FT-IR difference spectra of (a) AP-SBA-15, (b) 

MAP-SBA-15, (c) DMAP-SBA-15, and (d) PAP-SBA-15 measured at ambient temperature. 6.0 torr 

CO2 was introduced. Spectra at 1 min, 3 min, 5 min, and 10 min are shown after evacuation. 

 

 To evaluate the basicity of each sample, the rate of adsorption and desorption of CO2 was 

investigated. Figure 5-12 shows the change in the intensity of the peak at 2345 cm−1. In Figure 5-12 

(b), the value for 10 minutes after the introduction is used as the value for 5 seconds after the 

evacuation. Assuming that adsorption of CO2 is a first-order reaction, the rate constant k was 

calculated (Table 5-1). Figure 5-13 shows the relationship between CO2 adsorption and catalytic 

activity investigated in Chapter 2, 3, and 4. A proportional relationship between CO2 adsorption and 

catalytic activity was observed. 
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Figure 5-12 Change in the intensity of the peak at 2345cm−1 (a) after CO2 introduction and (b) after 

evacuation.  

 

Table 5-1 Rate constants and equilibrium constants of CO2 adsorption on SBA-15, nitrided SBA-15, 

PCN, and amine-functionalized SBA-15. 

Samples k / s−1 *1 k’ / s−1 *2 K = k/k’ 

SBA-15 2.51×10–5 2.20×10–2 1.14×10–3 

NSBA-15 3.29×10–4 2.35×10–2 1.40×10–2 

PCN 3.49×10–5 2.43×10–2 1.43×10–3 

AP-SBA-15 4.80×10–4 9.67×10–3 4.96×10–2 

MAP-SBA-15 5.97×10–4 1.25×10–2 2.37×10–2 

DMAP-SBA-15 0 2.44×10–2 0 

PAP-SBA-15 1.67×10–4 2.47×10–2 6.76×10–3 

*1 Calculated in the range of 60–300 s 

*2 Calculated in the range of 5–60 s 
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Figure 5-13 The relationship between the yields at three hours after the start of the reaction in 

Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate and equilibrium constant 

K of CO2 adsorption. Black point, red point, blue point, green points and purple point show the result 

of SBA-15, NSBA-15, PCN, aliphatic amine functionalized SBA-15, and aromatic amine 

functionalized SBA-15, respectively. The dashed lines joining the points are approximation curves. 

 

 First, comparing aliphatic and aromatic amines, the aliphatic amine showed larger values in both 

measurements. This is probably due to the electron-donating properties of the functional groups. 

Then, comparing AP-SBA-15 and NSBA-15, AP-SBA-15 showed larger values in CO2 adsorption 

without the influence of surface silanol groups or steric hindrance. Therefore, the higer catalytic 

activity of AP-SBA-15 than NSBA-15 could be attributed to hydrophobicity. Comparing 

AP-SBA-15 and MAP-SBA-15, AP-SBA-15 showed a larger value of K, similar to the catalytic 

reaction, suggesting that AP-SBA-15 is stronger basic than MAP-SBA-15 since there is no effect of 

intermediates on CO2 adsorption. In addition to the equilibrium constants compared in this study, 

primary amines have been reported to adsorb CO2 more readily than secondary amines by comparing 

amine efficiency[9, 10] and heat of adsorption.[11] This tendency is thought to be due to the steric 

hindrance caused by the functional groups attached to the nitrogen atoms. From the viewpoint of 

computational chemistry, I discussed the effect of functional groups. The activation energies of CO2 

adsorption with propylamine (a primary amine) and methylpropylamine (a secondary amine) were 

calculated by DFT calculation (Figure 5-14). The activation energy for the secondary amine was 

larger than that for the primary amine. In general, it is thought that the base strength of secondary 

amines is larger and the activation energy is smaller due to the electron donation of the methyl group. 

This reverse trend is thought to be due to steric hindrance. 
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Figure 5-14 Initial state, transition state, and final state of CO2 adsorption with (a) propylamine or 

(b) methylpropylamine. ΔE = Etotal − E(C3H7NH2) − E(CO2) − E(NH3). The ammonia molecules are 

receptors for protons. 

 

5.4 Conclusions 

 The nitrogen-containing materials prepared in Chapter 2, 3, and 4 was evaluated by CO2 probe 

FT-IR at ambient temperature. The peaks derived from carbamate species were observed in 

AP-SBA-15 and MAP-SBA-15. Therefore, AP-SBA-15 and MAP-SBA-15 are considered to be 

highly basic than other catalysts, and this result is consistent with the catalytic reaction in Chapter 4. 

A proportional relationship between CO2 adsorption and catalytic activity was observed. It suggests 

that higher activity of C-NH2 than that of Si-NH2 probably due to hydrophobicity and that higher 

activity of  primary amine than that of secondary amine probably due to not only intermediate but 

also steric hinderance. 

