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Abstract

:

Here, the efficient synthesis of propylene from methanol was achieved using a series of HZSM-5 catalysts. The effect of the structure and morphology of ZSM-5 on the conversion of methanol to propylene was studied. The structure and physicochemical properties of the synthesized catalysts were analyzed by multiple characterization techniques. The characterization results revealed that the alumina content rationally modified the acid properties of ZSM-5. When using a ZSM-5 catalyst with a hexagonal single crystal and a Si/Al ratio of 177, the selectivity of propylene reached 39.7% at 480 °C. Furthermore, the formation of methane was reduced. This provides a clue for catalyst design to enable the selective transformation of methanol into propylene.
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1. Introduction


Methanol can undergo dehydration condensation, alkylation, oligomerization, cracking, cleavage, aromatization and other reactions when catalyzed by acidic zeolite molecular sieves, resulting in a wide product distribution [1]. Because molecular sieves have variable acidity and diverse structures, it is possible to control the product distribution. Pore size is a key factor in controlling product distribution, such as via SAPO-34 molecular sieve-catalyzed methanol conversion [2,3], which produces low-carbon olefins, while ZSM-5 produces a mixture of products dominated by propylene, which is known as the MTP process [4]. At present, propylene is primarily produced from oil refineries, however, coal-based MTP is also commercialized as an alternative approach. The MTP reaction is generally catalyzed by ZSM-5, which has unique surface and structure properties [5]. For example, the acidic nature of ZSM-5 molecular sieves has an important influence on the product distribution [6,7]. In general, the product of methanol conversion is dominated by aromatics and alkanes when the acid density is high, while the product is dominated by olefins when the acid density is low [8]. Furthermore, the combined presence of Brønsted acid sites and Lewis acid sites may improve the catalytic performance of molecular sieves [9,10].



The effect of molecular sieve pore size on product distribution is often referred to as “shape selectivity”; i.e., differences in the shape and size of reactants, intermediates, or reaction products lead to inconsistent spatial constraints on the formation and diffusion of different compounds, which in turn affect the product distribution [11,12]. In addition to the spatial constraints arising from the intrinsic pore size of molecular sieves, many reports have observed the effect of pore length on the composition of substances in the reaction mixture during the study of molecular sieve morphology; i.e., the diffusion effect arising from the pore length of molecular sieves can also change the product distribution [13,14]. Moreover, the deactivation of acidic zeolite catalysts by coking during methanol conversion is non-negligible [15]. Therefore, for a specific molecular sieve-catalyzed conversion process, it is possible to maximize the target product yield through the combined control of surface properties and morphology.



In the present work, two series of HZSM-5 catalysts with different morphology—ellipsoidal agglomerates and hexagonal single crystals—were synthesized via the hydrothermal method. In each series, prepared HZSM-5 catalysts with different acidity and pore distribution were achieved by the control of the Si/Al ratio in the precursors. The synergistic effect of surface and pore structure on the catalytic performance of methanol during conversion to propylene was studied.




2. Results and Discussion


2.1. Structural and Morphology Analysis


The X-ray diffraction patterns of the two series of molecular sieve samples are shown in Figure 1. There were five diffraction peaks at 2θ = 7.9°, 8.8°, 23.1°, 23.8°, and 24.4°, due to the inherent MFI topology structure [16]. Moreover, there were no obvious other peaks, indicating that each sample was a well-crystallized MFI pure phase. Furthermore, characteristic diffraction peaks of all as-prepared zeolites were basically consistent, with the decrease of alumina content, indicating that altering the Si/Al ratio of samples could not significantly influence the zeolite structure.



From the SEM photographs(Figure 2), it can be seen that the appearance of samples A1–A5 was relatively similar, like an ellipsoidal shape; there were no obvious crystal angles, and the surface of the sphere was granular, which was tentatively judged to be formed by particle agglomeration. The particle sizes of each sample after agglomeration were slightly different; A2 and A5 were slightly larger in size, about 3 μm, and A1, A3, and A4 particles were about 2 μm in size. S1–S5 had a hexagonal single-crystal appearance, with a long side size of about 500 nm and a thickness of about 100 nm. The sample M1 had a bar shape with a length of about 1.6 μm.




