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The pyrolytic behavior of organic matter inside nanopores was studied by simultaneous thermogravimetric/differential scanning calorimetry analyzer coupled with Fourier transform infrared spectroscopy (STA/TG-FTIR). Nanoporous silica was prepared by a hydrothermal method using long-chain alkyl quaternary ammonium bromide (CnTAB, n = 12, 14) as a template. The pyrolytic behavior of CnTAB inside nanopores with different diameters was investigated and compared with that of CnTAB inside and outside nanopores. The results showed that the pyrolytic removal process consisted of the following features: 1) CnTAB underwent carbon chain decomposition and oxidation; 2) the DSC exothermal peak of CnTAB came mainly from its oxidative combustion, and the oxidative combustion temperature decreased with increasing pore size; 3) the CnTAB inside nanopores underwent crystallization–amorphous state phase transition, and CnTAB got trapped inside the calcined nanopores. In addition, the pyrolytic behavior of CnTAB inside the calcined nanopores was found to be similar to that of the uncalcined nanopores. This study aims to understand the storage and transformation processes of organic hydrocarbons under nanopore-confinement effect.
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INTRODUCTION
Nanoporous materials play an important role in the storage and conversion of unconventional energy (Yu et al., 2021), adsorption and separation of biomolecules (Kumar et al., 2018), and catalytic pyrolysis of hydrocarbons (Yuan et al., 2013). Molecular-level interactions at nanoporeconfined organic-inorganic interfaces strongly affect these fields (Wu et al., 2014). The physical behavior of organic matter in nanoconfined spaces differs from that in the bulk, such as the molecular structure (Alba-Simionesco et al., 2003), melting point (Tang et al., 2008), freezing point (Shimizu et al., 2015), dielectric constant (Luo et al., 2017); thermal stability and phase transition behavior of nanoconfined organic matter (Liu et al., 2016) are also different from those of corresponding bulk matter. The interaction between nano-confined organic guest and nanoporous host leads to special properties (Du et al., 2021).
Understanding the mechanism of interaction between organic matter and nanopore walls is essential in scientific and technological advances. So far, several interaction mechanisms have been proposed in previous studies from several different aspects, including adsorption energy (Zhu et al., 2021), interaction potential (Zhu et al., 2019), pore wall double electric layer (Wang et al., 2002), and hydrogen bonding (Mozaffari, 2017). Most studies on the mechanism of organic–inorganic interfaces have focused on small organic molecules in single size nanopore, but the physicochemical properties of organic macromolecules have not been well studied. The pyrolysis behavior of organic macromolecules inside nanopores is related to the pathway of the cracking of natural petroleum organic matter inside nanopores to form petroleum and natural gas small hydrocarbon molecules (Cao et al., 2021; Leushina et al., 2021). The features of source rock hydrocarbon generation, expulsion, and retention are essential factors in evaluating petroleum resource potential (Wang et al., 2021). The pyrolysis behavior of organic matter can explain the pyrolysis temperature, pyrolysis mechanism, and the storage and conversion of unconventional energy inside the nanopore. However, in the energy field, most of the research on the pyrolysis behavior of organic macromolecules inside nanopores has focused on natural nanoporous minerals (Bu et al., 2017; Du et al., 2021) with complex compositions, uncontrollable structures, and heterogeneous pore sizes. Since the surface chemistry of natural nanoporous samples is difficult to control because of their complex components and structure, herein, we proposed experimental strategies using controllable nanoporous silica (such as MCM-41 silica). The MCM-41 has simpler chemical components than zeolite or clay, easily controlled pore size, and surface chemical properties (Beck et al., 1992), suitable for the study of nano-confinement effect. The long-chain alkyl quaternary ammonium bromide CnTAB was selected for comparison as organic matter, because of alkyl chains and ammonium ions, which are typical groups of natural organic matter in source rocks.
