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Abstract

:

Various ferrierite zeolites were investigated as catalysts for the dimethyl ether (DME)-to-olefin (DTO) reactions to efficiently synthesize n-butene, such as 1-butene, trans-2-butene, and cis-2-butene except for iso-butene using a fixed-bed flow reactor. Twenty P-loaded ferrierite zeolites with different structural parameters and acidic properties were prepared by the impregnation method by varying the P content and the temperature of air calcination as a pretreatment. The zeolites were characterized by X-ray diffraction (XRD), N2 adsorption-desorption, and NH3 temperature-programmed desorption (NH3-TPD). Micropore surface area, external surface area, total pore volume, micropore volume, and weak and strong acid sites affected the DTO reaction behavior. A high n-butene yield (31.2 C-mol%) was observed, which is higher than the previously reported maximum yield (27.6 C-mol%). Multiple regression analysis showed that micropore surface area and strong acid sites had a high correlation with n-butene yield. Based on our findings, we explained the reaction mechanism for selective n-butene synthesis except for iso-butene in the DTO reaction by the dual cycle model.
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1. Introduction


1,3-Butadiene (1,3-BD) is one of the major building blocks in the production of synthetic rubbers and resins. Owing to the good performance of polybutadiene and acrylonitrile-butadiene-styrene (ABS) resin, the demand for 1,3-BD is expected to increase in the future. 1,3-BD is a common by-product in the production of ethylene from naphtha. However, the use of shale gas instead of naphtha for ethylene production has become popular in recent years as shale gas is cheaper than naphtha [1,2]. Shale gas mainly contains methane and ethane and is difficult to convert to 1,3-BD. Therefore, researchers have focused on developing other synthesis methods for 1,3-BD from carbon resources other than naphtha to accomplish its stable supply.



Biomass is the only renewable carbonaceous resource. Thus far, 1,3-BD has been synthesized from cellulose and hemicellulose, which are the main components of woody biomass, via alcohol and tetrahydrofuran [3,4,5,6]. Techno-economic analysis through simulation has eliminated the issues with this synthetic process from a technological and environmental perspective [7,8]. Since cellulose and hemicellulose have relatively simple structures, researchers have converted them into various petroleum substitutes [9,10]. However, as lignin has a complicated structure, few reports exist on its conversion into a single material. For the effective utilization of lignin and stable supply of 1,3-BD, the synthesis of 1,3-BD from lignin is desirable.



We have previously developed the 1,3-BD synthetic process from lignin (Figure 1) via simulations and experiments [11,12,13,14]. The process consists of four steps: gasification, dimethyl ether (DME) synthesis, DME-to-olefin (DTO) reaction, and isomerization/dehydrogenation. Lignin can be efficiently converted to 1,3-BD since the syngas (CO + H2) is produced by gasification, regardless of the structural complexity of lignin. Process simulation results indicate that improving the yield of n-butene such as 1-butene, trans-2-butene, and cis-2-butene in the DTO reaction is the most challenging aspect of the synthesis of 1,3-BD from lignin [13], since 1,3-BD synthesis via skeletal isomerization of iso-butene has not been reported.



Zeolites are promising catalysts for the DTO reaction [15]. Zeolites with topologies such as MFI [16,17,18], CHA [19,20], MSE [21,22,23,24], EUO [25,26], YFI [27], MOR [28,29], AEI/CHA [30,31] exhibit high propylene yields. Butene is reported as a by-product in these reports. Moreover, there have been few reports on the selective synthesis of linear alkenes with a carbon number of four except for iso-butene. The use of ferrierite zeolite resulted in a high n-butene yield in the DTO reaction [14]. Ferrierite zeolite has a bidirectional microporous structure formed by interconnected small (8-ring) and medium (10-ring) pores. Since it has a large specific area, a high reaction rate and shape-selective effect are expected by modifying the pore structure and adding appropriate active sites.



To improve the catalytic performance of ferrierite zeolites, it is necessary to change physicochemical properties without changing the topology. The catalytic performance is enhanced by the synthesis of specific nanoscale shapes [32,33], silanation [34], and the addition of metal/non-metal oxide [35,36]. Among them, the addition of phosphorous by the impregnation method easily changes the physicochemical properties of zeolites [37,38]. The addition of P to zeolites improved not only the selectivity [39] but also the catalyst lifetime [40].



