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Abstract

:

In the dimethyl ether (DME)-to-olefin (DTO) reaction over 20 types of P-loaded ferrierite zeolites with different P loading amounts, the synthesis of n-butenes such as 1-butene, trans-2-butene, and cis-2-butene was investigated to maximize the n-butene yield by optimizing the P loading amount. The zeolites were characterized using X-ray diffractometry (XRD), N2 adsorption-desorption isotherms, and NH3 temperature-programmed desorption (NH3-TPD). Micropore and external surface areas, total pore and micropore volumes, and weak and strong acids affected the DTO reaction’s characteristics. The P-loaded ferrierite zeolite with a P loading of 0.3 wt.% calcined at 500 °C exhibited an n-butene yield of 35.7 C-mol%, which exceeds the highest yield reported to date (31.2 C-mol%). Multiple regression analysis using the obtained data showed that the strong acid/weak acid ratio and total pore volume had a high correlation with the n-butene yield, with a contribution rate of 64.3%. Based on the multiple regression analysis results, the DTO reaction mechanism was discussed based on the proposed reaction model involving the dual-cycle mechanism.
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1. Introduction


A circular economy is an economic model that creates added value while reducing resource input and making effective use of stock. For products using fossil resources, it is necessary to minimize resource consumption and suppress waste generation. Because biomass is the only renewable carbonaceous resource, the social implementation of high-value-added bio-based products is expected to contribute to the development of a circular economy [1,2].



Natural rubber is a bio-based rubber material. Synthetic rubber has superior properties compared to natural rubber in terms of oil resistance, weather resistance, and heat resistance. One essential component in the production of various synthetic rubbers such as styrene butadiene rubber and butadiene rubber, as well as polymers and latexes, is 1,3-butadiene (BD). Biomass-derived BD (Bio-BD) is typically synthesized from cellulose and hemicellulose [3,4,5]. Simulation results of these synthesis processes have revealed technical as well as environmental challenges [6,7]. Lignin contains complex aromatic units and can be converted into various phenolics [8,9]. However, the conversion process to Bio-BD has not yet been reported, and there are issues with its utilization.



Three processes for Bio-BD synthesis from lignin were proposed, and the one with the most promising economic efficiency was selected via simulation (Figure 1) [10]. This process consisted of four steps: gasification, dimethyl ether (DME) synthesis, DME-to-olefin (DTO) reaction, and isomerization/dehydrogenation. In the final step (isomerization/dehydrogenation), the conversion of iso-butene, which has a branched structure, to BD is difficult. Therefore, it is necessary to selectively synthesize n-butenes such as 1-butene, trans-2-butene, and cis-2-butene in the DTO reaction. Simulation results have revealed that the technical challenge of this process is improving the n-butene yield of the DTO reaction [11].



Zeolite is a typical catalyst used in the DTO reaction. Several synthesis methods suitable for use when propylene and aromatic compounds are the target products have been reported [12,13,14,15,16,17,18]. These methods take into account the light olefin synthesis mechanism using kinetic models [12], reaction mechanisms based on the pore structure [13,14,15], functional groups [16], acid properties [17], and the propylene yield improvement by increasing acid sites using multiple zeolites [18]. Although butene was detected as a byproduct in the DTO reaction over zeolites with the topologies of MFI [19,20], MFI/MTW, MFI/MEL [21], AEI/CHA [22], YFI [23], and CHA [24,25], none of these studies was aimed at n-butenes as the main product.



In general, the physicochemical properties of zeolites significantly influence their reaction properties. The addition of heteroatoms to zeolites is an effective approach to changing their properties. The loading of Mg [26], La, Ca [27], Zr [28], Ni [29], Co [30], Ce [31], or P [32,33] onto zeolite results in a hierarchical porous structure and changes in the acid properties, thereby affecting the reaction properties.



The ferrierite (FER) zeolite reportedly exhibited a high n-butene yield in the DTO reaction with n-butene as the target product [34]. Furthermore, for P-loaded FER zeolites with P loading amounts of 0 and 1.4–12 wt.%, the pore structure and acid properties changed monotonically with increasing P loading amounts [35]. The maximum n-butene yield was obtained using FER zeolites without P loading, and the DTO reaction showed a close relationship between the P loading amount and n-butene yield (Figure 1) [35]. Zhang et al. reported an optimal Ni loading amount for light olefin selectivity in the DTO reaction over the Ni/SAPO-34 zeolite [29].



