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Abstract

:

Much effort has been devoted to the development of efficient heterogeneous catalysts for the conversion of carbon dioxide (CO2) into high-value chemicals. Generally, the cycloaddition of CO2 to epoxides is considered a green and atom-economic reaction for the production of cyclic carbonates. Based on this, three kinds of silicon-based catalysts modified using zinc(Ⅱ) 2-bromoacetic (Si-ZnBA-n, n = 1, 2, 3) were facilely synthesized and employed for the chemical fixation of CO2 to epoxides with the use of potassium iodide (KI). A series of characterization techniques were used to characterize the textual structures and physicochemical properties of Si-ZnBA-n. The synergistic effects of Zn, –NH2, –OH and the nucleophilic group guaranteed the catalytic activity of Si-ZnBA-n. Si-ZnBA-1 exhibited the best catalytic activity among Si-ZnBA-n because Si-ZnBA-1 possessed the highest Zn content. Additionally, the effects of the reaction conditions (temperature, pressure, time and catalyst loadings) were also discussed. The propylene carbonate (PC) yield could reach 97% under 130 °C, 2 MPa, for 5 h without the employment of organic solvent, and its selectivity was 99%. In addition, the recycling property of Si-ZnBA-1/KI was also investigated, and the catalytic system exhibited good cycle performance. Meanwhile, the catalyst showed outstanding versatility for CO2 application to various epoxides, and a possibly synergistic reaction mechanism was proposed. Finally, a dynamic model was developed to discuss the activation energy of the CO2 cycloaddition reaction over the Si-ZnBA-1 catalyst.
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1. Introduction


Recently, excess CO2 emissions have attracted increasing attention from environmentalists and scientists due to accelerated global warming. In particular, the excessive use of raw materials such as crude oil, natural gas and coal has increased the concentration of CO2 in the atmosphere on a yearly basis. From a sustainable development and environmentally friendly perspective, CO2 is a cheap, renewable, abundant, nontoxic, low-cost and versatile C1 building block [1,2,3,4]. Therefore, the chemical fixation of CO2 could be converted to economically beneficial chemicals at a low cost in a “sustainable society” with “green chemistry” methods. Among all CO2 utilization methods, the fixation of CO2 with epoxides to cyclic carbonate is an atomic economical reaction (Scheme 1) [4,5,6]. The reaction has full atomic utilization, which correlates with the development requirements of green chemistry [7,8]. Additionally, cyclic carbonate products have widespread applications in practice, including as polar aprotic solvents, electrolytes for lithium-ion batteries and intermediates in the manufacturing of fine chemicals [4,5]. However, CO2 is an inherent thermodynamic stability and kinetic inertia gas, and a catalyst is essential to reduce the energy barrier of the CO2 cycloaddition reaction [9,10].



A number of homogeneous and heterogeneous catalysts have been developed to accelerate this reaction. Ionic liquids (ILs) [11,12,13], salen complexes [14,15,16], and alkali metal salts [17,18] have been used for the cycloaddition of CO2 with epoxides to cyclic carbonates. However, those efficient homogeneous catalysts are difficult to separate from products, thus hindering their application in many fields. Meanwhile, heterogeneous catalysts are currently being studied to be applied to catalytic CO2 cycloaddition reactions owing to their separation properties. These catalysts usually include metal-organic frameworks (MOFs) [19,20,21], covalent organic frameworks (COFs) [22,23,24], C3N4 [25,26,27] and the immobilization of ionic liquids [5,28,29]. In a large number of published studies, it has been proven that the synergistic effect of Lewis acid–base can accelerate the cycloaddition of CO2 to epoxides. Furthermore, the addition of nucleophilic reagents would also benefit the reaction. Some transition metal ions (Zn2+, Co3+) and hydrogen bond donors (–COOH, –OH, –NH2) can be used to activate the O atom of epoxides; meanwhile, the nucleophile attacks the β–C atom with less sterically hindered epoxides to accelerate the epoxy ring opening [30]. Indeed, –NH2 and –NH can be activated by CO2 in order to reduce the energy barrier of the reaction [31].