In this study, we investigated the DTO reaction behavior over P-loaded ferrierite zeolites with different structural parameters and acid properties prepared by the impregnation method, resulting in the improvement of n-butene yield except for iso-butene. We performed multiple regression analysis to identify the physicochemical factors of zeolites that were statistically highly correlated with n-butene yield for designing highly efficient zeolites. Based on the obtained findings, we explained a reaction mechanism for n-butene synthesis in the DTO reaction over ferrierite zeolite.




2. Results and Discussion


Twenty P-loaded ferrierite zeolites were prepared by the impregnation method, and the DTO reaction was performed using a fixed-bed flow reactor. The P content was 0–12 wt.%, and the temperatures of air calcination, which is a pretreatment, were 450, 500, 550, and 600 °C. The prepared zeolites were notated as P(P content)_calcination temperature. For example, the zeolite with a P content of 3.3 wt.% and calcination temperature of 550 °C is denoted as P(3.3)_550.



2.1. Characterization


P-loaded zeolites were characterized by X-ray diffraction (XRD), N2 adsorption-desorption, and NH3 temperature-programmed desorption (NH3-TPD) analyses.



Figure 2 shows the XRD patterns of P-loaded ferrierite zeolites at a calcination temperature of 450 °C. At 2θ = 9.3 ± 0.1 (200), 22.3 ± 0.1 (420), 23.5 ± 0.1 (330), 25.2 ± 0.1 (040), 25.7 ± 0.1 (202), characteristic diffraction peaks of ferrierite [41] were observed. Five characteristic peaks of P(0)_450 were consistent with those of P-loaded zeolites (Figure 2). This result indicates that the phosphoric acid treatment did not damage the phase structure of the ferrierite zeolite. With increasing P content, the peak intensity decreased, whereas the half-value width increased. This result indicates that an increase in the P content leads to a decrease in crystal size. Mixing the zeolite and phosphoric acid by the impregnation method would facilitate the dissolution of a part of the zeolite. An increase in the P content increases the ratio of the amount of acid to the weight of zeolite. Therefore, the crystal size became smaller as the amount of zeolite dissolved in the phosphoric acid solution increased. The same trend was observed for P-loaded zeolites at the calcination temperatures of 500, 550, and 600 °C (Figures S1–S3).



N2 adsorption-desorption isotherms for P-loaded zeolites calcined at 450 °C are shown in Figure 3. The isotherms depended on the P content and corresponded to the IUPAC classification Type I and IV composite types. The low relative pressure region (p/p0 < 0.01) corresponds to Type I adsorption (Langmuir isotherm) and indicates the presence of micropores [42]. In addition, the high relative pressure region (0.95 < p/p0) corresponds to Type IV adsorption and indicates the presence of macropores [33]. The amount of N2 adsorption decreased with increasing P content. In particular, P(12)_450 did not adsorb in the low pressure region (p/p0 < 0.1), suggesting that increasing P content causes micropore clogging. Similarly, the significant decrease in adsorption in the high pressure region (0.9 < p/p0) indicates the disappearance of macropores.



A hysteresis loop was observed in P(1.4)_450, and no other zeolites were observed (Figure 3). At a calcination temperature of 500 °C, a similar trend was observed (Figure S4). The hysteresis loop is believed to result from a stepwise desorption mechanism due to the connection of pores with different diameters. This finding suggests that the connection of pores with different diameters was not significant in the parent zeolite and zeolites of P contents with 3 wt.% or more, whereas pores with extremely different diameters would be formed in P(1.4)_450 and P(1.1)_500. The addition of excess phosphoric acid would be reasonable for the formation of pores with almost the same diameters. In contrast, no hysteresis loop was observed in any zeolites at calcination temperatures of 550 and 600 °C (Figures S5 and S6). A higher calcination temperature would promote the migration of phosphate ions during heating even at a P content of approximately 1 wt.%, resulting in the formation of cylindrical pores.



Structural parameters of P-loaded zeolites were obtained from N2 adsorption-desorption isotherms (Table 1). At all calcination temperatures, the surface area and pore volume decreased with increasing P content. This tendency was previously observed in P-loaded Hβ zeolites [43]. van der Bij et al. observed from scanning transmission X-ray microscopy that the phosphorus loaded on H-ZSM-5 is present on and close to the external surface [44]. Phosphorus would serve as the glue, promoting zeolite agglomeration and reducing the external surface area. Excess phosphorus would migrate into the pores to a certain extent, reducing the micropore surface area and pore volume; however, mesopore formation was not observed in this case.