In this study, the DTO reaction over P-loaded FER zeolites with P loading amounts of 0–0.8 wt.% was investigated. Our results reveal that there is an optimal P loading amount that leads to the highest n-butene yield; a yield which exceeds the highest yield reported to date. Moreover, the DTO reaction mechanism as well as the relationship between the physicochemical properties of the zeolite and n-butene yield was discussed.




2. Results and Discussion


Twenty different P-loaded FER zeolites with different P loading amounts (0, 0.1, 0.3, 0.6, and 0.8 wt.%) calcined at different temperatures (450, 500, 550, and 600 °C) were prepared using the impregnation method. Henceforth, the expression for P-loaded FER zeolite will be P(P loading amount)_calcination temperature. For example, if the P loading amount is 0.3 wt.% and the calcination temperature is 500 °C, the representation will be P(0.3)_500.



2.1. Characterization


The P-loaded FER zeolites were characterized using X-ray diffractometry (XRD), N2 adsorption/desorption isotherms, and NH3 temperature-programmed desorption (NH3-TPD) analysis.



Figure 2a shows the XRD patterns of the P-loaded FER zeolites with different P loading amounts at a calcination temperature of 500 °C. In all the cases, diffraction peaks were observed at 2θ = 9.3° ± 0.1° [200], 22.3° ± 0.1° [420], 23.5° ± 0.1° [330], 25.2° ± 0.1° [040], and 25.7° ± 0.1° [202], which are characteristic of FER [36,37]. This indicates that phosphoric acid treatment did not damage the crystal structure of the FER zeolite. However, no distinct peaks related to P were observed. Van der Bij et al. reported that amorphous AlPO4 is formed by the reaction of FER with phosphoric acid [38].



In all the as-prepared zeolites, the peak corresponding to 2θ = 25.2° ± 0.1° [040] showed a relatively higher intensity. All XRD patterns were normalized based on the intensity of this peak (Figure 2b,c). The intensity of the peaks corresponding to 2θ = 9.3° ± 0.1° [200] and 25.7° ± 0.1° [202] showed the maximum value for P(0.3)_500, i.e., the minimum value at half-value width. This indicates that the P loading amount influences the crystal diameter of the FER zeolite. Soh et al. reported the optimal P loading amount at which the crystal diameter exhibited the maximum value for the P-loaded H-Y zeolite [39]. Interestingly, the crystal size increased when the P loading amount was increased to 0.3 wt.%, above which the crystal size decreased with increasing P loading amount. In the impregnation method, the zeolite is exposed to phosphoric acid, which results in the dissolution of some of the crystals. This suggests that an increase in the P loading amount increases the acid-to-zeolite weight ratio, which in turn increases the amount of dissolved crystal, thereby resulting in a smaller crystal size.



Similarly, for the P-loaded FER zeolites calcined at 450 and 550 °C, the P loading amount, at which the crystal diameter attained its maximum value, was determined (Figures S1 and S2, respectively). In contrast, the intensities of the peaks observed at 2θ = 9.3° ± 0.1° [200] and 25.7° ± 0.1° [202] were almost independent of the P loading amount at 600 °C (Figure S3).



The N2 adsorption-desorption isotherms for the P-loaded FER zeolites calcined at 500 °C are shown in Figure 3. All of the isotherms were classified as type I based on the IUPAC classification. In all of the samples, adsorption was detected in the low relative pressure region of p/p0 < 0.01, indicating pore filling of the N2 molecules, and no hysteresis was observed in the desorption curves. These results indicate the absence of mesopores [40]. The N2 adsorption–desorption isotherms of the P-loaded FER zeolites calcined at 450, 550, and 600 °C showed the same trends as those observed for the sample calcined at 500 °C (Figures S4, S5 and S6, respectively).



The structural parameters (Table 1) of the P-loaded FER zeolites were obtained from the N2 adsorption-desorption isotherms. At a calcination temperature of 500 °C, the total and micropore surface areas and the total pore volume were maximized. At other calcination temperatures, most of the structural parameters showed the same trends. Wang et al. reported that in the case of P-loaded beta zeolites, phosphoric acid primarily interacts with Al2O3 and destroys the original crystal structure [41]. Van der Bij et al. reported that P acts as a glue, promoting the aggregation of zeolite particles [42]. The increase in the P loading amount to 0.3 wt.% possibly led to the generation of new micropores, owing to an increase in the amount of Al eluted from inside the micropores and the formation of macropores owing to zeolite particle aggregation, thereby increasing both the surface area and pore volume. However, excessive P loading may have led to pore blockage, resulting in a decrease in these parameters.



