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Abstract

:

Introducing mesopores into the channels and cages of conventional micropores CHA (Chabazite) topological structure SAPO-34 molecular sieves can effectively improve mass transport, retard coke deposition rate and enhance the catalytic performance for methanol to olefins (MTO) reaction, especially lifetime and olefins selectivity. In order to overcome the intrinsic diffusion limitation, a novel CO2-based polyurea copolymer with affluent amine group, ether segment and carbonyl group has been firstly applied to the synthesis of SAPO-34 zeolite under hydrothermal conditions. The as-synthesized micro-mesoporosity SAPO-34 molecular sieve catalysts show heterogeneous size distribution mesopores and exhibit slightly decrease of BET surface area due to the formation of defects and voids. Meanwhile, the catalysts exhibit superior catalytic performance in the MTO reaction with more than twice prolonged catalytic lifespan and improvement of selectivity for light olefins compared with conventional microporous SAPO-34. The methodology provides a new way to synthesize and control the structure of SAPO-34 catalysts.
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1. Introduction


Methanol to lower olefins reaction is a critical process for conversion of nonoil resources to chemicals through methanol, and light olefins especially ethylene and propylene have been widely applied in polymerization reaction and petrochemical industry [1,2,3,4,5,6]. Several types of molecular sieves for the MTO reaction have been intensively studied, and the most typically are SAPO-34 [7,8], ZSM-5 [9,10,11], and SSZ-13 [12,13,14]. Among these catalysts, SAPO-34 has drawn the most attention due to its special framework with a CHA cage (9.4 Å) and 8-ring pore openings (0.38 Å 0.38 Å) [15], as well as mild acidity [16,17,18] which result in excellent catalytic performance [3,19,20,21]. However, the CHA topological structure has both advantages and disadvantages, the narrow 8-ring pore openings gives rise to a high lower olefins selectivity due to the shape selectivity of zeolites, while it limits the mass transport of big size by-products. Moreover, the produced large coke species can block the channels and interdict the contact of raw material with active sites, leading to a rapid decline of both methanol conversion and olefins selectivity [4,22,23,24]. In this respect, overcoming the mass transfer restriction and retarding the coke deposition rate are vital to the extension of the catalytic lifespan.



Several theoretical models have been established to elaborate coke formation and distribution, models that quantitatively and theoretically determine coke formation and distribution are random-walk model [25], percolation model [26,27,28,29], Monte-Carlo model [30] and other different models [31,32,33]. Ton V. W. Janssens [34] proposed a simple model contains the first-order rate constant to measure catalyst activity and a deactivation coefficient to characterize the deactivation behavior. Wei et al. [35] established a discrete Ising model for the deactivation of SAPO-34 zeolite inspired from the traditional game Go and predicted an acid percentage of 57% to make full use of each acid cage and an optimal acid percent of 66% to obtain maximum access to the active sites. The existence of mesopores/macropores introduces defects and voids into the crystals which can effectively increase the accessibility of the catalytic active sites and the utilization of the catalyst, i.e., retards the coke deposition rate and improve the lifetime performance [36].



So far, many effective methods [37] have been used to introduce meso/macropores into the SAPO-34 molecular sieves, such as post-treatment method (etching by acid to remove Al atoms [38] and alkali to remove Si atoms [39]), confined space synthesis method [40,41], hard template method [42] and soft template method [8,43]. Soft templates that can give rise to mesostructure mainly include poly-quaternary ammonium organic surfactant, amphiphilic organosilane surfactant [3], cationic water soluble polymers such as polydiallyl-dimethylammonium chloride (PDADMAC) and PDDAM [44,45], nonionic water soluble polymers such as P123 [46], PEI [47]. Among these methods, the polymers have been paid much attention due to their good thermal stability and strong interaction of the templates with silica species, adjustable composition and low cost [48]. Yu et al. [8] synthesized a tri-level hierarchical SAPO-34 zeolite with micro-meso-macroporosity by introducing PEO (Polyoxyethylene) into the starting gel and successfully prolonged the lifetime performance.