SBA-15 and porous SiO2 are widely used as catalyst carriers due to their highly specific surface area, suitable pore size and pore volume, which are advantageous for the diffusion of reactants and products in the holes [32]. In most cases, the presence of silyl hydroxyl on porous SiO2 surfaces can activate the reaction substrate via hydrogen bonding to a certain extent [33]. Silicon-based catalysts [34,35] have been reported to be used as catalytic carriers for the reaction of CO2 to epoxides. The activity of those catalysts was efficient, whereas the application of those catalysts in practice was limited because of the tedious preparation process. Zhong reported a mesoporous Zn/SBA-15 catalyst for the CO2 cycloaddition reaction, where 92.3% of the cyclic carbonate yield could be obtained under 160 °C, 2 MPa CO2 pressure conditions [36]. Jayakumar and colleagues applied cationic Zn-porphyrin immobilized in mesoporous silicas for the CO2 cycloaddition reaction, and an excellent cyclic carbonate yield was obtained at 120 °C [37]. Unfortunately, the two works mentioned above employed DMF as an organic solvent, which is against the principles of green chemistry. Zhang and co-workers synthesized a Ti-Zr-SBA-15-IL catalyst; the cyclic carbonate yield reached 96.8% under conditions of 100 °C, 2 MPa CO2 pressure and 4 h [38]. Bayer combined cerium pyrazolates with SBA-15 for the utilization of CO2, and a cyclic carbonate yield could be achieved over 99% under conditions of 90 °C, 1 MPa CO2 pressure and 24 h [39]. However, the abovementioned works did not avoid the decrease in catalytic activity in the recyclability experiment. Thus, how to avoid the use of an organic solvent in the catalytic experiment as well as how to maintain the catalytic activity during the cyclic experiments are issues that remain to be solved.



Therefore, in this work, Zn2+ can be used as a Lewis acid and –NH2 can be used as a Lewis base; meanwhile, SiO2 can be used as a catalytic carrier to achieve the successful integration of Lewis acid–base for the anticipation of the promotion of CO2 cycloaddition to epoxides. The structure of the synthesized catalyst was characterized via NMR, XPS, FT-IR, EA, N2 adsorption–desorption and TGA. The catalytic activities of Si-ZnBA-n (n = 1, 2, 3) were investigated; Si-ZnBA-1 exhibited the best catalytic activity among Si-ZnBA-n because it had the largest Zn content. Systematic investigations on the influence of reaction temperature, CO2 pressure, reaction time and catalyst loadings were also conducted. Moreover, the reusability and versatility of the Si-ZnBA-1/KI catalyst system were discussed. Based on the literature and our results, a plausible reaction mechanism was also utilized. Finally, a dynamic model was developed to discuss the kinetic equation of the CO2 cycloaddition reaction with the Si-ZnBA-1 catalyst.




2. Discussion


2.1. Structure Characterization of Si-ZnBA-n Catalyst


ZnBA was dissolved in D2O for 1H NMR characterization, and the 1H NMR spectrum is exhibited in Figure 1A. A chemical shift at 3.89 ppm was observed, which could be assigned to the methylene protons of ZnBA [40]. The chemical shift at 4.79 ppm could be ascribed to D2O. The 1H NMR spectrum illustrated the successful synthesis of ZnBA. To illustrate the presence of ZnBA in the system after hydrothermal, the 13C MAS NMR was conducted and presented in Figure 1B. As shown in Figure 1B, all three samples had three obvious signals which were, respectively, ascribed to the aliphatic primary. In addition, the secondary carbon atoms from the organic bridging units proved that ZnBA was introduced to the SiO2 frameworks [41,42].



The XRD pattern of the samples is shown in Figure 2. Compared with SiO2 frameworks (2θ = 22°), the catalysts showed a broad peak at 22.8°, and SiO2 exhibited a peak at 22.6°, resulting from the amorphous SiO2 frameworks. There was a slight difference between the amorphous SiO2 (2θ = 22.6°) and the catalysts (2θ = 22.8°), which was caused by the highly dispersed ZnBA [43]. In addition, there was no obvious change in the XRD pattern as the TEOS content increased.