 

References 

[1] M. Ogura, S. Fukuzawa, S. Fukunaga, H. Yamazaki, J.N. Kondo, M. Morimoto, R. Guillet-Nicolas, M. 

Thommes, Identification of the Basic Sites on Nitrogen-Substituted Microporous and Mesoporous 

Silicate Frameworks Using CO2 as a Probe Molecule, Langmuir, 34 (2018) 1376-1385. 

[2] R.A. Iloy, K. Jalama, Effect of Operating Temperature, Pressure and Potassium Loading on the 

Performance of Silica-Supported Cobalt Catalyst in CO2 Hydrogenation to Hydrocarbon Fuel, Catalysts, 

9 (2019). 



113 

 

[3] G. Ramis, G. Busca, V. Lorenzelli, LOW-TEMPERATURE CO2 ADSORPTION ON 

METAL-OXIDES - SPECTROSCOPIC CHARACTERIZATION OF SOME WEAKLY ADSORBED 

SPECIES, Materials Chemistry and Physics, 29 (1991) 425-435. 

[4] G.D. Pirngruber, P. Raybaud, Y. Belmabkhout, J. Cejka, A. Zukal, The role of the extra-framework 

cations in the adsorption of CO2 on faujasite Y, Physical Chemistry Chemical Physics, 12 (2010) 

13534-13546. 

[5] Z. Bacsik, R. Atluri, A.E. Garcia-Bennett, N. Hedin, Temperature-Induced Uptake of CO2 and 

Formation of Carbamates in Mesocaged Silica Modified with n-Propylamines, Langmuir, 26 (2010) 

10013-10024. 

[6] R. Roque-Malherbe, O.N.C. Uwakweh, C. Lozano, R. Polanco, A. Hernandez-Maldonado, P. Fierro, F. 

Lugo, J.N. Primera-Pedrozo, Structural Effects and Interactions of Carbon Dioxide Molecules Adsorbed 

on Ni, Zn, and Cd Nitroprussides, Journal of Physical Chemistry C, 115 (2011) 15555-15569. 

[7] J.M. Celedonio, J.H. Park, Y.S. Ko, FT-IR study on CO2 adsorbed species of CO2 sorbents, Research 

on Chemical Intermediates, 42 (2016) 141-154. 

[8] A. Danon, P.C. Stair, E. Weitz, FTIR Study of CO2 Adsorption on Amine-Grafted SBA-15: 

Elucidation of Adsorbed Species, Journal of Physical Chemistry C, 115 (2011) 11540-11549. 

[9] N. Hiyoshi, K. Yogo, T. Yashima, Adsorption characteristics of carbon dioxide on organically 

functionalized SBA-15, Microporous and Mesoporous Materials, 84 (2005) 357-365. 

[10] V. Zelenak, D. Halamova, L. Gaberova, E. Bloch, P. Llewellyn, Amine-modified SBA-12 

mesoporous silica for carbon dioxide capture: Effect of amine basicity on sorption properties, 

Microporous and Mesoporous Materials, 116 (2008) 358-364. 

[11] S. Satyapal, T. Filburn, J. Trela, J. Strange, Performance and properties of a solid amine sorbent for 

carbon dioxide removal in space life support applications, Energy & Fuels, 15 (2001) 250-255. 

 

 

  



114 

 

Chapter 6. General Conclusions and Future Perspectives 

 

6.1. General Conclusions 

 In this dissertation, three different nitrogen-containing solid base catalysts, nitrided porous silica, 

porous carbon nitride, and amine-functionalized porous silica, were prepared and their properties 

were compared. The catalytic properties of catalysts were evaluated by Knoevenagel condensation, 

and the basicity was evaluated by CO2 probe FT-IR. 

 In Chapter 2, a proportional relationship between the initial rate and the external surface area was 

observed and the nitrogen content on the external surface showed less linear correlation with the 

formation rate. It is because the increase of the external surface area brings the increase of 

structurally unique Si–OH and eventually Si–NH2, which is more active than Si–NH–Si or Si–

NH2∙∙∙Al on the same surface. Therefore, delamination of lamellar zeolite precursor is an effective 

approach to increase the base catalytic activity of nitrided zeolites for a reaction involving larger 

molecules. The primary silanamine species were the most active site for Knoevenagel condensation 

in NSBA-15.  

 In Chapter 3, it was not possible to identify the most dominant nitrogen site for the reaction in PCN. 

NSBA-15 showed higher catalytic activity than PCN for Knoevenagel condensation between 

benzaldehyde and ethyl cyanoacetate probably because of their higher pKa. PCN showed higher 

catalytic stability than NSBA-15 because of the lack of unstable Si-N bond. Based on the above 

results, a catalyst with aliphatic amines and no Si-N bond is considered to have both high activity 

and high stability. 