Herein, we report a strategy through introducing a novel CO2-based polyurea into the starting gel of synthesizing SAPO-34 molecular sieves, which acting as mesoporogen. The CO2-based polyurea was synthesized by a facile one step reaction of CO2 with diamine [49]. It contains affluent amine group, ether segment and carbonyl group that have strong affinity with raw materials in the starting gel of synthesizing SAPO-34 molecular sieves, thus makes it easier to be introduced into the channels and cages of the CHA framework to form defects and voids, i.e., mesopores/macropores in the zeolite. The as-synthesized micro-mesoporosity SAPO-34 molecular sieve catalysts show heterogeneous size distribution mesopores and exhibit slightly decrease of BET surface area due to the formation of defects and voids. Meanwhile, the catalysts manifest superior catalytic performance in the MTO reaction with more than twice prolonged catalytic lifespan and improvement of selectivity for light olefins compared with the conventional microporous SAPO-34.




2. Results and Discussion


2.1. Characterizations of Polyurea: 1H-NMR and MALDI-TOF-MS


The structure and molecular weight of the as-synthesized copolymer were confirmed by 1H-NMR and MALDI-TOF-MS (Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry), and the results are shown in Figure 1 and Figure 2. The disappearance of the proton resonance peak at 2.6 ppm for α-C and the formation of peak at 3.0 ppm are due to the reaction of amidogen with CO2 to produce urea, which proves the successful synthesis of copolymer polyurea. The gap between each main peak in the MALDI-TOF-MS spectra is 246 in Figure 2, which is consisting with the molecular weight of the unit for the dehydration product of CO2 and diamine, this provides a convincing proof for the successful synthesis of polyurea. And the number average molecular weight (Mn) is 1400.




2.2. Characterization of the Catalyst


2.2.1. Thermogravimetric Analysis and Powder X-ray Diffraction


The microporous and hierarchically porous SAPO-34 catalysts (PUa0, PUa0.08 and PUa0.10) were synthesized via a conventional hydrothermal method using PUa and triethylamine (TEA) as the mesopore and micropore templates with a gel composition of 1.0 Al2O3: 1.0 P2O5: 4.0 TEA: 0.4 SiO2: 100 H2O: x PUa (Mole ratio, x = 0, 0.08 and 0.10).



TG analyses were carried out to confirm the appropriate temperature for the removal of micropore and mesopore templates, and the results are shown in Figure 3. The weight loss before 200 °C can be regarded as desorption of the physically adsorbed water, while the weight loss between 200 °C and 450 °C belongs to the organic templates in the molecular sieve samples, and the third step of weight loss at temperatures higher than 450 °C can be described as the removal of organic species embedded in the channels and cages of the SAPO-34 zeolite [50,51,52]. Sample PUa0.08 and PUa0.10 show a little higher weight loss before 200 °C than sample PUa0, which is believed to be due to the higher external surface area of sample PUa0.08 and PUa0.10. The weight loss between 200 °C and 700 °C are 11.4%, 14%, 16.1% for sample PUa0, PUa0.08 and PUa0.10, respectively. The extra weight loss of sample PUa0.08 and PUa0.10 belongs to the removal of polyurea in the crystals, which proves that the mesoporogen polyurea inserted into the precursor of SAPO-34 crystals successfully. According to the TG results, the samples were calcined at 600 °C for 400 min to remove the templates and the resultant SAPO-34 shows no weight loss up to 900 °C, indicating the complete removal of the templates.



The XRD patterns of sample PUa0, PUa0.08 and PUa0.10 shown in Figure 4 reveal the typical diffraction peaks of the CHA zeolite structure. They exhibit high crystallinity without shoulder peak at ca. 20.7, which indicates the phase purity of the SAPO-34 samples synthesized either with or without PUa as mesoporogen. The crystallinities of the samples were calculated in Jade software by fitting the peak area of crystallinity and amorphous peaks, and the obtained crystallinity for the sample PUa0 is 89.6% while the crystallinity for sample PUa0.08 and PUa0.10 are 79% and 78%, respectively. The results demonstrate that the addition of polyurea as mesoporogen can decrease the crystallinity of the SAPO-34 molecular sieves to a certain degree. Further increase the PUa/Al2O3 ratio to 0.20 would obtain sample (PUa0.20) with very low crystallinity (lower than 40%) and irregular particle shape with many big defect, as shown in the Supplementary Materials (Figures S2 and S3).