XPS measurements were performed to determine the surface electronic state of the Si-ZnBA-1 sample, and the results are displayed in Figure 3. The full spectrum suggested the existence of C, N, O, Br, Si and Zn (Figure 3A). In Figure 3B, the binding energy around 399.7 eV was assigned to the N 1s. This broad band could be split into two dominant component bands centered at 401.3 eV and 399.7 eV, which were correspondingly ascribed to the tertiary nitrogen N–(C)3 groups and –NH2 [44]. In Figure 3C, the binding energy around 68.4 eV indicates the existence of Br− [45,46]. The binding energy around 1021.5 eV and 1044.6 eV was assigned to Zn 2p 3/2 and Zn 2p 1/2, respectively, which illustrated the existence of Zn2+ [47]. Additionally, the mass ratio of Zn is listed in Table 1. Figure 3E,F are assigned to the C 1s (C–C) and Si 2p (Si–O) [48]. Moreover, the XPS spectra of Si-ZnBA-2 and Si-ZnBA-3 are exhibited in the SI.



The FT-IR results are displayed in Figure 4. The peaks at 1640 cm−1, 1410 cm−1 and 693 cm−1 are attributed to the antisymmetric vibration, symmetric stretching vibration and bending vibration of –COO−, respectively [40]. The broad bands at 800 cm−1 are assigned to the Si–O vibrations, which is consistent with the XRD results [40]. FT-IR proved the presence of characteristic functional groups and indirectly indicated the synthesis of the catalysts.



EA was adopted to reveal the C, N and H contents of Si-ZnBA-n, and the results are summarized in Table 1. Meanwhile, the Zn content of the Si-ZnBA-n was revealed using XPS and ICP, and the results are also exhibited in Table 1. The mass fractions of C, H, N and Zn were decreased with the increase in the TEOS amount during the synthesis process.



The N2 adsorption-desorption isotherm of the Si-ZnBA-n samples is displayed in Table 2 and Figure 5A. When the TEOS varied from 100 mmol to 150 mmol, the specific surface area increased. However, when the TEOS increased to 200 mmol, the pore size decreased remarkably, which indicated that excessive TEOS could block up the pore of the Si-ZnBA-n catalyst. The existence of the pore structure is conducive to the mass transfer of the reactant and its products, resulting in the promotion of the reaction [5]. Moreover, the pore size distributions of the Si-ZnBA-n samples are shown in Figure 5B, which proved that Si-ZnBA-n is a mesoporous material.



The TGA results of the Si-ZnBA-n samples are displayed in Figure 6. With the increase in temperature, the active center, such as –COO−, –NH2 and Br−, gradually decomposed resulting in mass loss. When the temperature was 800 °C, the mass was invariable due to the existence of SiO2. Additionally, more residual SiO2 was tested since sample Si-ZnBA-3 was more hydrolyzed compared with Si-ZnBA-1 and Si-ZnBA-2. Additionally, the morphologies and microstructure of the prepared Si-ZnBA-n were characterized using SEM and TEM, and the results are listed in Figures S3 and S4.




2.2. Screening of Catalyst


The activities of the Si-ZnBA-n catalysts were tested for the coupling reaction of propylene oxide (PO) and CO2, and the corresponding results are summarized in Table 3. As listed, no product was detected when Si-ZnBA-n was used as a catalyst only (Entries 1–3). When a cocatalyst was added, the PC yield could be improved obviously. In particular, when the Si-ZnBA-1 cooperated with the KI, a 97% PC yield was obtained, which was higher than KBr and KCl (Entries 4–6). This phenomenon might be caused by the nucleophilicity of the halogen anion [31]. When KI acted as a cocatalyst, the catalytic activity was the TBAI, and the TBAB acted as a cocatalyst (Entries 4, 7, 8), which was influenced by the size of the cation [49]. Thereafter, the Si-ZnBA-1/KI catalytic system possessed the highest catalytic activity among the Si-ZnBA-n/KI catalytic systems (Entries 4, 9, 10). In the CO2 cycloaddition reaction, the reactivity is determined by both the active substance (such as Zn2+, –OH) and the specific surface area. As the experimental results showed, the activity of the Si-ZnBA-1 catalyst was superior to Si-ZnBA-2; although the specific surface area of the Si-ZnBA-2 was larger than that of the Si-ZnBA-1, the Zn content of the Si-ZnBA-2 catalyst was lower than that of the Si-ZnBA-1 catalyst. Hence, the Si-ZnBA-1 catalyst showed better catalytic performance. Moreover, water and DMF were also tested as solvents and provided in Entries 12 and 13. From the results, the catalytic performance was improved by adding a solvent, but the selectivity was decreased. Considering comprehensively, the solvent-free case is probably the best choice. Therefore, in this work, the Si-ZnBA-1/KI catalytic system was chosen for further investigation.