 In Chapter 4, amine-functionalized SBA-15 showed high selectivity and stability for Knoevenagel 

condensation. AP-SBA-15 and MAP-SBA-15 showed higher catalytic activity than PAP-SBA-15 for 

Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate probably because of the 

electron-donating groups (aminopropyl group and methyl aminopropyl group). The order of catalytic 

activities of aliphatic amine functionalized SBA-15 catalysts for the reactions of benzaldehyde and 

malononitrile or ethyl cyanoacetate was AP-SBA-15 > MAP-SBA-15 > DMAP-SBA-15 probably 

due to the reaction mechanism. Alkyl amines are more active and durable than silanamines. 

 In Chapter 5, the basicity of catalysts (prepared in Chapter 2, 3 and 4) was evaluated by CO2 probe 

FT-IR. A proportional relationship between CO2 adsorption and catalytic activity was observed. It 

suggests that higher activity of C-NH2 than that of Si-NH2 probably due to hydrophobicity and that 

higher activity of  primary amine than that of secondary amine probably due to not only 

intermediate but also steric hinderance. 

 I focused on the following five properties of solid base catalysts: activities, durabilities, 

selectivities, accessibilities and safeties of the synthesis method. Through the studies in the 

dissertation, the relationship between the type of nitrogen site and the catalytic properties was 
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clarified (Table 6–1). All of the nitrogen sites investigated in this study are highly selectivity for 

Knoevenagel condensation. Nitrogen sites bonded to an electron-donating group (such as an alkyl 

group), i.e., nitrogen sites with a high pKa, can proceed with reactions using substrates with low 

reactivity. In addition, a catalyst with high hydrophobicity can make the reaction proceed faster. 

Nitrogen sites bonded to silicon atoms are not durable because they are easily decomposed by water 

vapor in the air or water produced in catalytic reactions. These results indicate that the base catalytic 

properties are determined by the hydrophobicity and electron-donating properties of the functional 

groups around the nitrogen atoms. 

 

Table 6-1 The relationship between the type of nitrogen site and the catalytic properties 

 Nitrided silica Carbon nitride Aliphatic amine  

functionalized silica 

(primary, secondary) 

Type of nitrogen sites Si-NH2 

Si-NH-Si 

N-(Si)3 

C=N-C, N-(C)3,  

C-NH-C, C-NH2 

C-NH2 

C-NH-C 

Activity 13 < pKa < 16 11 < pKa ≤ 13 16 < pKa 

Durability 

(percentage of N remaining 

after reaction) 

67.9% 100% 96.3% 

Selectivity > 99% > 99% > 99% 

Accessibility Mesoporous, 

delaminated 

Porous Mesoporous 

Safety of the synthesis 

method 

NH3 treatment   

 

6.2. Future Perspectives 

 As described in the conclusions, the type of nitrogen site in the catalyst determines the catalytic 

properties. Therefore, it is important to select the most appropriate nitrogen site for the reaction to be 

used. Applications of nitrogen-containing solid base catalysts are summarized in Table 6-2. 

⚫ Nitrogen containing solid base catalysts show high selectivities (> 99%). 

⚫ Aliphatic amine functionalized silica can be used as a catalyst even when substrates with high 

pKa are used. The primary amine-functionalized silica is the most active catalyst for 

Knoevenagel condensation. The base sites in amine functionalized silica are controllable. 

⚫ Nitrided silica can catalyze reactions using substrates with pKa less than 16. It was reported that 

alkylation of N sites in nitrided silica can be used to improve hydrophobicity and catalytic 
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properties. 

⚫ Cabon nitride can catalyze reactions using substrates with pKa less than 13. This catalyst can be 

prepared at low cost. 

⚫ Water-sensitive catalysts such as nitrided silica should be used for reactions without water 

generation, such as Morita-Baylis-Hillman reaction, Henry reaction, Michael addition. These 

reactions are used in various industries such as synthesis of fiber and pharmaceuticals. 

⚫ Water-tolerant catalysts such as carbon nitride and amine-functionalized silica can be used for 

reactions with water generation, such as Knoevenagel condensation, ketonization, 

Claisen-Schmidt condensation, Aldol condensation. These reactions are widely used in various 

industries such as synthesis of pharmaceuticals and fragrances. 

 In this way, an appropriate catalyst can be selected based on the results of this study. I strongly 

hope that in the future, these catalysts will be utilized in appropriate reactions and play an active role 

in the synthesis of fine chemicals. 

 

Table 6-2 Applications of nitrogen-containing solid base catalysts 

 Nitrided silica Carbon 

nitride 

Amine functionalized silica 

Reaction 

substrate 

pKa < 16 pKa ≤ 13 16 < pKa 

(aliphatic primary or secondary 

amine) 

Utility Reaction without water generation Reaction with water generation 

Example 

of product 

Synthetic fibers, pharmaceuticals Pharmaceuticals, fragrances 

Feature Methylation 

↓ 

Improving activity and durability 

Low cost Controllable base sites 
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