The NH3-TPD profiles of the P-loaded FER zeolites calcined at 500 °C are shown in Figure 4. Two distinct peaks corresponding to the weak and strong acid sites were observed. The maximum intensities of the low-temperature and high-temperature peaks were observed in the temperature ranges of 196–208 and 467–481 °C, respectively, for all loadings. The desorption maxima of both peaks shifted to lower temperatures with increasing P loading amount. These results indicate that as the P loading amount increases, the number of acid sites that interact relatively strongly with NH3 molecules decreases for both acid sites. A similar trend was observed in the NH3-TPD profiles of the P-loaded FER zeolites calcined at 450, 550, and 600 °C (Figures S7, S8 and S9, respectively).



The number of weak and strong acid sites evaluated based on the peak area is shown in Table 2. Ammonia adsorbs onto strong acid sites in the form of ammonium cations (protonic acidity). Conversely, it adsorbs onto the weak acid sites via hydrogen-coordinated bonds [43]. Therefore, weak acids with Lewis acidity and strong acids with Brønsted acidity could be considered briefly. At calcination temperatures of 450 and 500 °C, the number of both acid sites decreased with increasing P loading amount (Table 2). Conversely, at calcination temperatures of 550 and 600 °C, the number of both acid sites was almost the same when the P loading amounts were 0 and 0.1 wt.%, and decreased for a higher P loading amount. Xue et al. proposed a surface structure model for phosphoric acid-modified zeolites and suggested the presence of a non-participating P-OH group on the zeolite surface due to the condensation with hydroxyl groups of phosphoric acid and the Al-OH and Si-OH groups [44]. The acid strength of P-OH is lower than that of Al-OH; therefore, the acid properties for P-loaded zeolites decreases [39]. This finding is consistent with the fact that, in this study, the number of relatively strong acid sites decreased with increases in the P loading amount.



Py-IR spectra of P-supported FER zeolites calcined at 500 °C show large peak areas of 1543 cm−1, indicating a lot of Brønsted (B) acid sites, compared to Lewis (L) acid sites due to small peaks of 1455 cm−1 (Figure S10). This result suggests that B acid sites affect the DTO reaction.




2.2. Relationship Between P Loading Amount and DTO Reaction


The DTO reaction was performed using 20 different P-loaded FER zeolites, and the corresponding results are presented in Table 3. The DME conversion rate and product yield ranged from 2.4 to 95.5% and 0.2 to 35.7 C-mol%, respectively, and were highly dependent on the P loading amount and calcination temperature. In particular, the P(0.3)_500 exhibited the highest n-butene yield (35.7 C-mol%), which exceeds the previously reported value of 31.2 C-mol% [35]. At each calcination temperature, there was an optimal P loading amount at which the DME conversion rate and n-butene yield exhibited the maximum values. Wang et al. reported an optimal amount of P that resulted in the highest conversion in the synthesis of polyoxymethylene dimethyl ether using P-loaded beta zeolites [41]. Excess P covers the active site, possibly hindering the contact between the substrate and active site. For hydrogen production from NaBH4 using Co-loaded zeolites, the Co loading amount that resulted in the highest H2 yield has been previously reported [30,45]. As the Co loading amount increases, the number of Co particles that are easily accessible to the substrate also increases in the cage. However, excessive Co loading blocks the entrance of the cage, indicating that there is an optimal Co loading amount [45].



In this study, the DME conversion rate and n-butene yield decreased monotonically with increasing calcination temperature at different P loading amounts (0, 0.1, 0.6, and 0.8 wt.%). However, when P loading was 0.3 wt.%, the highest DME conversion rate and n-butene yield were obtained at a calcination temperature of 500 °C. Both the characterization and DTO reaction results show that the reaction properties depend on the pore structure and the acidity.




2.3. Multiple Regression Analysis


Statistical analysis of the physicochemical properties of zeolites and the DTO reaction characteristics will add useful information to the discussion of the reaction mechanism. In this study, multiple regression analysis was performed using a stepwise method to examine the physical properties of the P-loaded FER zeolites, which have a high correlation to the n-butene yield. We considered the values of seven physical properties: micropore surface area (x1), external surface area (x2), total pore volume (x3), micropore volume (x4), weak acid (x5), strong acid (x6), and strong acid/weak acid (x7, Table 2) as explanatory variables and calculated the correlation coefficient (rij) with respect to the n-butene yield (y) (Table S1). The absolute values of the seven correlation coefficients were in the following order: x7 (0.766) > x6 (0.692) > x5 (0.525) > x2 (0.470) > x1 (0.171) > x4 (0.141) > x3 (0.037).