At almost the same P contents, the micropore surface area increased with increasing calcination temperature, while the external surface area was almost constant. The parent zeolite in this study had the cation type of NH4+ and moisture in the micropores. Higher calcination temperature would promote the removal of these compounds, leading to an increase in the micropore surface area.



NH3-TPD profiles of P-loaded ferrierite zeolites at a calcination temperature of 450 °C are shown in Figure 4. Even though ammonia adsorbs on strong acid sites, such as ammonium cation (protonic acidity), it also adsorbs on weak acid sites via hydrogen bonding, as evidenced by FT-IR spectroscopy in a previous study [45]. NH3-TPD can determine the amount of weak and strong acid sites; however, it is unable to distinguish between Brønsted and Lewis acidity. FT-IR-pyridine adsorption is a promising analytical technique for determining the number of these acid sites.



Two distinct peaks corresponding to weak and strong acid sites were observed in the NH3-TPD profiles (Figure 4). The center of the low temperature peak was at 201–203 °C for all the P contents. The center of the high temperature peak was at 474–491 °C for the P contents from 0 to 6.9 wt.% and at 565 °C for the P content of 12 wt.%. Similar trends were observed for NH3-TPD of P-loaded zeolites at the calcination temperatures of 500, 550, and 600 °C (Figures S7–S9).



At all calcination temperatures, the total surface area and total volume are significantly reduced at a P content of 12 wt.% (Table 1). A decrease in the surface area is consistent with a decrease in the number of strong acid sites. A smaller pore volume would lead to an inhibition of mass transfer of NH3. Therefore, it is possible that excess heat was required to move the NH3 molecules out of the extremely narrow pore.



The weak and strong acid sites evaluated based on the peak area are shown in Table 2. At all calcination temperatures, both sites decreased with increasing P content. Vu et al. proposed a surface structural model for the addition of P to zeolites [46]. Among the three hydroxy groups of phosphoric acid, two undergo dehydration condensation with Si-OH and Al-OH, which constitute the zeolite surface, and the non-participating P-OH become acid sites on the zeolite surface [46]. Thus, the addition of 1 mol of phosphoric acid to zeolite theoretically eliminates 2 mol of OH groups on the zeolite surface and yields 1 mol of P-OH. As the acid strength of P-OH is weaker than that of Al-OH, the addition of P to zeolites weakens the acidity [47]. These results suggest that an increase in the P content causes a monotonous decrease in the number of acid sites. In contrast, 2 wt.% P-loaded Hβ zeolite exhibited the maximum number of strong acid sites [43]. Up to a P content of 2 wt.%, an increase in the P content led to the binding of phosphate to the zeolite defect sites, resulting in an increase in the amount of Brønsted acid sites. In contrast, at 2 wt.% or more, the progress of dealumination would lead to a decrease in the Brønsted acid sites. The effect of P addition on the generation of acid sites may depend on topology.




2.2. DTO Reactions


Initially, the DTO reaction was performed at 400 °C using inert SiO2. DME conversion was 0.1%, and no n-butene was detected. This result indicates that n-butene is generated only in the presence of zeolite catalysts.



The DTO reactions were conducted using 20 P-loaded ferrierite zeolites (Table 3). The P content was 0–12 wt.% and calcination temperatures were 450, 500, 550, and 600 °C. The DME conversion and product yield, which depended on P content and calcination temperature, were 1.3–97.8% and 0.0–31.2 C-mol%, respectively. In particular, P(0)_450 showed the highest n-butene yield (31.2 C-mol%), which exceeds the previously reported maximum value of 27.6 C-mol% [14]. It was also possible to suppress the production of iso-butene. At each calcination temperature, the DME conversion and n-butene yield decreased with increasing P content. When the P content was maintained nearly constant, a clear effect of the calcination temperature was not observed on the catalytic behavior. These results suggest that the zeolite pore structure and acidity significantly affect the efficiency of n-butene synthesis.




2.3. Correlation between n-Butene Yield and Physicochemical Properties of Zeolite


As mentioned in Section 2.2, the highest n-butene yield was obtained in this study. Therefore, the statistical analysis of the physicochemical properties of these zeolites could provide useful information for designing highly efficient zeolites. The six physical properties of micropore surface area (x1), external surface area (x2), total pore volume (x3), micropore volume (x4), weak acid sites (x5), and strong acid sites (x6) were considered as explanatory variables, from which the correlation coefficient (rij) and n-butene yield (y) were determined (Table S1). The absolute values of the six correlation coefficients are ≥0.5, and their order of magnitude was x1 (0.706) > x4 (0.700) > x6 (0.690) > x2 (0.666) > x5 (0.636) > x3 (0.621).