2.2. Textural Properties


Mercury injection test can be used to examine the properties of volume and pore size distribution of mesopores and macropores of solid materials [17]. The principle is that liquid mercury will fill into the pores of the material sequentially, from large to small, under the effect of gradually increasing external pressure [18]. In this paper, three samples from each of the two groups were tested for mercury compression, and the results are shown in Figure 3 and Figure 4.



The left panel of Figure 3 shows the trend of cumulative pore volume with pore diameter. The content of alumina from A2 to A4 gradually decreased (Si/Al ratio increased), and the cumulative pore volume decreased, indicating that the product tended to be dense. The right panel, by differentiating and taking the logarithm of the liquid mercury squeezing volume and plotting the pore diameter distribution, clearly shows that the pore diameter distribution of the three samples was similar, and they all contained mesopores of 5–6 nm and macropores of more than 300 nm, among which the pore diameter of A4 was slightly smaller than that of the other two samples, and the distribution was wider. A comprehensive analysis of the mercury-pressure experimental data and the appearance of the samples showed that there was a correlation between the two. The mesopores of the samples should arise from the interstices of the microcrystal stacking within the agglomerates, while the macropores arise from the interstices between the agglomerate particles [19]. The agglomerate size of A4 was slightly smaller than that of the other two samples, and thus the macropore pore size was also slightly smaller.



The cumulative pore volume trends of the hexagonal single crystal samples with alumina content differed significantly from those of the agglomerate products, and the pore volume of sample S4, which had a lower alumina content, was significantly larger than that of the other two samples. As for the pore size distribution, the liquid mercury-filled peaks of mesopores and macropores appeared in all samples, and the mesopore pore size was comparable to that of the agglomerate samples, which was about 5–6 nm; the macropore size was significantly smaller than that of the agglomerate samples, with a distribution range of 30–100 nm; in addition, the macropore pore size became larger as the alumina content of the samples decreased. The large pore size of the hexagonal single-crystal sample was more consistent with its appearance and morphology, because its particle size was 100–500 nm, and the pore size of 30–100 nm formed by crystal stacking was more reasonable. The larger pore size with decreasing alumina content of the sample may have been caused by the different degrees of twin eutectics of the sample. This can be observed from the SEM photographs with the increasing trend of twin eutectics with increasing alumina content, which therefore led to a more dense molecular sieve crystal stacking. Alternatively, the mesopores with size at 5–6 nm detected in the mercury injection tests may have been produced by the dehydration of alumina gel which was used as an adhesive in the kneading process.



The pore structure data measured by nitrogen adsorption experiments are shown in Table 1. We calculated 363–452 m2/g of total surface area for each sample by the BET method. The lowest value of surface area calculated by the T-plot method reached 346 m2/g, which was a good value for the MFI structured molecular sieve material, indicating that the molecular sieve material used for the study was well crystallized and had permeable pore channels, making it conducive to the diffusion of gas molecules. Comparing the values of the two series samples with each other, it can be found that the total specific surface area of the agglomerated series samples was higher. The increase in specific surface area was mainly represented by the microporous surface area by the T-plot method; the approximate mesoporous specific surface area data were obtained by the difference between the BET method and the T-plot method, and the mesoporous specific surface area of the agglomerated series samples was also slightly higher than that of the hexagonal single crystal series samples. Additionally, the sample M1 had a little lower specific surface area than the other samples. For the pore volume data, there was little difference among all the samples. The pore volume was about 0.20 cm3/g.



The aluminum–oxygen tetrahedra in the structure of silica–aluminum molecular sieves were negatively charged and thus could adsorb hydrogen protons and thus produce acidity; therefore, the acidity of well-crystallized molecular sieve materials is mainly determined by the aluminum content [20]. The alumina content of the materials used is listed in Table 1 and varied from 0.50 to 0.94%, corresponding to a ratio of silica to alumina from about 100 to 200.