Multiple regression analysis requires selecting an appropriate combination of explanatory variables. The tolerance (1 − rij2) of the explanatory variables x1 and x4 was 0.009 (Table S2), which is less than the critical value (0.1). Multiple regression analysis using the combination of x1 and x4 leads to multicollinearity, resulting in a decrease in correlation accuracy. Therefore, other combinations of explanatory variables were employed in the multiple regression analysis.



The multiple regression analysis results, including the explanatory variables, residual sum of squares (RSS), F-ratio, regression equation, and contribution rate are shown in Table 4. The RSS is expressed as shown in Equation (1).
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Here, εi is the error, a0 is the intercept, a1–a7 are partial regression coefficients, and x1–x7 are the experimental data. The RSS is derived from the error between the data and the regression equation, and a small value is desirable.



The F-ratio represents the rate of decrease in the RSS when explanatory variables are added, and it is expressed as shown in Equation (2).
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Here, q represents the number of explanatory variables. When the F-ratio is 2 or more, the rate of decrease in the RSS is high, indicating that the addition of the explanatory variables is effective.



The F-ratio is also used to determine whether variables already included in the regression equation are necessary. If ‘q’ explanatory variables are already in the regression equation and one of them is removed, the F-ratio represents the rate of increase in RSS and is expressed as shown in Equation (3).
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If this value is 2 or more, the RSS increase rate is high and the explanatory variable cannot be removed.



Multiple regression analysis can determine the partial regression coefficients (a1–a7) that minimize the RSS in Equation (1). The regression equation is obtained as shown below [Equation (4)].
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When no explanatory variables are used (trial 1), the RSS is the sum of the squares of the n-butene yield (6012). After the addition of x7, which has the highest correlation coefficient to y (trial 2), the RSS decreased to 1266. Because the F-ratio was 2 or greater (67.5), x7 was adopted as an explanatory variable. The RSS was calculated when x1, x2, x3, x4, x5, and x6 were added to x7 (trial 3). When x3 was added, the RSS was the smallest (1092). Because the F-ratio was 7.8 (>2), we adopted x3. The RSS was calculated when x1, x2, x4, x5, and x6 were added to x7 and x3 (trial 4). The RSS was the lowest (1059) when x2 was added. However, because the F-ratio was less than 2 (0.5), x2 was not adopted.



We also considered whether the selected x7 and x3 values are useless variables. When one of the variables was removed (one at a time) from the regression equation involving the variables x7 and x3, the RSS values were 2385 and 1266, respectively (trial 5), while the F-ratios were 2.7 and 20.1, respectively, both of which are greater than 2. This indicates that neither x7 nor x3 can be removed. The multiple regression analysis including x7 and x3 (y = −116.2 + 42.6x3 + 126.7x7, Trial 2) had no variables to add or delete, and hence the multiple regression analysis was terminated. When x7 (strong acid/weak acid) and x3 (total pore volume) were used as the explanatory variables, the contribution rate of the regression equation was 64.3% compared to that when only x7 was used (Trials 1 and 5), and the n-butene yield (y) was 5.7% higher.



Multiple regression analysis without x7 yielded a contribution rate of 59.1% (Table S3). Thus, the adoption of x7 as an explanatory variable was effective and could successfully explain the 5.2% higher n-butene yield.



In the previous paper [35], the pore structure and acid properties of the P-loaded FER zeolites were not optimized, and the multiple regression analysis showed that micropore surface area and strong acid sites had the highest correlation with the n-butene yield, leading to the contribution rate of 53.7%. In this paper, the pore structure and acid properties, that is, the P loading amount, were optimized, and the multiple regression analysis showed that the strong acid/weak acid ratio and total pore volume had the highest correlation, leading to the contribution rate of 64.3%, an increase of 10.6% compared to the previous study.




2.4. DTO Reaction Mechanism


A dual-cycle mechanism has been proposed for the DTO reaction [46,47]. We proposed a reaction model involving the dual-cycle mechanism to discuss the DTO reaction mechanism, while considering the results of the multiple regression analysis, as shown in Figure 5.