In this study, the pyrolytic behavior of long carbon chain ammonium bromide (C12TAB and C14TAB) inside the nanopores was studied. Two nanoporous silica materials with pore sizes of 3.1 and 3.7 nm were prepared by hydrothermal synthesis. The nanopore structure was characterized by transmission electron microscopy, elemental analysis, and gas adsorbent behavior. The pyrolytic behavior of organic matter CnTAB inside the nanopore was investigated by STA/TG-FTIR. The effect of pore sizes on the pyrolytic behavior of CnTAB (DSC temperature and phase conversion) was also investigated for comparison. The results of the pyrolytic behavior of organic matter inside nanopores are of potential importance for understanding the mechanisms of inorganic-organic interface interactions under nano-confinement.
METHODS
Synthesis Method of MCM-41 Nanoporous Silica
MCM-41 nanoporous silica was prepared by the modified Grün method (Grun et al., 1999). Long-chain alkyl quaternary ammonium bromide CnH2n+1N (CH3)3 + Br− (CnTAB, n = 12,14, 99%, Aladdin, China) was used as the surfactant, tetraethyl orthosilicate (TEOS, 99%, Aladdin, China) as the silicon source and ammonia (25%–28%wt, Aladdin, China) as the base source. The MCM-41 nanopore silicas were obtained after water treatment at 105°C for 18 days. The samples after calcination were labeled as MCM-41-1 and MCM-41-2, and the uncalcined samples were referred to as MCM-41-1-C12 and MCM-41-2-C14, respectively. Synthetic intermediate phase formation was based on a collaborative electrostatic interaction between negatively charged low polysilicate species and positively charged surfactant molecules. The calcined samples tend to absorb C12TAB and C14TAB and were labeled as C12-MCM-41-1, C12-MCM-41-2, C14-MCM-41-1, and C14-MCM-41-2. The samples were washed with deionized water until neutral pH and dried at room temperature to analyze the thermal behavior of CnTAB inside the nanopore.
Methods of Instrument Characterization
The sample was tested in the air atmosphere using a NETZSCH STA 449F3 synchronous thermal analyzer (Germany). Infrared spectra were acquired using a Bruker Vertex 70 fully reflected infrared spectrometer (FTIR, Germany). STA/TG-FTIR analysis was carried out with a sample amount in the range of 5–10 mg, at a heating rate of 1°C/min in the temperature range of 40°C–550°C. Attenuation full reflection infrared spectra (ATR-IR) were recorded in the wavenumber range of 4,000–400 cm−1 at a resolution of 4 cm−1 for 16 scans.
The C and N elements in the sample were tested using a Vario MACRO cube Organic Element Analyzer (Elementar, Germany).
The nitrogen (N2) adsorption experiment (77 K) was carried out using the high purity N2 of 99.999%, the cross-section area was 0.162 nm2, tested pressure range (P/P0) was 10−6–0.99. Before testing, the MCM-41 sample was degassed for 20 h at 200°C. The specific surface area of the sample was calculated by the Brunauer–Emmett–Teller (BET) model. The pore size distribution and total pore volume were calculated by the non-local density functional theory (NLDFT) model. TEM images were recorded using a Tecnai G2F20 S-TWIN TMP Transmission electron microscopy (TEM, United States FEI) operated at 200 kV.
RESULTS AND DISCUSSION
Nitrogen Adsorption and Transmission Electron Microscopy Diagram of MCM-41 Nanoporous Silica
The N2 physical adsorption method is one of the most common and effective methods for the characterization of nanoporous materials. Figure 1A shows the nitrogen adsorption/desorption isotherms of the two MCM-41 silica samples. The adsorption isothermal types of both samples were type IV, consistent with the adsorption properties of typical mesopores (Thommes et al., 2015). The pore filling caused by capillary condensation occurs in the narrow P/P0 region near 0.17 and 0.25, respectively, where the capillary condensation pressure increased with the pore size. Nitrogen tended more to condense in smaller pores because of the overlap of the interaction potentials between the nanoporous walls. As listed in Table 1, both samples had a large BET specific surface area of 842 and 840 m2/g, nanoporous volumes of 0.5 and 0.6 cc/g, respectively. The nanopore aperture was 3.2, 3.7 nm, as shown in Figure 1B. The pore size increased after the removal of the surfactant CnTAB mass.