2.2.2. Scanning Electron Microscopy and Transmission Electron Microscopy


The SEM images shown in Figure 5 present the morphology of the as-synthesized samples with and without polyurea as mesoporogen. The crystal structure of the sample without polyurea appears cubic characteristic with smooth surface, while samples with polyurea as mesoporogen show uneven surface with holes. The average particle size of the crystals increases very slightly with adding polyurea into the gel. Moreover, the amount of larger size crystals decreases, indicating that the particle size becomes more uniform after adding polyurea into the gel system. However, it is apparent that the regularity of the blocks declined due to the introducing of polyurea as mesoporogen. This result is consistent with the crystallinity of the samples calculated according to the XRD patterns.



The TEM images in Figure 6 clearly reveal that the sample PUa0 shows solid block morphology with well-defined structure, while sample PUa0.08 and PUa0.10 have the center-hollowed morphology with mesopores and macropores extending along the entire crystals. And sample c, f, i were ball-milled in water with a speed of 300 rpm for 2 h. These results indicate that the SAPO-34 crystals synthesized with polyurea as mesoporogen have hierarchically porous structure, implying that polyurea is a successful mesoporogen for synthesizing the SAPO-34 molecular sieves.




2.2.3. Compositions and Textural Properties


ICP-OES (Inductively coupled plasma optical emission spectrometry) was applied to determine the chemical compositions of the as-synthesized samples, it can be seen from Table 1 that the introduction of polyurea into the starting gel shows little effect on the element distribution. Compared with the sample PUa0, Al contents slightly increase from 0.50 to 0.53, while P contents decrease from 0.40 to 0.38 with increasing polyurea content in starting gel for sample PUa0,08 and PUa0.10. This means that the addition of polyurea into the SAPO-34 molecular sieve has no effect on the chemical composition of resulting catalysts.



Nitrogen adsorption-desorption measurement was further applied to characterize the textual properties of the as-synthesized SAPO-34 samples and the results are shown in Table 1 and Figure 7a,b. All samples behave as the type I isotherms which increase rapidly at low relative pressure, proving the existence of micropores in the sample. The curves of sample PUa0.08 and PUa0.10 show a hysteresis loop at high relative pressure region accord with the type-IV isotherms, indicating the presence of mesopores in the samples. The DFT (Density Functional Theory) pore size distribution curves (Figure 7b) clearly indicate that PUa0.08 and PUa0.10 show hierarchically porous structure with the pore size ranging from 1 nm to 20 nm. The detailed surface area and pore volume data are summarized in Table 1. The BET surface area decreases with gradually increasing polyurea content. Presumably, this is due to the increase of external surface area, the amount of mesopores and voids in the crystals. Notably, the mesopore volume of the as-synthesized SAPO-34 samples increase apparently from 0.04 cm3·g−1 to 0.31 cm3·g−1 with increasing polyurea content in starting gel from 0 to 0.10, indicating the formation of mesopores in the crystals. This result is consistent with that observed from TEM characterization. The mesopores in the crystals can facilitate the diffusion and mass transportation [1,37,53] of molecules especially coke species in the conversion of methanol to olefins reactions, and then can effectively decrease the coke blocking rate and prolong the full methanol conversion lifespan of the catalysts.