For multiple regression analysis, an appropriate combination of explanatory variables must be selected. The explanatory variable tolerance (1 − rij2) is shown in Table 4. When this value is less than the critical value (0.1), multicollinearity occurs, resulting in a decrease in correlation accuracy. Considering tolerance, combinations of explanatory variables other than x1–x4, x2–x5, and x5–x6 were used for multiple regression analysis.



The explanatory variables, residual sum of squares (RSS), F-ratio, regression equation, and contribution rate of multiple regression analysis are shown in Table 5. The RSS was expressed as follows:
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(1)




where, εi is the error, a0 is the intercept, a1–a6 are the partial regression coefficients, x1i–x6i are experimental data. It is derived from the error between the data and the regression equation, and a smaller value is desirable.



The F-ratio represents the reduction rate of the RSS when the explanatory variable is added, and was expressed as follows:


  F   r a t i o =   R S  S q  − R S  S  q + 1     R S  S  q + 1         N u m b e r   o f   e x p e r i m e n t a l   d a t a   ( = 20   −   q + 1   − 1   ,  
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where q was the number of explanatory variables. An F-ratio ≥ 1 indicates the effective addition of the explanatory variable.



The multiple regression analysis can determine the partial regression coefficient (a1–a6) that minimizes the RSS of Equation (1). As a result, the regression equation is obtained as follows:


  y =  a 0  +  a 1   x 1  +  a 2   x 2  +  a 3   x 3  +  a 4   x 4  +  a 5   x 5  +  a 6   x 6  ,  



(3)







When no explanatory variables (q = 0) were used (trial 1), the RSS0 was the sum of the squares of the n-butene yields (3086). When x1 with the highest correlation coefficient for y was added (trial 2), the RSS1 decreased to 1150 and the F-ratio was > 1 (30.30). Hence, x1 was adopted as the explanatory variable. Then, we calculated the RSS2 when x2, x3, x5, and x6 were added to x1 (trial 3). Due to the low tolerance of x1–x4 (0.024 < 0.1, Table 4), we did not consider adding x4. The addition of x6 led to the smallest residual sum of squares (1062). Since the F-ratio was 1.41 (>1) upon the addition of x6, x6 was also added to the regression equation. Next, we calculated the RSS3 when x2 and x3 were added to x1 and x6 (trial 4). because x5–x6 has a low tolerance (0.086 < 0.1, Table 4), we did not consider adding x5. Moreover, as the trial 4 resulted in an F-ratio of <1, the multiple regression analysis was terminated without adding x2 and x3. When x1 (micropore surface area) and x6 (strong acid sites) were used as explanatory variables (trial 3), the contribution rate of the regression equation was 53.7% and the n-butene yield (y) could be explained well.



Zeolites without P loading exhibited high n-butene yields, which were P(0)_450 > P(0)_550 > P(0)_500 > P(0)_600 (Table 3). The order of micropore surface area and strong acid sites is P(0)_450 < P(0)_550 < P(0)_500 < P(0)_600 (Table 1), and P(0)_450 > P(0)_550 > P(0)_500 > P(0)_600 (Table 2), respectively. The order of n-butene yield, micropore surface area and strong acid are consistent. These two factors were confirmed to be important for obtaining high n-butene yields.



To improve the contribution rate, the addition of other explanatory variables is required. We focus on Brønsted and Lewis acidity. In the near future, we will investigate the Brønsted and Lewis acid sites by the FT-IR-pyridine adsorption method.



A dual cycle model has been previously proposed as the mechanism for the DTO reaction [48,49]. Based on the literature, a model for the DTO reaction mechanism is shown in Figure 5. This reaction mechanism involves an aromatic cycle, aromatization, and olefinic cycle and generates four reaction intermediates (highlighted in blue in Figure 5): aromatics in hydrocarbon pools 6 and 8, cyclopentenyl cations (CP+), and adsorbed hydrogen on the zeolite surface (Z-H).