[image: Figure 1]FIGURE 1 | (A) Nitrogen (N2) adsorption/desorption isotherm (B) pore size distribution of the calcined MCM-41. (C) Transmission electron microscopy (TEM) images of MCM-41-1. (D) TEM images of MCM-41-2.
TABLE 1 | Characteristic structural parameter of the MCM-41 samples and removal methods of organic template.
[image: Table 1]Figures 1C, D show the typical transmission electron microscopy (TEM) images of the synthesized nanopores. The TEM studies reveal that the calcined MCM-41 possesses a two-dimensional hexagonal mesostructure with a diameter in the range of about 3–4 nm. The TEM images further revealed the nanoporous structures (Figure 1) and clearly show along the aperture direction.
Methods to Remove Long-Chain Alkyl Quaternary Ammonium Bromide Inside Nanopores
The bulk C12TAB and C14TAB have good solubility at 25°C in deionized water, and a clarified solution was obtained within 3 min. However, simple water washing (more than 10 times) did not effectively remove CnTAB organic templates inside the nanopores. The C content in the washed nanopore decreased slightly, while it decreased by nearly 100% after calcination, and rough estimates suggested that the remaining CnTAB accounts for more than 90% of the MCM-41 nanoporous volume, as shown in Table 1. This was most likely due to the electrostatic interaction of CnTAB with the inorganic silicon polymer, and that the exposed hydrophobic end suppresses the dissolution of CnTAB in water. Of course, the kinetic mechanism of reduced diffusion capacity of water molecules in extremely narrow nanopores filled with CnTAB cannot be ruled out (Basile-Doelsch et al., 2020). Further experiments confirmed that calcination at 550°C is an effective method to remove CnTAB and produce clean nanopore.
Simultaneous Thermogravimetric/Differential Scanning Calorimetry Analyzer Coupled With Fourier Transform Infrared Spectroscopy Analysis for Long-Chain Alkyl Quaternary Ammonium Bromide Inside Uncalcined MCM-41 and Bulk Long-Chain Alkyl Quaternary Ammonium Bromide
Figures 2A, B show that the removal of surfactants from uncalcined MCM-41 samples underwent four thermal weightlessness stages: In the first phase (at <150°C), MCM-41-1-C12 and MCM-41-2-C14 show the loss of physically adsorbed water and residual ammonia during synthesis; in the second phase (from 150°C to 270°C), the lost weight of the two samples was 12.8% and 21.3%, respectively, and this process was explained by evaporation through Hofmann degradation to eliminate trimethylamine and degradation of tetradecene and dodecene. The DSC exothermic curve shows the peaks at 239°C and 299°C for MCM-41-1-C12, and 266°C and 288°C for MCM-41-2-C14. The results may be related to the nano-confinement effect, the smaller the aperture, the more difficult it is for molecules to degrade. The signal peaks of the three alkenes were also observed in the infrared 3D spectrum of escaping gas as shown in Figures 2G, H, providing evidence for the degradation mechanism. In the third phase (from 270°C to 350°C), a DSC exothermic peak was observed between 270°C and 350°C, and the two samples MCM-41-1-C12 and MCM-41-2-C14 lost 3.9% and 5.6% of weight, respectively. This phase is understood as continuous carbon chain fragmentation, decomposition, and oxidation releasing small molecules such as carbon dioxide, nitrogen dioxide, and water. The two samples MCM-41-1-C12 and MCM-41-2-C14 produced DSC exothermal peaks at 299°C and 288°C, respectively. Figures 2C, D show the pyrolytic behavior of CnTAB inside nanopores in the argon atmosphere, exothermic peaks were barely seen. The experimental results further show that exothermal peaks in Figures 2A, B are the oxidation combustion process. In the fourth stage (at >350°C), the weight loss of the two samples was 4.7% and 3.5%, respectively, and this may be due to the removal of residual carbon species and water loss resulting from silicon hydroxyl condensation.
[image: Figure 2]FIGURE 2 | Thermal analysis curve (TG and DSC) of (A) uncalcined MCM-41-1-C12 (air atmosphere), (B) uncalcined MCM-41-2-C14 (air atmosphere), (C) uncalcined MCM-41-1-C12 (argon atmosphere), (D) C14TAB inside uncalcined MCM-41-2-C14 (argon atmosphere), (E) bulk C12TAB (air atmosphere), (F) bulk C14TAB (air atmosphere). (G) Infrared 3D spectrum of uncalcined MCM-41-1-C12 escaping gas. (H) Infrared 3D spectrum of uncalcined MCM-41-1-C14 escaping gas.