2.3. Catalytic Performance


Table 2 lists the methanol conversion and hydrocarbon product distribution data obtained for each molecular sieve catalyst in the catalytic performance evaluation. Each value is the average value obtained from multiple sampling analyses over a 24 h period.



The conversion of methanol to hydrocarbon products involves a series of acid-catalyzed reactions, and the methanol conversion rate is closely related to the strength of the catalyst acidity. Comparing the data in Table 2, it can be found that most of the samples achieved close to 100% methanol conversion; however, when the alumina content decreased to a certain level, the methanol conversion of both morphologies of the molecular sieve catalysts decreased, indicating that the catalysts were less active and less acidic. However, the methanol conversion rate of the catalysts prepared from different morphologies of molecular sieves was not completely consistent, with the methanol conversion of the agglomerate morphology (Cat-A) being slightly higher than that of the hexagonal single crystal (Cat-S) when the alumina content was higher, while the conversion of the agglomerate samples was lower when the alumina content was low and the catalyst activity was insufficient (see Figure 5).



The propylene selectivity of both groups of samples showed an increase followed by an increase in the ratio of silica to alumina; however, the selectivity values differed significantly. In the examined alumina content range, the propylene selectivity of the hexagonal monocrystal series catalysts always remained above 30%, while the lowest value of propylene selectivity of the agglomerate samples was only 21.57%, and the highest value of selectivity also differed by more than 3% compared to that of the hexagonal monocrystal. Although the selectivity to propylene was not high enough compared to that of other ZSM-5 molecular sieves (30–50%) [12], the highest propylene selectivity also reached 39.66% in Cat-S4.




2.4. Structure–Performance Relationship


The conversion process of methanol in an acidic molecular sieve consists of multiple reactions [21]. Firstly, there is the reversible conversion of methanol and dimethyl ether, which is a fast reaction; secondly, there is the conversion of methanol/dimethyl ether to low-carbon olefins, which is based on the hydrocarbon pool mechanism and requires the generation of transition state intermediates before achieving this reaction, resulting in a certain induction period and is a slow reaction [22]. Finally, there is the conversion of olefin products into various by-products catalyzed by molecular sieve, including oligomerization, alkylation, cracking, aromatization, and other processes [23]. In industrial applications, it is expected to maximize the selectivity of propylene, which requires the modulation of catalyst acid properties to achieve high conversion of methanol, and meanwhile the optimal control of the side reactions of olefins.



During the catalytic performance testing, we observed that the methanol conversion showed a decreasing trend with the decrease of alumina content in both groups of samples, which indicated that the acid strength and catalytic activity of the catalysts plays important role is the transformation of methanol. At the same time, all kinds of side reactions were suppressed, the most obvious one being the significant reduction of alkane production, and the total selectivity of methyl, ethyl, and propane of the agglomerate samples decreased from 4.72% to 1.80%, with a total decrease of 61.9%. Olefins underwent hydrogen transfer reactions to produce aromatics and alkanes, from which it can be assumed that the hydrogen transfer reactions were inhibited and the aromatic selectivity decreased more substantially as the catalyst became less acidic.



The C5+= hydrocarbon products are produced by oligomerization, aromatization, and alkylation reactions [24]. As the catalyst acidity decreased, the activity of these side reactions decreased, thus making the total selectivity of C5+= products decrease. However, this selectivity turned to an increasing trend after dropping to a certain low value, which can be attributed to the decay of cracking reactions caused by insufficient catalyst acidity. The consumption of C5+= hydrocarbon products decreased, and this pattern occurred under the combined effect of several types of side reactions.