2.3. The Optimization of Reaction Parameters for CO2 Cycloaddition Reaction


The reaction of propylene oxide (PO) with CO2 was chosen as the model reaction to investigate the influence of the reaction conditions during the CO2 cycloaddition reaction. The reaction temperature, pressure, time and catalyst loading were explored, and the results are exhibited in Figure 7. It was obvious that temperature played a positive role in the transformation (Figure 7A). When the temperature varied from 100 °C to 130 °C, the yield of the PC remarkably increased from 21% to 97%. When the temperature reached 140 °C, the PC yield was 99% and the selectivity was 99%. Considering the economic effects, 130 °C was set as the proper reaction temperature. Figure 7B displayed the effect of the CO2 pressure. When the CO2 pressure steadily increased from 1.0 MPa to 2.0 MPa, the yield of the PC gradually rose from 54 to 97%. As reported in the literature, higher CO2 pressure resulted in more production [12]. However, the CO2 pressure continued to increase to 3 MPa and 4 MPa, and the production appeared to decline. The reason for this phenomenon is that in the CO2 low-pressure area (1–2 MPa), increasing CO2 pressure promoted the reaction. Nevertheless, when the CO2 pressure reached 3–4 MPa, the PO concentration in the liquid phase decreased. It can be ascribed to the lower PC yield caused by CO2 dilution [36]. Therefore, 2 MPa was considered to be the most appropriate pressure. The effect of time on the reaction product is shown in Figure 7C. The PC yield increased with time, and the PC yield was 97% at 5 h. As shown in Figure 7D, the PC yield enhanced significantly with increasing amounts of the Si-ZnBA-1 catalyst. When the catalyst was 200 mg, there was no significant change with more catalyst. Considering this from the perspective of energy and economy, 150 mg might be the most suitable catalyst loading. The PC selectivity was higher than 96% in the mentioned experiments of this part, which indicated the excellent catalytic performance of the Si-ZnBA-1/KI catalytic system. To demonstrate that Si-ZnBA-1 had the best catalytic activity, the performance tests were also conducted on Si-ZnBA-2 and Si-ZnBA-3. These results are presented in Figures S5 and S6.




2.4. Recyclability of Si-ZnBA-1 Catalyst


The recyclability of a catalyst is essential to its practical applications. Additionally, Si-ZnBA-1 could be separated via centrifugation after the reaction and then used for the next run directly. For the binary Si-ZnBA-1/KI catalytic system, the coupling reaction of CO2 with PO was repeated under the optimum reaction conditions (130 °C, 2.0 MPa, 5.0 h). As shown in Figure 8A, after five recycles, the PC yield decreased from 97% to 90%, which might be ascribed to the loss of the catalyst during the experiment process. Additionally, the PC selectivity was still above 99%, suggesting that the Si-ZnBA-1/KI possessed excellent recyclability. FT-IR spectra and EA analysis were adopted to characterize the reused Si-ZnBA-1 catalyst. As shown in Figure 8B, there was a new absorption peak at 1710 cm−1 of the reused catalyst, which might be ascribed to the stretching vibration of C=O in the residual PC [50]. Table 4 depicted the elementary composition comparison of a fresh catalyst and a reused catalyst. The mass ratio of C and H increased after the reaction, which also indicated the existence of residual PC.




2.5. Cycloaddition of CO2 with Various Epoxides


The cycloaddition of CO2 with various substituents was studied to verify the potential generality of the Si-ZnBA-1 catalyst. As shown in Table 5, the universality of the catalyst was carried out under the above optimum conditions (130 °C, 2 MPa, 5 h). As expected, the production yield of PO, epichlorohydrin and 1,2-epoxybutane was higher than 96% (Entries 1–3). The product yield of epichlorohydrin was better than PO and 1,2-epoxybutane, which was caused by the electron-withdrawing effect of the Cl group [51]. The product yield of styrene oxide was only 41% (Entry 4), and this phenomenon was ascribed to the steric hindrance and electron donor effect of the aromatic group [5,52]. The product yield of cyclohexene oxide was 23% (Entry 5), which might be caused by the unique two-ring structure [53].