2.2.4. Chemical Circumstances: Solid State NMR Spectroscopy


In order to further explore the catalyst structure, solid-state MAS NMR spectroscopy was performed to investigate the chemical environments of the framework atoms in the samples. The results are shown in Figure 8. It can be seen that the 27Al MAS NMR spectra of sample PUa0 presents a strong peak at 40 ppm for the tetrahedral Al species Al (OP)4, the peak at −15 ppm represents for the secondary coordination of framework Al(4P) sites with strongly adsorbed water [54,55]. However, the tiny peak at 115 ppm represents for spinning sideband appeared at different positions when recorded at various spinning rates [55]. 31P MAS NMR spectra of these samples present a strong peak at −23/−25 ppm that belongs to tetrahedral P(4Al) framework, while the shoulder peaks at −12 ppm is assigned to the interaction of partially P atoms with adsorbed water to form P(OAl)x(H2O)y species [7,55]. The peak intensity of 29Si MAS NMR is not obvious in the testing condition.




2.2.5. Acidic Properties: NH3-TPD Analysis


The acidic properties of the samples were examined by NH3-TPD analyses and the results are presented in Figure 9. All curves show a similar tendency and give two desorption peaks at near 160 °C and 380 °C. The peak at lower temperature for weak acid sites corresponds to the NH3 adsorbed on surface hydroxyl groups (Si–OH and P–OH), whereas the higher temperature peak for strong acid sites can be assigned as the NH3 desorption from the bridge hydroxyl groups Si(OH)Al [7,56]. The relative amount of weak acid sites of sample PUa0.10 slightly increases compared to the sample PUa0 and PUa0.08 due to more mesopores and macropores hence more surface hydroxyl groups. However, the peak area and peak position, i.e., the amount and intensity of strong acid sites decrease with the addition of polyurea as mesoporogen, which is in accordance with the change of silicon content in the samples.




2.2.6. Influence of Polyurea as Mesoporogen


In order to further study the influence of polyurea to the crystallization process, SAPO-34 samples with or without polyurea as mesoporogen were synthesized at different crystallization time, respectively. To eliminate the possible impact of the discrepancy, the starting gel were prepared in one container and divided into several parts. Figure 10a,b show the XRD patterns of the SAPO-34 samples synthesized at different crystallization time. It can be seen that their crystallization processes show a similar trend that begins to crystallize at 12 h and the crystallinity increases rapidly during the following 12 h. The patterns before 12 h indicate the phases of SiO2 and Al(OH)3. Figure 10c represents the relative crystallinity evolution with crystallization time of different samples. The crystallinity was calculated based on the fitting of the area of crystallinity peaks and amorphous peaks by the software Jade 6.0, and the relative crystallinity of fully crystallized SAPO-34 was set as 100%. It can be concluded that the addition of polyurea into the starting gel will decrease the crystallization rate during the crystallization duration of 12 to 36 h. Therefore, the crystallinity keeps unchanged after 36 h, but the yield increase with increasing reaction time.





2.3. Catalytic Performance for MTO Reaction


The catalytic performance of the as-synthesized catalyst for methanol conversion to light olefins was evaluated in a fixed bed reactor at 420 °C, and the methanol conversion and products selectivity as a function of time on stream are shown in Figure 11a,b and Figure S4. It can be seen that the hierarchically porous SAPO-34 catalysts synthesized with polyurea as mesoporogen exhibited obviously extended full methanol conversion lifespan compared to conventional microporous SAPO-34 catalyst. The full methanol conversion lifetime increased to 270–320 min compared with 150 min of conventional SAPO-34 sample synthesized without mesoporogen. It is apparent that the lifetime is prolonged twice. The prolonged lifetime can be attributed to the coke retarding tendency (Table S1) due to the introduction of mesopores/macropores by applying polyurea as mesoporogen. Meanwhile, the total selectivity of ethylene and propylene are also improved for the PUa0.08 and PUa0.10 synthesized with polyurea as mesoprogen. The highest light olefins selectivity of 79% was afforded at 100 min using conventional catalyst PUa0, while the highest olefins selectivity for sample PUa0.08 and PUa0.10 increased up to 85% at the lifetime of 210 min. Nevertheless, the light olefins selectivity begins to decrease when methanol conversion starts to decline due to the deactivation of the catalyst. Compared with other modified SAPO-34 catalysts [8,38,47,57,58,59], the catalytic performance of the as-synthesized mesopores SAPO-34 zeolite for the MTO reaction is also competitive.