The carbon content of the uncalcined samples MCM-41-1-C12 and MCM-41-2-C14 was measured using an elemental analyzer and found as 15.89% and 21.31%, respectively. The amount of material removed was consistent with the size of the pore capacity of the nanopore and also with the molecular weight of the CnTAB in the nanopore. The weight-loss interval of the two nanoporous samples in this experiment was 110°C–265°C, 265°C–305°C, and 305°C–395°C, which are different from the report by Kleitz et al. (2001). The reason may be related to the heating rate during calcination, where the TG/DSC analysis used in this experiment was 1 K/min, whereas it was 5 K/min in the literature. It may also be related to the long crystallization time during preparation of the samples, and the order of the resulting nanoporous channels in this study enhanced.
In contrast, the TG-DSC tests were also performed for bulk surfactants (C12TAB and C14TAB), as shown in Figures 2E, F. Obviously, the pyrolytic behavior of bulk CnTAB was very different from that of CnTAB inside nanopores. The main weight-loss interval of CnTAB inside the nanopore was generally wider (>300°C) than the bulk surfactants, while the main weight loss interval of bulk CnTAB was basically in the range 200°C–250°C. For two bulk surfactants, an endothermic conversion occurred in the range of 100°C–250°C, and no exothermic process was observed between 400°C and 500°C. Keene et al. (1999) proposed that CnTAB was amorphous in a nanopore, while pristine CnTAB was crystalline, with perhaps other influencing factors in the system. The experiments showed that the nano-confinement effect of nanoporous silica system was likely to change the physicochemical properties of the surfactant; the smaller the aperture diameters, the higher the temperature of the combustion exothermic peak, indicating that the interaction of CnTAB with the nanoporous wall changed the CnTAB pyrolytic behavior and promoted the Hoffman degradation, affirming that the chemical behavior was not only determined by the nanopore size, but also by the interaction between the nanoporous wall and the CnTAB. The CnTAB thermal weight-loss temperature inside an uncalcined nanopore was lower than the thermal weight-loss temperature of the bulk CnTAB, and the starting temperature of C14TAB inside MCM-41-2-C14 (Figure 2B) was lower than C12TAB inside MCM-41-1-C12 (Figure 2A). This phenomenon suggested that the nano-confinement effect catalyzes the thermal degradation of CnTAB (da Silva et al., 2009; Hakiki et al., 2018) and possibly the heat weight-loss temperature varies because of greater charge density of MCM-41-2-C14 than that of MCM-41-1-C12.
As soon as organic cation templates were removed at high temperatures, nanopores were formed. This process was also similar to the formation mechanism of nanoporous structures in rocks or minerals.
Simultaneous Thermogravimetric/Differential Scanning Calorimetry Analyzer Coupled With Fourier Transform Infrared Spectroscopy Analysis of Long-Chain Alkyl Quaternary Ammonium Bromide Inside Calcined MCM-41 Nanopores
To clarify the nano-confinement effect on the pyrolytic behavior of CnTAB inside nanopores, the following experiment was initiated: the calcined MCM-41-1 or MCM-41-2 was mixed with a single solution of CnTAB, stirred for 2 h, allowing CnTAB to enter into the nanopores, followed by washing and drying the samples afforded C12-MCM-41-1, C14-MCM-41-1, C12-MCM-41-2, C14 -MCM-41-2, respectively. Figure 3 shows the thermal analysis curve after different carbon chain CnTAB absorbed by the MCM-41 of the same nanoporous size and the same carbon chain CnTAB absorbed by the MCM-41 of different nanoporous sizes. The strongest DSC exothermal peak temperature (312°C) for C12-MCM-41-1 (Figure 3A) was lower than the DSC exothermal peak temperature for C14-MCM-41-1 (315°C) (Figure 3C), indicating that larger molecular weight molecules interacted electrostatically with the inner wall of nanopore and had high thermal degradation temperature. Similarly, the DSC exothermal peak temperature (308°C) for C12-MCM-41-2 (Figure 3B) was lower than the DSC exothermal peak temperature (312°C) for C14-MCM-41-2 (Figure 3D). Because of approximately the same carbon chain CnTAB inside different nanoporous sizes, the temperature of the DSC exothermal peak for C12-MCM-41-1 and C12-MCM-41-2 decreased with the nanoporous sizes (312°C, 308°C). The DSC exothermal peak for C14-MCM-41-1 and C14-MCM-41-2 (315°C and 312°C, respectively) decreased with the nanoporous size. The experimental results show that the smaller the nanopore size, the more difficult is the degradation of CnTAB. This result indicates that the smaller the nanopore size, the stronger the interaction force of the nanopore wall and small molecules.