Ethylene selectivity also tended to decrease with decreasing catalyst acidity, indicating that the sources of ethylene in the products were diverse, that cracking produced ethylene and was an important part of the source of ethylene [25], and that weakening of the cracking reaction leads to a decrease in ethylene selectivity. In addition, the change in the C4= selectivity showed an overall decreasing trend consistent with ethylene, but the decrease was small, indicating that its production and consumption were less affected by catalyst acidity within the acidity range examined.



Above, we found that the variation in the acidity of the ZSM-5 molecular sieve catalysts significantly affected the product distribution of the methanol conversion, with weaker acid strengths inhibiting the side reactions and thus substantially improving the selectivity of the target product, propylene. However, we also observed that molecular sieve catalysts with similar acid strength (similar molecular sieve alumina content) exhibited very different propylene selectivity due to their inconsistent morphology; e.g., Cat-S1 showed 1.5 times higher propylene selectivity than Cat-A1.



A detailed comparison of the product distributions of Cat-S1 and Cat-A1 (see Table 3) showed that Cat-A1 produced more by-products, mainly C5+=, C4=, and propane, with the largest increase in C5+=. When we divided the selectivity difference of each product between the two catalyst samples and the selectivity value of Cat-S1 to calculate the change, we found that the increase in propane was particularly prominent. The increase was particularly significant for propane. Based on the characteristics of the reaction in the system, the product of alcohol–ether dehydration should be an olefin or cycloalkane with a carbon-to-hydrogen ratio of 1:2 before the hydrogen transfer reaction and the aromatization based on it; therefore, the significant increase in propane selectivity indicated a more intense hydrogen transfer reaction in Cat-A1. The two catalyst samples used for comparison had similar acid intensities, which allowed us to determine that the diffusion factor, i.e., the difference in steric hindrance within the catalyst, played a more critical role in the reaction.



During the characterization of crystal phase and pore system, we found that both groups of samples were well crystallized, with a large specific surface area and relatively abundant mesopores and macropores. Therefore, compared with the slow diffusion and mass transfer rate inside the ZSM-5 molecular sieve crystal, the extra-crystal diffusion resistance was small and the effect on the catalytic reaction can be neglected. Thus, the intra-crystal diffusion limitation should be the main reason for the large difference in propane selectivity. Although propane can diffuse into and out of the pore system of zeolite ZSM-5 freely based on its small molecular size, the generation of propane inside the channel of zeolite crystal can still be limited because the reaction that produces propane requires the participation of multiple molecules or large molecular compounds, which have difficulties in reaching the active centers in the pore channels because of the pore-confined effect. Thus, the production of propane is inhibited. The hexagonal single-crystal morphology of S1 had longer intracrystalline pore channels and stronger inhibition of propane. As a result, less propane was produced by Cat-S1 due to its relatively fewer active sites on the surface available for those side reactions.



The formation of the C5+= with the larger molecular size was also affected by the pore-confined domain-limiting effect [26], thus Cat-S1 obtained lower selectivity of the C5+= than Cat-A1. It is worth noting that the cracking reaction in the system can consume large-molecule compounds to produce low-carbon hydrocarbons. The cracking reaction in Cat-A1 was less affected by intracrystalline diffusion and had higher activity; however, it did not obtain lower selectivity to C5+= products, indicating that the consumption of the cracking reaction was not enough to offset the increased production of the C5+= and the inhibition of the domain-limiting effect dominated.



The comparation of the catalytical performances of Cat-A1 and Cat-S1 shows that the pore-confined effect played a significant role in suppressing side reactions of methanol to hydrocarbons in the case of excessive activity. In fact, this effect also worked when the activity decreased to a moderate degree. Here, three catalysts that had close alumina contents were selected for study, so as to obtain a deep understanding of the pore-confined effect in methanol-to-hydrocarbons process. These catalysts have distinct microstructures, and the strength of steric hindrance decreased reasonably in the order: Cat-M1 > Cat-S3 > Cat-A3.