2.6. Plausible Mechanism


Based on our experimental results and the reported works [24,27], a plausible reaction mechanism was proposed (Scheme 2). First of all, Lewis acid Zn2+ and Si–OH interacted with the O atom of PO to facilitate ring-opening (Step 1). Then, the nucleophilic group I– attacked the β-C atom with the less sterically hindered PO to accelerate epoxy-ring-opening (Step 2). In addition, when CO2 was added, –NH2 reacted with CO2 to form intermediate carbamate (Step 3). Ultimately, activated PO and CO2 caused ring-closure to occur, generating PC and regenerating the catalyst (Step 4). Satisfactorily, the cycloaddition reaction was processed under solvent-free conditions.



For comparison, the Si-ZnBA-1 catalysts and other catalysts that have been reported for the fixation of CO2 to cyclic carbonate are listed in Table 6, including carbon materials, MOFs, IL and Si-based materials. Some reactions require the addition of a solvent to obtain outstanding performance. IL and MOF require only mild conditions to achieve satisfactory yields.




2.7. Calculation of Activation Energy


In order to discuss the activation energy of CO2 cycloaddition reactions using a Si-ZnBA-1 catalyst, a dynamic model was developed. First, the relationship of the remaining PO concentration in the reactor with the reaction time at different temperatures with a Si-ZnBA-1 catalyst could be obtained, and the results are exhibited in Figure 9A.



According to the reported works [63,64], there were two steps in the cycloaddition reaction, and the probable elementary reaction rate equations can be proposed as follows:


  PO +  Cat .       k   1       ⇌       k   2      Intermediate  



(1)






  Intermediate  +    CO   2    →    k   3      PC + Cat .   



(2)







k1, k2 and k3 represent reaction rate constants. Then, assuming the reaction is in a pseudosteady state, the rate of PC formation was described as Equation (3) [65].


     d [ PC ]    dt    =  −   d   PO     dt    =    k   obs    [ PO ]   



(3)







d[PC] shows the PC concentration at a particular reaction time, t: reaction time; kobs exhibits the observed pseudo-first-order rate constant, and [PO] is the remaining concentration of PO at the t moment in the reaction system.



Equation (3) could be integrated to form Equation (4):


  ln   1    [ PO ]     =    k   obs   t  



(4)







According to Equation (4), the plot of –ln([PO]) versus time was as given in Figure 9B, and the linear curves indicated that the reaction order was 1 [65]. Additionally, the kinetic equations and parameters of Si-ZnBA-1 at different temperatures are listed in Table 7. Meanwhile, the kobs at different temperatures and Arrhenius plots could be obtained (Figure 9C).



On the basis of Figure 9C and the Arrhenius equation (Equation (5)):


   lnk obs  = lnA −   Ea   RT    



(5)




where A (min−1), T (K) and R (8.314 J/(mol⋅K)). The activation energy and pre-exponential factor of the CO2 cycloaddition reaction with a Si-ZnBA-1 catalyst could be calculated.



Ea = 92.3 kJ/mol, and A = 1.117 × 1010 min−1. Hence, the kinetic equation of the CO2 cycloaddition reaction with the Si-ZnBA-1 catalyst could be obtained:


   r =  − d   C   PO    / dt = 1.117   ×       10    10     e   −  92.3 / ( RT )      C   PO    













3. Experimental


3.1. Material


Carbon dioxide with a purity of 99.99% was purchased from Shengyuan Gas Co., Ltd., Deyang, China. Propylene oxide (PO), butylene oxide (BO), epichlorohydrin (ECH), styrene oxide (SO), cyclohexene oxide, bromoacetic acid (HBA), (3-aminopropyl)triethoxysilane (APTES), tetrabutyl ammonium bromide (TBAB), potassium bromide (KBr) and potassium chloride (KCl) were purchased from Aladdin Chemical Co., Shanghai, China. Tetraethyl orthosilicate (TEOS) (≥98.0%) was purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Potassium iodide (KI), zinc oxide (ZnO), ethanol and tetrabutylammonium iodide (TBAI) were purchased from Novibang Technology Co., Ltd. Chongqing, China. Ethyl acetate was provided by Titan Scientific Co., Ltd., Shanghai, China. All chemicals were used as received without further purification.