The reaction pathways include the formation of methoxy groups on the catalyst surface (reactions 1 and 2), direct formation of ethylene and propylene (reactions 3–5), methylation within the olefinic cycle (reactions 6–10), formation of methylcyclopentenyl cations, benzene (C6) production from propylene and hexene via cyclization of CP+ (reactions 11–14), methylation within the aromatic cycle (reaction 15), and cracking (reactions 16 and 17). In the previous report [35], the proposed model contained only aromatic and olefinic cycles. In the paper, reactions 15–17, included in the aromatic cycle, are the same as in the previous report [35]. In contrast, reactions 1–5 were proposed, and in the olefinic cycle, heptene production was added, and further alkylation or cracking was not proposed.



In the initial stage of the DTO reaction, DME reacts with the hydroxyl groups on the catalyst surface, resulting in the formation of methoxy groups (reactions 1 and 2). Subsequently, the methoxy group and DME, that is, two methoxy groups, react to yield ethylene and propylene (reactions 3–5). Sun et al. reported the formation of active ethylene species on acidic sites based on nuclear magnetic resonance (NMR) spectroscopic measurements during the early stages of the MeOH-to-olefin (MTO) reaction [48].



In the olefinic cycle, methylation is promoted by the reactions of ethylene and propylene with the methoxy group (reactions 6–10). Sun et al. reported that the strong acid site is the active site for benzene alkylation involving β-zeolites [49]. Hill et al. reported that alkylation in the DTO reaction originates from the MeOH/DME complex formed on the B acid site [50]. Song et al. reported an increase in selectivity for light olefins, with an increase in B acid sites in the MeOH-to-propylene reaction over P-loaded ZSM-5 [51]. In this study, the methoxy group derived from strong acid and B acid site would be involved in methylation.



The activation energy of olefin methylation in the DTO reaction is, in order, ethylene > propylene > butene > pentene, indicating that the synthesis of relatively long hydrocarbons is advantageous [46]. This suggests that the selective formation of butene requires not only the promotion of propylene methylation but also the suppression of butene methylation via steric hindrance. The total pore volume exhibited its maximum value at an optimal P loading amount (Table 1). The increase in the total pore volume was due to the increase in macropores owing to P acting as a glue and the aggregation of the primary particles of zeolite, indicating that the distance between the primary particles became shorter. At any given calcination temperature, the n-butene yield increased as the P loading amount increased from 0 to 0.3 wt.% (Table 3). Thus, ethylene and propylene flowing out of the primary particles may have had easier access to the methoxy groups in adjacent particles, resulting in further methylation. Conversely, excessive P loading could have resulted in low n-butene yield due to pore blockage and the inhibition of the access of heptene to the B acid site, because no products with eight or more carbon numbers were detected (Table 3, Figure 5).



The morphology was investigated using an atomic resolution TEM (Figure S11), and we will be able to discuss the relationship between the existence state of P and the DTO reaction using atomic resolution TEM images in near future.



Propylene and hexene in the olefinic cycle produce benzene as a hydrocarbon pool via the methylcyclopentenyl cations (CP+) (reactions 11–14) [47,52]. In the aromatic cycle, C6 reacts with a methoxy group, producing an aromatic compound with eight carbon atoms (C8) (reaction 15). The detailed reactions in the aromatic cycle were mentioned in the previous study [35]. Subsequently, cracking produces ethylene and propylene, and C6 is again formed (reactions 16 and 17). In this study, weak acid in the micropores probably suppressed the formation of CP+ from propylene and hexene (reactions 11 and 12). The low ethylene and propylene yields in the DTO reaction (Table 3) are consistent with the suppression of alkylation and cracking (reactions 15–17) in the aromatic cycle.



Ling et al. reported that in dodecylbenzene synthesis over P-loaded MCM-22, a P loading of 0.6 wt.% showed the highest yield [53]. The NH3-TPD profiles showed that as the P loading increased, the amount of weak acid increased and that of strong acid decreased [53], thereby supporting the fact that strong acid/weak acid influences the reaction characteristics. Magomedova et al. reported that there are desirable strong/weak acids for the selective synthesis of ethylene and propylene in the DTO reaction over ZSM-5 [54]. In this study, both the desired ratio of strong acid (which promotes methylation) to weak acid (which suppresses cyclization) and the total pore volume (which suppresses butene methylation) resulted in a high n-butene yield.