[image: Figure 3]FIGURE 3 | Thermal analysis curves of (A) C12-MCM-41-1, (B) C12-MCM-41-2, (C) C14-MCM-41-1, (D) C14-MCM-41-2.
Comparing Figures 2 and 3 indicates that the first DSC exothermal peaks for MCM-41-1-C12, MCM-41-2-C14, C12-MCM-41-1, and C14-MCM-41-2 were relatively small. This phenomenon suggests that the long carbon chain was degraded into small molecules; however, only a few small molecules were oxidized at low temperatures. The temperatures corresponding to the second DSC exothermal peaks for C12-MCM-41-1 (Figure 3A) and C14-MCM-41-2 (Figure 3D) were significantly higher than the DSC exothermal peaks for MCM-41-1-C12 (Figure 2A) and MCM-41-1-C14 (Figure 2B). The second DSC exothermic peaks for the four samples were sharp. During the synthesis and crystallization of uncalcination of MCM-41-C12 and MCM-41-C14 samples, the silicate anion and cation surfactant interacted through electrostatic Coulombic force, and the silicate species in the interfacial area changed the charge density of the inorganic layer, the charge matching between the inorganic species and the organic species controlled the arrangement of the surfactant, changing the charge density of the inorganic layer during the reaction. Then it was speculated that the charge density of the inorganic layer did not change much during the absorption process of CnTAB inside nanopores and it was only a simple physical electrostatic adsorption and space filling. Therefore, the arrangement of CnTAB inside nanopores was significantly different from that in the uncalcined nanopores. Interestingly, the weight loss rate for C12-MCM-41-1 and MCM-41-1-C12 (Figure 3A, 21.5% and Figure 2A, 21.0%) and C14-MCM-41-2 and MCM-41-2-C14 (Figure 3D, 33.4% and Figure 2A, 28.1%) was very close, probably because the proportion of the CnTAB adsorbed was similar to that in the synthetic sample.
CONCLUSION
In conclusion, this study shows that the interaction between the inorganic nanoporous silica and organic CnTAB has a significant effect on the pyrolysis of CnTAB. The pyrolytic behavior of the CnTAB inside nanopores indicates that the weight loss process of pristine CnTAB has no DSC exothermic peak, and only the sharp endothermic peak in an air atmosphere was observed. The pyrolysis process of CnTAB in an inert atmosphere did not show any exothermic peak. These phenomena are related not only to the crystalline structure of the CnTAB inside nanopores but also to the pyrolysis process of CnTAB first dissociating into small molecules followed by oxidative combustion reaction.
The increasing pyrolysis combustion temperature of CnTAB inside the smaller calcined nanopores shows that the interaction between the small cleavage molecule and the pore wall decreases with the pore size, and this is also closely related to the nano-confinement effect.
The large proportion of thermal weight loss of CnTAB in the calcined nanopore suggests that the nanoporous silica can greatly absorb CnTAB. The thermal oxidation temperature is in the range of 200°C–320°C, further indicating that some organic oil hydrocarbon molecules get trapped into the nanopore and become an oil reservoir.
In summary, this study provides reliable data on hydrocarbon for the thermal evolution of organic matter and scientific basis for the interaction mechanism of organic matter and nanopores, and reference data support for nanoporous catalyzing oil cracking.
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