Figure 5 shows the product distribution of the chosen catalysts. We can see that selectivity to ethylene, propane, and C4 hydrocarbons decreased with the increase in strength of pore-confined effect, which conforms to the rule mentioned above. Surprisingly, Cat-S3 showed the highest selectivity to propylene and the lowest to C5+ hydrocarbons. This result is predictable if we take the cracking reaction into consideration. The cracking of C5+ hydrocarbons is a side reaction benefit that can produce propylene and help to reach a higher selectivity to propylene, as expected. The enhanced pore-confined effect of Cat-M1 led to a weakened cracking reaction, thus producing less propylene than Cat-S3, and correspondingly more C5+ hydrocarbons remained.



In addition, the intracrystalline diffusion limitation also had an effect on the conversion of methanol [27]. Figure 4 shows that the methanol conversion did not reach 100% when the catalyst activity was sufficient (alumina content >0.7%), and the conversion of the hexagonal single crystal series samples was slightly lower than that of the agglomerate samples, indicating that the inter-crystalline diffusion limitation reduced the chance for methanol and dimethyl ether to contact with the catalytic active sites.



The acid properties of the catalysts are shown in Figure 6. There are two desorption peaks at temperature ranges of 100–250 °C and 250–450 °C, which generally relate to the weak acid and strong acid sites, respectively. As reported, the catalytic performance not only related to the strength but was also influenced by the type of acid sites. At present, Brønsted acid sites are believed to be the active sites for olefin production [12]. In the present work, the selectivity to propylene obviously increased with decreasing amounts of both weak and strong acid. Furthermore, it is clear that with the decrease of alumina content, both weak acid and strong acid strength of the zeolite decreased, which is beneficial for the delaying of coke formation [28,29]. As mentioned above, by modulating the content of alumina in the ZSM-5 molecular sieve, we can obtain molecular sieve catalysts with suitable acid strength, which can suppress side reactions; while changing the molecular sieve morphology and strengthening the influence of intra-crystal diffusion in the molecular sieve can further suppress the related side reactions. Thus, higher selectivity of propylene was produced. Similarly, the strength of the pore-confined effect should moderate just like the acidity to achieve high conversion of methanol, acceptable cracking activity, and well-inhibited side reactions spontaneously. Moreover, the lower Si/Al will lead to faster formation of methylated aromatic species, then increase the coking rates [12]. It is also believed that the coking of H-ZSM-5 during MTP does not proceed in the pores but on the crystallites surface [15]. Overall, propylene selectivity and resistance to coking are the two most important parameters in catalysts. Therefore, in order to maximize the propylene yield, the catalyst design should include the optimization in both aspects in order to achieve better application results.





3. Experiments


3.1. Catalyst Preparation


The ZSM-5 samples used in this study were divided into two series, ellipsoidal agglomerates and hexagonal single crystals, based on the differences in morphology, and each series contained five samples with different aluminum contents. A commercial zeolite ZSM-5 from the company Novel (Zhuoyue Environmental Protection New Materials, Shanghai, China) with a size of about 1 micron was used for comparison.



Ellipsoidal agglomerate samples were prepared using a silica source of silica sol, an alumina source of aluminum sulfate hexadecahydrate, a structure directing agent of tetrapropylammonium bromide (TPABr), and sodium hydroxide to mediate the alkalinity, with the following ratios of material amounts of the synthetic precursors: SiO2:Al2O3:TPA+:OH−:H2O = 1:x:0.25:0.2:15. After the precursor preparation was completed, the product was crystallized at 170 °C for 16 h under stirring and categorized into A1, A2, A3, A4 and A5 according to the high-to-low alumina content. Hexagonal single crystal samples were prepared using a silica source of silica sol, an alumina source of aluminum sulfate hexadecahydrate and a structural directing agent of tetrapropylammonium hydroxide (TPAOH) with the following ratios of material amounts of synthetic precursors: SiO2:Al2O3:TPA+:H2O = 1:x:0.25:0.2:30. After the preparation of the precursor system, the product was crystallized at 170 °C for 16 h with stirring, and the products were categorized into S1, S2, S3, S4 and S5 according to the high-to-low alumina content. The commercial zeolite ZSM-5 was named M1.