3.2. Synthesis of Catalyst


The typical preparation of the Si-ZnBA-n sample was as follows [40]: 5 mmol of ZnO and 10 mmol of HBA were added to a round flask containing 50 mL of distilled water with magnetic stirring for 4 h under 50 °C. Then, the solution was removed into a rotary evaporator to volatilize the reagent. The white solid was dried at 60 °C for 24 h. Then, the white solid, 40 mmol of APTES and 100 mmol of TEOS were added to a beaker containing 25 mL of distilled water and 25 mL of ethanol with magnetic stirring at room temperature for 4 h. The product was recovered via centrifugation, washed with ethanol acetate 3 × 40 mL and water 3 × 40 mL and dried at 60 °C for 12 h. The obtained catalyst was ground to a powder for use, and the product was named Si-ZnBA-1. Various quantities of TEOS (150 mmol and 200 mmol) were added in order to obtain different-sized particles, and they were named Si-ZnBA-2 and Si-ZnBA-3, respectively.




3.3. Characterization


X-ray diffraction (XRD) patterns of the samples were measured via Bruker D8 Advance X-ray diffraction (Karlsruhe, Germany) with Cu Kα radiation (λ = 1.5406 Å, 40 KV, 30 mA). Fourier transform infrared spectroscopy (FT-IR) was performed on a PerkinElmer Spectrum 100 FT-IR spectrometer (Waltham, MA, USA) with a KBr pellet. Elemental analysis (EA) was conducted on a Vario MICRO cube CHN analyzer (ThermoFischer, Talos F200S G2, Waltham, MA, USA). Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was performed with a PerkinElmer OES Optima 8300 instrument (Waltham, MA, USA). The BET surface areas were measured at −196 °C using a Micromeritics Tristar 2020 analyzer (Norcross, GA, USA), and the samples were degassed at 200 °C for 4 h prior to measurement. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo Fisher Scientific Escalab 250Xi+ (Waltham, MA, USA). The NMR specs were examined on a Bruker 400 M nuclear resonance spectrometer (Karlsruhe, Germany). 13C NMR spectra were obtained on Bruker AVANCE III HD 400 M nuclear resonance spectrometer (Karlsruhe, Germany). Thermogravimetric analysis (TGA) was conducted on a NETZSCH STA449F3 thermal analyzer (Selb, Germany) under a flowing 150 mL min−1 air atmosphere from 30 to 800 °C with a heating rate of 10 °C min−1. Scanning electron microscope (SEM) images were recorded on a Thermo Scientific Helios 5 CX (Waltham, MA, USA) scanning electron microscope. Transmission electron microscopy (TEM) images were obtained using a Talos F200S G2 (ThermoFischer, Waltham, MA, USA). Gas chromatography (GC) analyses were performed on an Agilent GC-7890A equipped with a capillary column (Agilent19091J-413, Santa Clara, CA, USA) using a flame ionization detector.




3.4. Catalytic Test for CO2 Cycloaddition to Epoxides


The cycloaddition of CO2 with epoxides was carried out in a 25 mL stainless steel autoclave (LICHEN, Shanghai, China) equipped with a magnetic stirrer. In a typical run, Si-ZnBA-n 0.15 g, cocatalyst KI 0.60 mmol and propylene oxide (PO) 34.5 mmol were added into the autoclave. Then, the autoclave was heated to 130 °C and then pressurized with CO2 to a desired pressure under stirring for 5 h. When the reaction was completed, the autoclave was cooled in ice water and the excess CO2 was released slowly. The products were diluted with ethyl acetate and then analyzed using GC. The catalyst could be recovered via centrifugation, washed with water 3 × 4 mL, dried at 60 °C overnight and then reused directly for the next run under the same conditions. Additionally, we ensured that the cycling performance of the catalyst was not influenced by the KI loss.