3. Experimental


3.1. Materials


CO2 (99.999%, Shanghai Gaisi Industrial Gas, Shanghai, China), 4, 7, 10-trioxa-1, 13-tridecanediamine (TTDDA, 98%, GC, Aladdin Biochemical Technology Co., Shanghai, China) dried with 4 Å molecular sieves for more than 2 days. Organic template used in the experiment was triethylamine (TEA, 99%, Guangzhou Chemical Reagent, Guangzhou, China). Other reagents used were aluminum iso-propoxide (Al(OPri)3, 98%, Aladdin Biochemical Technology Co., Shanghai, China), phosphoric acid (H3PO4, 85 wt. %, Aladdin Biochemical Technology Co., Shanghai, China), Tetraethyl orthosilicate (TEOS, 28% SiO2, Tianjin Damao Chemical Reagent Co., Tianjin, China), NaOH (Electronic Grade, 99.9% metals basis, Aladdin Biochemical Technology Co., Shanghai, China).




3.2. Measurement


1H-NMR spectrum (Bruker BioSpin, Fällanden, Switzerland) was recorded on a Bruker DRX-500 NMR spectrometer with deuterated chloroform (CDCl3) as solvent and chemical shifts were referenced to tetramethylsilane (TMS). MALDI-TOF-MS spectra (Bruker BioSpin, Ettlingen, Germany) were recorded on a Bruker ultrafleXtreme MALDI-TOF spectrometer with 2, 5-dihydroxybenzoic acid as the matrix and TFA (trifluoroacetic acid) as solution [60]. The crystalline phase and crystallinity were determined by collecting the powder diffraction pattern on a RIGAKU D-MAX 2200 VPC diffractometer (Rigaku Corporation, Tokyo, Japan) with a Cu-Kα radiation (λ = 1.5406 Å) operated at 40 kV and 26 mA. Thermo gravimetric (TG) analysis was performed on a PerkinElmer Pyris Diamond TG/DTA instrument (PerkinElmer Inc., Waltham, Massachusetts, USA) with a heating rate of 10 K/min to 900 °C in the air. Nitrogen adsorption-desorption measurements (Micromeritics, Norcross, GA, USA) were carried out on a Micromeritics ASAP 2460 analyzer at −196 °C, after the sample was degassed at 200 °C under vacuum. The total surface area was calculated based on the BET equation. The micropore volume, external surface area and micropore surface area were evaluated by using the t-plot method. The mesopore volume was calculated using the BJH method (from desorption). The morphology and crystal size information of the catalysts were obtained by Thermal Field Emission Scanning Electron Microscopy (FE-SEM, Quanta 400F, FEI, Hillsboro, OR, USA). Transmission electron microscopy (TEM) images were recorded with JEOL JEM-2010HR (200 KV, JEOL, Tokyo, Japan) electron microscope. The samples were dispersed in ethanol by ultrasonication and then dropped onto the copper grid and dried in oven at 50 °C. Inductively coupled plasma optical emission spectrometry (ICP-OES) analyses were conducted to confirm the chemical compositions of the catalyst with a Perkin-Elmer Optima 8300 instrument (PerkinElmer Inc., Waltham, Massachusetts, USA). The catalyst was dissolved in sodium hydroxide solution, followed by the adjustment of the PH value with concentrated nitric acid and diluting with 5 wt. % nitric acid until proper concentration. Temperature-programmed desorption of ammonia (NH3-TPD) was conducted to study the acid properties of the as-synthesized samples and the tests were carried on a Micromeritics Autochem II 2920 device (Micromeritics, Norcross, GA, USA). The samples (100 mg) were pretreated under He flow at 650 °C for 1 h to remove the adsorbed gas and water, then cooled down to 100 °C to saturate the sample with NH3 under a flow of NH3/He for 60 min, removed the weakly adsorbed NH3 with a He flow for 30 min, finally measured the desorbed NH3 at a heating rate of 10 °C/min from 100 °C to 650 °C under He flow (50 mL/min). All solid state NMR experiments were performed on a Bruker Avance III 400 spectrometer (Bruker BioSpin, Fällanden, Switzerland) equipped with a 9.4 T wide-bore magnet. The resonance frequencies in this field strength were 104.2, 161.9 and 79.5 MHz for 27Al MAS NMR, 31P MAS NMR and 29Si MAS NMR, respectively. A 5 mm MAS probe with a spinning rate of 8 KHz, 6 KHz and 6 KHz were applied to collect 27Al, 31P and 29Si NMR spectra separately. Chemical shifts were referenced to (NH4) Al (SO4)2.12H2O for 27Al, 85% H3PO4 for 31P and 2, 2-dimethyl-2-ilapentane-5-sulfonate sodium salt (DSS) for 29Si.