In this study, the production of iso-butene was suppressed (Table 3, reaction 18 in Figure 5). Hill et al. reported that the reaction rate constant for the alkylation of iso-butene is at least 40 times higher than those for 1-butene, trans-2-butene, and cis-2-butene [50]. This indicates that iso-butene production was suppressed owing to n-butene isomerization in this study. Kitev et al. reported that the B acid site of FER zeolite is the active site of isomerization in the skeletal isomerization reaction of 1-butene, and that iso-butene selectivity decreased with increasing micropore/mesopore ratios [55]. This indicates supports that the presence of micropores in FER zeolites makes it difficult for n-butene to access B acid sites, resulting in steric hindrance to iso-butene formation (r18). The fact that the presence of mesopores was not confirmed (Table 1) is consistent with the fact that iso-butene production from n-butene is suppressed.



Accordingly, the DTO reaction over P-loaded FER zeolites was explained using the proposed reaction model involving the dual-cycle mechanism.





3. Materials and Methods


3.1. Catalyst Preparation and Characterization


Commercially available FER zeolite (720NHA, Tosoh Co., Ltd., Tokyo, Japan) with SiO2/Al2O3 (mol/mol)) = 18.5, cation type: NH4+, crystal size ≤ 1 µm, and particle size = 6 µm was used in this study. The P-loaded FER zeolites with different P loading amounts (0, 0.1, 0.3, 0.6, and 0.8 wt.%) were prepared via the impregnation method. The calcination temperatures were 450, 500, 550, and 600 °C.



P-loaded FER zeolites were characterized as follows.



The XRD patterns were obtained using an X-ray diffractometer (RINT-TTR III, Rigaku Corporation, Tokyo, Japan). The target, voltage, current, and wavelength were Cu, 50 kV, 300 mA, and 0.15418 nm, respectively.



The structural parameters were measured using a specific surface area/pore distribution measuring device (BELSORP-mini II, MicrotracBEL Cort., Osaka, Japan).



NH3-TPD was performed using an auto-chemisorption system (BELCAT-B, MicrotracBEL Corp., Osaka, Japan) equipped with a thermal conductivity detector (TCD).



The detailed procedures were mentioned in the previous paper [35].




3.2. DTO Reaction


A fixed-bed flow reactor was used for the DTO reaction [10]. Zeolite powder (0.2 g) was employed in each run. The detailed procedure for the DTO reaction and estimation method for the catalytic behavior were both mentioned in the previous paper [35].





4. Conclusions


DTO reactions were performed using P-loaded FER zeolites with different loading amounts calcined at different temperatures. The structural factors of zeolite that influenced the n-butene yield were clarified using multiple regression analysis. The following conclusions were drawn.




	
P(0.3)_500 exhibited the highest n-butene yield (35.7 C-mol%), which exceeded the previously reported highest yield (31.2 C-mol%);



	
Multiple regression analysis results showed that n-butene yield had a high correlation with strong acid/weak acid and total pore volume, and was explained by these two explanatory variables based on a contribution rate of 64.3%;



	
The DTO reaction over the P-loaded FER zeolites was explained using the proposed reaction model involving the dual-cycle mechanism.
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Figure 1. Synthesis process of Bio-BD from lignin. 
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Figure 2. (a) XRD patterns of the P-modified FER zeolites calcined at 500 °C and the zoomed regions at 2θ = (b) 8.5°–10° and (c) 24.5°–26.5°. 
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Figure 3. N2 adsorption-desorption isotherms of the P-modified FER zeolites calcined at 500 °C. 
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Figure 4. NH3-TPD profiles of the P-modified FER zeolites calcined at 500 °C. 
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Figure 5. Proposed DTO reaction model involving the dual-cycle mechanism. 
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Table 1. Pore parameters for the P-loaded FER zeolites calcined at different temperatures.
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Catalyst

	
Surface Area (m2 g−1)

	
Pore Volume (cm3 g−1)