4. Conclusions


In conclusion, three kinds of silicon-based catalysts (Si-ZnBA-n, n = 1, 2, 3) were synthesized via a cheap, convenient and facile method. The structure of Si-ZnBA-n was characterized thoroughly. Briefly, 97%, 71% and 59% propylene carbonate yields were obtained under conditions of 130 °C, 2.0 MPa and 5 h with Si-ZnBA-1/KI, Si-ZnBA-2/KI and Si-ZnBA-3/KI, respectively. Si-ZnBA-1/KI exhibited outstanding catalytic performance for the reaction of CO2 to PO under solvent-free conditions. Thereafter, the effect of reaction conditions and the recyclability of the Si-ZnBA-1 catalyst were discussed. Meanwhile, Si-ZnBA-1/KI showed excellent recycling performance with no evident decline after five reuses. Subsequently, an activation energy of 92.3 kJ/mol was calculated for the CO2 cycloaddition reaction with the Si-ZnBA-1/KI catalyst system, and the kinetic equation was    r =  − d   C   PO    / dt = 1.117   ×      10   10     e   −  92.3 / ( RT )      C   PO    . Hence, Si-ZnBA-1/KI could be an appealing catalytic system for the utilization of CO2 in the future.
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Scheme 1. Cycloaddition of CO2 to epoxides. 
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Figure 1. (A) 1H NMR spectrum of ZnBA; (B) 13C MAS NMR spectra of SiBA-n samples. 
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Figure 2. XRD patterns of Si-ZnBA-n and SiO2 samples. 
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Figure 3. (A) Full spectrum; (B) N 1s XPS spectra; (C) Br 3d XPS spectra; (D) Zn 2p XPS spectra; (E) C 1s XPS spectra; (F) Si 2p XPS spectra of Si-ZnBA-1. 
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Figure 4. FT-IR spectra of Si-ZnBA-n samples. 
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Figure 5. (A) N2 adsorption-desorption isotherms; (B) pore size distributions of Si-ZnBA-n samples. 
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Figure 6. TGA curve for Si-ZnBA-n samples. 
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Figure 7. Effects of reaction conditions on PC synthesis. Reaction conditions: PO 34.5 mmol, KI 0.54 mmol; (A) Si-ZnBA-1 150 mg, 2.0 MPa, 5.0 h; (B) Si-ZnBA-1 150 mg, 130 °C, 5.0 h; (C) Si-ZnBA-1 150 mg, 130 °C, 2.0 MPa; (D) 130 °C, 2.0 MPa, 5.0 h. 
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Figure 8. (A) Recyclability of Si-ZnBA-1 and (B) FT-IR spectra of fresh and reused Si-ZnBA-1. 
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Scheme 2. The proposed mechanism for the cycloaddition of CO2 to epoxides. 
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Figure 9. Relationship of (A) [PO] in the reactor, (B) –ln[PO] with reaction time at different temperatures with a Si-ZnBA-1 catalyst. Reaction conditions: 2.0 MPa, PO 34.5 mmol, m(cat.) = 0.15 g. (C) Arrhenius plots for CO2 cycloaddition to PO with a Si-ZnBA-1 catalyst. 
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Table 1. Elemental contents of Si-ZnBA-n samples.
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	Sample
	C

(wt.%)
	N

(wt.%)
	H

(wt.%)
	C/N

Molar Ratio
	Zn

(wt.%, XPS)
	Zn

(wt.%, ICP)





	ZnBA@SiO2-1
	13.98
	4.95
	3.84
	2.82
	1.95
	3.3



	ZnBA@SiO2-2
	12.15
	4.21
	3.31
	2.88
	1.48
	2.3



	ZnBA@SiO2-3
	10.80
	3.63
	2.90
	2.97
	1.21
	1.8
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Table 2. Textural parameters of Si-ZnBA-n.
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	Sample
	Specific Surface Area (m2 g−1)
	Pore Volume

(cm3 g−1)
	Pore Size

(nm)





	Si-ZnBA-1
	120.4
	0.52
	17.4



	Si-ZnBA-2
	149.5
	0.25
	6.8



	Si-ZnBA-3
	103.4
	0.44
	17.2
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Table 3. Screening of catalyst a.
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Entry