Before being used for catalytic performance testing, the ZSM-5 molecular sieves needed to be calcined to remove the organic structure directing agent. Then, the calcined samples were treated with ammonium-ion exchange in order to form hydrogen-type zeolites. The ammonium-ion exchange feed mass ratios: molecular sieve:NH4Cl:H2O = 1:0.05:10. The exchanging mixture was kept at 95 °C for 2 h; the material after ammonium ion exchange was filtered, washed and dried, and then calcined to remove ammonia to obtain hydrogen-type zeolite; subsequently, the obtained product was mixed and kneaded with the pseudo-boehmite and dilute nitric acid (nitric acid mass concentration of 5%) in the mass ratio of 1:0.2:0.9, and extruded by screw extruder to obtain strips of 3 mm in diameter, which were then dried, calcined, and crushed into 20~40 mesh particles. The catalyst samples were named by adding the prefix Cat in front of the molecular sieve number; e.g., Cat-A1.




3.2. Characterization


The crystal phase analysis of the molecular sieve material was performed on an X-ray diffractometer from the company PANalytical, model XPert3 Powder (Malvern, UK), with data collected at an X-ray tube pressure of 40 kV and a tube current of 30 mA, and the scanning range (2θ) was 5–40°. The microscopic morphology of the samples was observed by scanning electron microscopy, using Hitachi S-4800 equipment (Tokyo, Japan) operating at 5 kV. The instrument used for the nitrogen adsorption experiments was a TriStar II 3020 from Micromeritics (Micromeritics, Norcross, GA, USA) at −196 °C. The equipment used for the mercury-pressure test was the AutoPore IV 9500 from Micromeritics (Norcross, GA, USA); Hg was filled into anode bulk samples of ≈2.2 g at pressures of 3.45 × 103–4.14 × 108 Pa). The ammonia desorption tests were performed on equipment from Micromeritics, namely the model Autochem II 2920 (Micromeritics, Norcross, GA, USA), in which about 0.08 g of dried catalyst sample was loaded and heated to 150 °C to drive adsorbates off. Then, samples were cooled down in nitrogen and kept at 100 °C during ammonia adsorption and purging steps; the heating rate was 10 °C/min when the desorption started. The alumina contents were determined by XRF analysis using the Bruker AXS S4 spectrometer (Karlsruhe, Germany).




3.3. Catalytic Evaluation


The catalyst evaluation was carried out on a miniature fixed-bed reactor with a 14 mm inner diameter reaction tube, a catalyst charge of 1 g and a charge height of 4 cm. We used aqueous methanol as feedstock with a methanol mass content of 30% and a WHSV of 2.0 h−1 of methanol in the feed. The catalyst bed temperature was 480 °C and the reaction pressure was atmospheric. The evaluation test lasted for 24 h. Samples were taken every hour for analysis and the final average value was taken for comparison.





4. Conclusions


The product distribution of methanol conversion in ZSM-5 molecular sieve catalysts is the result of the joint primary and secondary reactions. The improvement of the selectivity to propylene depended on the effective inhibition of the secondary reaction. The acidic sites of molecular sieves are the catalytic activity centers of the primary and secondary multiple reactions. In the present work, as the content of alumina in the molecular sieve decreased, the selectivity of propylene increased in the products. At the same time, the selectivity of propane and other related by-products decreased. Moreover, the diffusion had an important influence on product distribution. The limitation of intracrystalline diffusion was enhanced with the increase of molecular sieve primary crystal size. Side reactions, such as hydrogen transfer reaction, oligomerization, aromatization and so on, were suppressed. As a result, the selectivity of propylene increased relatively. The combined effect of acid optimization and diffusion control maximized the propylene output.
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Figure 1. XRD patterns of as-prepared zeolite. 






Figure 1. XRD patterns of as-prepared zeolite.