3.3. Synthesis of CO2-Based Polyurea


Scheme 1 shows the synthesis process of CO2-based polyurea. Typically, 22 mL (0.1 mol) of diamine was added into a 50 mL stainless steel autoclave which placed on a magnetic heating stirrer with a heating jacket, pressurizing the system to 5 MPa with CO2, which is continuously supplied by linking the autoclave to a CO2 cylinder. The reaction was performed at 180 °C with a stirring speed of 300 rpm for 24 h. The optimal condition were confirmed by a series of reactions (Figure S1). Then cooling the reactor naturally and depressurized the system to atmospheric pressure, the product was purified by dissolving in water and precipitated by being poured into vigorously stirred hexane. The final product was filtered and freeze dried.




3.4. Synthesis of SAPO-34 with Polyurea (PUa) as Structure Directing Reagent


The starting gel ratios for synthesizing the SAPO-34 catalysts were Al2O3:P2O5:SiO2:TEA:PUa:H2O = 1:1:0.4:4:x:100 (x = 0, 0.08 and 0.10). In a typical procedure, the finely ground Al(OPri)3 (8.16 g) was mixed with deionized water (26 g) for about 2 h at room temperature until a homogeneous solution was obtained, then phosphoric acid (4.58 g) was added into the solution dropwise with a continuous stirring for 0.5 h, TEOS (1.66 g) and TEA (8.06 g) were sequentially added into the mixture with a vigorously stirring for 0.5 h respectively. Finally, PUa dissolved in the remaining 10 mL water was introduced into the mixture to gain a uniform system for another 1 h stirring. The reaction solution was transferred to a 150 mL Teflon-lined stainless steel autoclave and heated at 170 °C for 4 days under static conditions. After the crystallization procedure finished, the autoclave was cooling down immediately with flowing water to guarantee that the crystals wouldn’t be re-dissolved during natural cooling. The final solid product was acquired by being centrifuged and washed for 5 times with deionized water, then dried in air at 120 °C overnight, finally calcined at 600 °C for 400 min in muffle furnace with a heating rate of 3 °C/min.




3.5. Evaluation of Catalytic Performance


The performance of the catalyst for methanol to olefins reaction was carried on a metallic tubular fixed-bed reactor (10 mm inner diameter) at atmospheric pressure. In a typical procedure, 500 mg of the calcined SAPO-34 (200 mesh) was mixed uniformly with 1 g SiC powder, then loaded in the tubular fixed-bed reactor, followed by an one hour pretreatment at 500 °C under N2 atmosphere. After cooling the reactor to the reaction temperature of 420 °C, the stock was fed by bubbling the liquid methanol (at 30 °C) through the flowing carrier gas (N2) with a rate of 30 mL·min−1, corresponding to a weight hourly space velocity (WHSV) of 1.5 h−1 (confirmed by the record of the consumed weight of methanol). Online gas chromatograph (GC-7890-II, Shanghai Tianmei Scientific instruments Co., Ltd., Shanghai, China) equipped with Plot-Q column (Rt®-Q-Bond, 30 m, 0.32 mm ID, Restek Corporation, Bellefonte, PA, USA) and flame ionization detector (FID) was used to determine the species and quantities of the products. The selectivity of the products were calculated based on the amounts of the CH2 species. Methanol conversion and product selectivity were calculated as follows:


CH3OH conversion (%)=[Methanol consumed][Methanol total]×100%



(1)






Product i selectivity (%)=[Number of methanol turned into i product][Methanol consumed]×100%



(2)









4. Conclusions


In summary, the micro-mesopores SAPO-34 molecular sieve catalyst can be readily synthesized by introducing a novel CO2-based polyurea with affluent amine groups, ether segments and carbonyl groups into the starting gel as mesoporogen under hydrothermal conditions. The as-synthesized SAPO-34 crystals show a center-hollowed cubic-like morphology with heterogeneous size distribution mesopores. Due to the formation of defects and voids and descended acidity in the crystals, the catalysts exhibit superior catalytic performance for MTO reaction with more than twice prolonged catalytic lifespan and improvement of selectivity for light olefins compared with conventional microporous SAPO-34. The methodology developed in this work provides a potential alternative way to synthesize micro-mesopores SAPO-34 molecular sieves that can greatly enhance the catalytic performance for methanol to olefins (MTO) reaction, especially lifetime and olefins selectivity.
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Figure 1. 1H-NMR spectrum of polyurea and TTDDA. 
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Figure 2. MALDI-TOF-MS spectrum of polyurea. 
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Figure 3. TG profiles of the as-synthesized SAPO-34 samples with and without PUa as mesoporogen. 
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Figure 4. XRD patterns of the as-synthesized SAPO-34 samples with and without PUa as mesoporogen. 
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Figure 5. SEM images of the as-synthesized SAPO-34 samples with and without PUa as mesoporogen. 
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Figure 6. TEM images of the SAPO-34 samples synthesized with and without PUa as mesoporogen, (a–c): PUa0; (d–f): PUa0.08; (g–i): PUa0.10, (c,f,i) were ball-milled in water. 
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Figure 7. (a) N2 adsorption/desorption isotherms and (b) DFT pore size distribution curves of the as-synthesized SAPO-34 samples with and without PUa as mesoporogen. 
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Figure 8. 27Al (a), 31P (b) MAS NMR spectra of the SAPO-34 samples synthesized with and without PUa as mesoporogen. 
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Figure 9. NH3-TPD curves of the SAPO-34 samples synthesized with and without PUa as mesoporogen. 
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Figure 10. Time-dependent XRD patterns of (a) PUa0, (b) PUa0.08, (c) relative crystallinity evolution with crystallization time. 
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Figure 11. Methanol conversion (a) and product selectivity (b) as a function of time on stream, catalyst: 0.5 g (mixed with 1 g SiC), temperature 420 °C, N2 flow rate = 20 mL·min−1, WHSV = 1.5 h−1. 
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Scheme 1. Synthesis of polyurea. 
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Table 1. Compositions and textural properties of different SAPO-34 samples.
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	Sample Name
	Molar Composition a
	SBETb

(m2/g)
	Smicroc

(m2/g)
	Sextc

(m2/g)
	Vmicroc

(cm3/g)
	Vmesod

(cm3/g)





	PUa0
	Al0.50P0.40Si0.09O2
	641
	631
	10
	0.28
	0.04



	PUa0.08
	Al0.51P0.39Si0.09O2
	606
	584
	22
	0.27
	0.22



	PUa0.1
	Al0.53P0.38Si0.08O2
	555
	506
	49
	0.25
	0.31







a Measured by inductively coupled plasma (ICP). b SBET (total surface area) calculated by applying the BET equation using the linear part (0.05 < P/Po < 0.30) of the adsorption isotherm. c Smicro (micropore area), Sext (external surface area) and Vmicro (micropore volume) calculated using the t-plot method. d Vmeso (mesopore volume) calculated using the BJH method (from desorption).
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