	
Total 1

	
External 2

	
Micro 2

	
Total 1

	
Micro 2






	
P(0)_450

	
301

	
26

	
365

	
0.47

	
0.11




	
P(0.1)_450

	
304

	
29

	
366

	
0.53

	
0.11




	
P(0.3)_450

	
253

	
31

	
258

	
0.34

	
0.09




	
P(0.6)_450

	
154

	
29

	
156

	
0.36

	
0.05




	
P(0.8)_450

	
57

	
26

	
16

	
0.32

	
0.01




	
P(0)_500

	
352

	
27

	
442

	
0.39

	
0.13




	
P(0.1)_500

	
408

	
26

	
461

	
0.41

	
0.13




	
P(0.3)_500

	
333

	
23

	
416

	
0.48

	
0.12




	
P(0.6)_500

	
307

	
23

	
381

	
0.36

	
0.11




	
P(0.8)_500

	
291

	
22

	
363

	
0.31

	
0.11




	
P(0)_550

	
336

	
28

	
416

	
0.39

	
0.12




	
P(0.1)_550

	
356

	
24

	
446

	
0.44

	
0.13




	
P(0.3)_550

	
307

	
25

	
377

	
0.55

	
0.11




	
P(0.6)_550

	
286

	
25

	
348

	
0.42

	
0.10




	
P(0.8)_550

	
316

	
24

	
386

	
0.51

	
0.12




	
P(0)_600

	
363

	
22

	
457

	
0.38

	
0.13




	
P(0.1)_600

	
362

	
25

	
455

	
0.39

	
0.13




	
P(0.3)_600

	
349

	
27

	
435

	
0.46

	
0.13




	
P(0.6)_600

	
340

	
26

	
422

	
0.53

	
0.12




	
P(0.8)_600

	
319

	
25

	
395

	
0.49

	
0.11




	
S.D 3

	
76

	
2

	
107

	
0.07

	
0.03








1 Calculated using the BET method, 2 calculated using the t-plot method, 3 standard deviations.













 





Table 2. Measured acidities of the P-modified FER zeolites calcined at different temperatures.
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	Catalyst
	Weak

(mmol g−1)
	Strong

(mmol g−1)
	Total

(mmol g−1)
	Strong/Weak

(-)





	P(0)_450
	1.60
	1.54
	3.14
	0.96



	P(0.1)_450
	1.47
	1.49
	2.96
	1.01



	P(0.3)_450
	1.38
	1.30
	2.68
	0.94



	P(0.6)_450
	1.35
	1.24
	2.59
	0.92



	P(0.8)_450
	1.31
	1.19
	2.50
	0.91



	P(0)_500
	1.41
	1.37
	2.78
	0.98



	P(0.1)_500
	1.33
	1.28
	2.61
	0.96



	P(0.3)_500
	1.29
	1.15
	2.43
	0.89



	P(0.6)_500
	1.27
	1.11
	2.39
	0.87



	P(0.8)_500
	1.20
	0.99
	2.19
	0.88



	P(0)_550
	1.48
	1.33
	2.81
	0.89



	P(0.1)_550
	1.49
	1.39
	2.89
	0.93



	P(0.3)_550
	1.36
	1.09
	2.45
	0.80



	P(0.6)_550
	1.29
	1.02
	2.30
	0.79



	P(0.8)_550
	1.18
	0.95
	2.12
	0.81



	P(0)_600
	1.25
	0.98
	2.23
	0.78



	P(0.1)_600
	1.25
	0.99
	2.24
	0.79



	P(0.3)_600
	1.20
	0.93
	2.13
	0.77



	P(0.6)_600
	1.16
	0.84
	2.00
	0.72



	P(0.8)_600
	0.71
	0.56
	1.27
	0.78



	S.D 1
	0.18
	0.23
	0.41
	0.08







1 standard deviations.













 





Table 3. Catalytic performance of the P-modified FER zeolites in the DTO reaction.
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Catalyst

	
DME Conv.

(C-mol%)

	
Product Yield (C-mol%)

	