	
Catalyst

	
Cocatalyst

	
Reaction Results b




	
Yield/%

	
Selectivity/%






	
1

	
Si-ZnBA-1

	
—

	
trace

	
—




	
2

	
Si-ZnBA-2

	
—

	
trace

	
—




	
3

	
Si-ZnBA-3

	
—

	
trace

	
—




	
4

	
Si-ZnBA-1

	
KI

	
97

	
≥99




	
5

	
Si-ZnBA-1

	
KBr

	
24

	
≥99




	
6

	
Si-ZnBA-1

	
KCl

	
11

	
≥99




	
7

	
Si-ZnBA-1

	
TBAI

	
67

	
≥99




	
8

	
Si-ZnBA-1

	
TBAB

	
64

	
≥99




	
9

	
Si-ZnBA-2

	
KI

	
71

	
≥99




	
10

	
Si-ZnBA-3

	
KI

	
59

	
≥99




	
11

	
—

	
KI

	
30

	
≥98




	
12 c

	
Si-ZnBA-1

	
KI

	
99

	
≥98




	
13 d

	
Si-ZnBA-1

	
KI

	
99

	
≥98








a Reaction conditions: PO 34.5 mmol, 130 °C, 2.0 MPa, 5 h, Si-ZnBA-n 150 mg, co-catalyst 100 mg; b PC yield, PC selectivity all based on GC; c solvent H2O 1 mL; d solvent DMF 1 mL.
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Table 4. EA analysis of fresh Si-ZnBA-1 and reused Si-ZnBA-1.
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	Entry
	C (wt.%)
	N (wt.%)
	H (wt.%)
	C/N Molar Ratio





	Fresh
	13.98
	4.95
	3.84
	2.82



	Reused
	18.93
	4.03
	3.93
	4.70
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Table 5. Coupling reactions of CO2 with various epoxides a.
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	Entry
	Epoxides
	Product
	Yield (%) b
	Selectivity (%) b





	1
	[image: Catalysts 13 01116 i001]
	[image: Catalysts 13 01116 i002]
	97
	99



	2
	[image: Catalysts 13 01116 i003]
	[image: Catalysts 13 01116 i004]
	96
	99



	3
	[image: Catalysts 13 01116 i005]
	[image: Catalysts 13 01116 i006]
	98
	98



	4
	[image: Catalysts 13 01116 i007]
	[image: Catalysts 13 01116 i008]
	41
	95



	5
	[image: Catalysts 13 01116 i009]
	[image: Catalysts 13 01116 i010]
	23
	95







a Reaction conditions: Epoxides 34.5 mmol, Si-ZnBA-1 150 mg, KI 100 mg, 130 °C, 2.0 MPa, 5.0 h. b Epoxide yield and selectivity were based on GC analysis.
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Table 6. Comparisons with the reported catalysts for the cycloaddition of CO2 to epoxide.
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	Entry
	Catalyst
	Cocatalyst
	Epoxide
	Solvent
	T

(°C)
	P

(MPa)
	t

(h)
	Yield

(%)
	Ref.





	1
	Pompon-like CN
	–
	PO
	DMF
	140
	2
	4
	98
	[54]



	2
	ZnCl2/CN
	–
	PO
	DMF
	140
	2
	6
	52
	[55]



	3
	B doped CN/SBA-15
	–
	SO
	–
	130
	3
	24
	95
	[56]



	4
	Exfoliation bulk CN
	–
	
	–
	120
	3
	20
	97
	[57]



	5
	IL[HCPImBr]
	–
	PO
	–
	120
	1.5
	2
	97
	[58]



	6
	K,B codoped C3N4
	Bu4NBr
	PO
	–
	110
	2
	6
	87
	[27]



	7
	Triethylamine/SBA-15
	–
	PO
	MEK
	110
	2
	5
	93
	[59]



	8
	Mesoporous organic polymers
	KI
	PO
	–
	100
	1
	24
	55
	[60]



	9
	SiTIOF
	Bu4NBr
	PO
	–
	90
	2
	5
	95
	[48]



	10
	MOF[Zn3(L)3(H2L)]
	Bu4NBr
	PO
	–
	80
	1
	5
	99
	[61]



	11
	ultra-large pore SBA-15 silica
	Bu4NI
	ECH
	–
	80
	1
	3
	71
	[62]



	12
	Si-ZnBA-1
	KI
	PO
	–
	130
	2
	5
	97
	This work
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Table 7. Kinetic equations and parameters of Si-ZnBA-1 at different temperatures a.
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	T (°C)
	Kinetic Equation
	R2
	kobs (min−1)
	1/T (K−1)





	100
	y = 0.0011x − 0.0517
	0.8841
	0.0011
	0.00268



	110
	y = 0.0039x − 0.2517
	0.7673
	0.0039
	0.00261



	120
	y = 0.0049x − 0.2593
	0.9124
	0.0049
	0.00255



	130
	y = 0.0172x − 1.2758
	0.7103
	0.0172
	0.00248



	140
	y = 0.0185x − 1.2470
	0.7769
	0.0185
	0.00242







a Reaction conditions: P = 2.0 MPa, PO 34.5 mmol, m(cat.) = 0.15 g.
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