[image: Catalysts 14 00067 g001]







[image: Catalysts 14 00067 g002] 





Figure 2. SEM images of the as-synthesized catalysts. 
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Figure 3. Pore volume and pore distribution of the as-prepared catalysts from mercury injection tests. 
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Figure 4. The trend of methanol conversion, propylene selectivity, and by-product selectivity changed with alumina content. 
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Figure 5. Products’ distribution across samples with different morphology. 
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Figure 6. NH3-TPD curves of the catalysts. 
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Table 1. Alumina content and pore properties of the catalysts.
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	Samples
	Si/Al Ratio
	Surface Area (BET), m2/g
	Surface Area (T-plot), m2/g
	Surface Area (Mesopore), m2/g
	Pore Volume, cm3/g





	A1
	105
	437
	390
	47
	0.21



	A2
	124
	444
	404
	40
	0.19



	A3
	143
	448
	401
	47
	0.20



	A4
	171
	452
	401
	51
	0.20



	A5
	195
	447
	399
	48
	0.20



	S1
	110
	400
	357
	43
	0.21



	S2
	125
	395
	353
	42
	0.20



	S3
	157
	404
	366
	38
	0.20



	S4
	177
	397
	384
	15
	0.19



	S5
	199
	410
	383
	27
	0.21



	M1
	152
	363
	346
	17
	0.20










 





Table 2. Results of the methanol conversion test.
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Catalyst

	
Conv.

/wt%

	
Selectivities/wt%




	
Methane

	
Ethylene

	
Ethane

	
Propylene

	
Propane

	
C4

	
C5+






	
Cat-A1

	
99.96

	
1.06

	
11.34

	
0.19

	
21.57

	
3.47

	
26.21

	
36.16




	
Cat-A2

	
99.96

	
1.02

	
10.75

	
0.18

	
27.92

	
2.39

	
25.05

	
32.69




	
Cat-A3

	
99.67

	
0.95

	
9.71

	
0.12

	
30.07

	
1.81

	
25.46

	
31.87




	
Cat-A4

	
98.80

	
0.87

	
8.48

	
0.08

	
36.06

	
1.20

	
24.90

	
28.41




	
Cat-A5

	
93.29

	
0.83

	
6.96

	
0.06

	
35.71

	
0.92

	
23.99

	
31.54




	
Cat-S1

	
99.90

	
1.20

	
10.79

	
0.16

	
33.67

	
1.70

	
24.24

	
28.24




	
Cat-S2

	
99.73

	
1.01

	
9.66

	
0.10

	
35.96

	
1.21

	
25.37

	
26.70




	
Cat-S3

	
99.68

	
0.68

	
9.56

	
0.07

	
37.93

	
1.16

	
25.28

	
25.31




	
Cat-S4

	
99.03

	
0.59

	
7.95

	
0.06

	
39.66

	
0.95

	
24.47

	
26.32




	
Cat-S5

	
93.84

	
0.67

	
7.28

	
0.06

	
36.31

	
0.92

	
23.92

	
30.84




	
Cat-M1

	
99.43

	
1.11

	
7.29

	
0.07

	
36.63

	
0.96

	
24.56

	
29.36











 





Table 3. Comparison of Cat-S1 and Cat-A1 and their product distribution.
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Catalyst

	
Selectivities/wt%




	
Methane

	
Ethylene

	
Ethane

	
Propylene

	
Propane

	
C4

	
C5+






	
Cat-S1

	
1.20

	
10.79

	
0.16

	
33.67

	
1.70

	
24.24

	
28.24




	
Cat-A1

	
1.06

	
11.34

	
0.19

	
21.57

	
3.47

	
26.21

	
36.16




	
Diff.

	
−0.16

	
0.55

	
0.03

	
−12.10

	
1.77

	
1.97

	
7.92




	
Relative Diff./%

	
−13.3

	
5.1

	
18.8

	
35.9

	
104.1%

	
8.1%

	
28.0%
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