	
C1–C3

	
C2=

	
C3=

	
MeOH

	
C4 1

	
i-C4=

	
BD

	
n-C4= 2

	
C5

	
C6

	
C7






	
P(0)_450

	
75.3

	
2.6

	
2.4

	
5.1

	
8.4

	
0.1

	
1.3

	
0.8

	
26.1

	
21.3

	
6.3

	
0.8




	
P(0.1)_450

	
95.5

	
4.0

	
4.6

	
7.7

	
4.6

	
0.2

	
3.4

	
0.8

	
33.6

	
28.7

	
7.2

	
0.9




	
P(0.3)_450

	
81.8

	
4.5

	
6.7

	
12.1

	
0.5

	
0.2

	
3.0

	
0.1

	
34.1

	
17.5

	
3.0

	
0.3




	
P(0.6)_450

	
39.9

	
3.6

	
5.3

	
5.7

	
3.6

	
0.1

	
0.1

	
0.2

	
17.4

	
3.4

	
0.5

	
0.0




	
P(0.8)_450

	
27.7

	
3.8

	
6.1

	
4.8

	
0.3

	
0.1

	
0.0

	
0.1

	
11.1

	
1.3

	
0.1

	
0.0




	
P(0)_500

	
50.4

	
2.7

	
5.8

	
12.9

	
0.2

	
0.3

	
6.1

	
0.0

	
11.1

	
9.8

	
1.1

	
0.4




	
P(0.1)_500

	
88.1

	
4.7

	
5.4

	
9.2

	
1.1

	
0.4

	
7.3

	
0.1

	
23.8

	
29.6

	
5.5

	
0.9




	
P(0.3)_500

	
90.5

	
5.7

	
8.9

	
15.0

	
0.2

	
0.1

	
4.7

	
0.0

	
35.7

	
17.2

	
2.5

	
0.3




	
P(0.6)_500

	
35.3

	
3.6

	
3.9

	
4.1

	
5.2

	
0.1

	
0.0

	
0.2

	
14.1

	
3.5

	
0.5

	
0.0




	
P(0.8)_500

	
3.4

	
1.2

	
0.5

	
0.1

	
1.3

	
0.0

	
0.0

	
0.0

	
0.2

	
0.0

	
0.0

	
0.0




	
P(0)_550

	
14.9

	
3.1

	
1.7

	
3.4

	
0.2

	
0.4

	
1.5

	
0.0

	
2.9

	
1.1

	
0.4

	
0.2




	
P(0.1)_550

	
72.5

	
3.7

	
3.1

	
4.4

	
12.9

	
0.2

	
4.0

	
0.4

	
19.1

	
19.4

	
4.4

	
0.9




	
P(0.3)_550

	
36.0

	
4.9

	
4.7

	
9.0

	
0.2

	
0.4

	
4.0

	
0.2

	
7.9

	
4.1

	
0.6

	
0.0




	
P(0.6)_550

	
2.9

	
1.3

	
0.3

	
0.4

	
0.2

	
0.0

	
0.1

	
0.0

	
0.5

	
0.1

	
0.0

	
0.0




	
P(0.8)_550

	
2.4

	
1.4

	
0.3

	
0.2

	
0.2

	
0.0

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0

	
0.0




	
P(0)_600

	
3.4

	
1.6

	
0.3

	
0.3

	
0.2

	
0.1

	
0.2

	
0.0

	
0.5

	
0.1

	
0.0

	
0.0




	
P(0.1)_600

	
12.8

	
3.4

	
1.5

	
2.7

	
0.2

	
0.4

	
1.2

	
0.0

	
2.3

	
0.8

	
0.3

	
0.1




	
P(0.3)_600

	
3.4

	
1.7

	
0.2

	
0.2

	
0.3

	
0.1

	
0.1

	
0.0

	
0.6

	
0.2

	
0.0

	
0.0




	
P(0.6)_600

	
2.8

	
1.3

	
0.3

	
0.3

	
0.2

	
0.0

	
0.1

	
0.0

	
0.4

	
0.1

	
0.0

	
0.0




	
P(0.8)_600

	
5.8

	
1.1

	
0.3

	
0.2

	
2.5

	
0.0

	
0.0

	
0.0

	
1.2

	
0.3

	
0.1

	
0.0








1 n-butane + iso-butane, 2 1-butene + trans-2-butene + cis-2-butene.













 





Table 4. Multiple regression analysis.
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	Trial
	Explanatory Variable
	RSS
	F-Ratio
	Regression Equation
	Contribution Rate (%)





	1
	None
	6012
	
	
	



	2
	x7
	1266
	67.5
	y = −89.7 + 117.2x7
	58.6



	3
	x7, x1
	1265
	
	
	



	
	x7, x2
	1221
	
	
	



	
	x7, x3
	1092
	7.8
	y = −116.2 + 42.6x3 + 126.7x7
	64.3



	
	x7, x4
	1262
	
	
	



	
	x7, x5
	1260
	
	
	



	
	x7, x6
	1258
	
	
	



	4
	x7, x3, x1
	1070
	
	
	



	
	x7, x3, x2
	1059
	0.5
	y = −124.3 + 0.6x2 + 41.3x3 + 117.8x7
	65.4



	
	x7, x3, x4
	1081
	
	
	



	
	x7, x3, x5
	1090
	
	
	



	
	x7, x3, x6
	1091
	
	
	



	5
	x7, x3 − x7
	2385
	2.7
	y = 9.4 + 6.5x3
	0.1



	
	x7, x3 − x3
	1266
	20.1
	y = −89.7 + 117.2x7
	58.6
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