The aromatic cycle begins with the alkylation reaction of the aromatic intermediates C6–C8 (reaction 1) followed by dealkylation to produce aromatic compounds (reaction 2), methane (reaction 3), and ethylene (reaction 4). The olefinic cycle involves olefin methylation (reactions 5, 6, 7, and 8), hexene cracking (reactions 9, 10, and 11), and propylene dimerization (reaction 12). The two cycles are associated with an aromatization process (reactions 13 and 14) involving an aromatic intermediate (C6) and CP+ [50]. In addition, reactions involving CP+ (reactions 15, 16, and 17) are considered.



The initial reaction mechanism has still been under discussion. Strong acid generally contains Brønsted acid. MeOH and dehydration-derived DME react to form active ethylene species on the Brønsted acid in the initial stages of the MeOH-to-olefin (MTO) reaction, followed by alkylation [51]. Therefore, we considered the formation of active ethylene species from DME and the Brønsted acid as the starting point of the olefinic cycle.



In this study, low yields of methane and ethylene and no aromatic compounds were observed (Table 3). In addition, the DTO reaction mechanism over MFI zeolite (ZSM-5) was explained by the dual cycle model in the literature. ZSM-5 has only 10-membered rings. In contrast, ferrierite zeolite has 8- and 10-membered rings, and the pore cross section is elliptically distorted, which limits the penetration of aromatic compounds into the pores. Moreover, the DTO reaction over ferrierite zeolites has been reported with lower methane, ethylene, and aromatic compound yields than that over ZSM-5 [14]. These findings suggest that the olefinic cycle is the main reaction route in the former reaction.



High n-butene yield in the olefinic cycle requires the promotion of propylene methylation (reaction 6), suppression of butene methylation (reaction 7), and promotion of hexene cracking (reactions 9, 10, and 11). Since the micropore surface area and n-butene yield had the highest correlation coefficient (Table S1), an increase in the micropore surface area would increase the contact frequency between the reaction intermediates and strong acid as the methylation active site. In the DTO reaction over EUO zeolite, an increase in the micropore surface area led to high yields of propylene and butene [26].



The activation energies for olefin methylation reactions with DME are in the order ethylene > propylene > butene > pentene [49]. This indicates that an appropriate balance between the butene production rate and disappearance rate is required. Ortega et al. reported that butene is relatively stable due to the high activation energy for butene disappearance [52]. Menges et al. reported that butene formation by methylation is 1.7 times faster than butene disappearance [53]. These findings support the idea that butene disappearance is kinetically limited.



The iso-butene yield was extremely low (Table 3). Hill et al. reported that the alkylation rate constant of iso-butene is at least 40 times higher than that of 1-butene, trans-2-butene, and cis-2-butene [54]. This result indicates that iso-butene formation via n-butene isomerization is suppressed. Khitev et al. reported an increase in the iso-butene selectivity with a decrease in the micropore/mesopore ratio of ferrierite zeolites in the skeletal isomerization of 1-butene [55]. This finding suggests that the presence of micropores in ferrierite sterically hinders the formation of iso-butene via n-butene isomerization. This observation is also supported by the absence of mesopores (Table 1).



The hexene yield was relatively low (Table 3). Higher temperatures are thermodynamically favorable for cracking. Propylene was detected at temperatures above 450 °C in hexane cracking using zeolite [56,57]. Considering the reaction temperature (400 °C), we inferred that the contribution of hexene cracking (reactions 9, 10, 11, and 15) and conversion (reaction 12) to the olefinic cycle was small.



Multiple regression analysis indicated that micropore surface area and strong acid sites are the relevant physicochemical factors to explain n-butene yield. The increase in the micropore surface area provided a sufficient number of strong acid sites to promote alkylation (reactions 5 and 6). In contrast, the micropores of ferrierite would have contributed to suppressing the skeletal isomerization of n-butene. Therefore, the reaction mechanism for n-butene synthesis in the DTO reaction over P-loaded ferrierite zeolites was successfully explained by the dual cycle model.



To further improve the n-butene yield, butene alkylation should be suppressed (reaction 7), and the yield of hydrocarbons with five or more carbon atoms should be reduced. The addition of P to zeolites can reduce the micropore surface area and strong acid sites. Notably, P(1.4)_450 exhibited a lower n-butene yield than that of P(0)_450 (Table 3). P contents ranging from 0 to 1.4 wt.% may result in micropore surface area and strong acid sites, which suppresses the formation of hydrocarbons with five or more carbon atoms.



The amount of catalyst and the feed gas flow ratio (W/F) will affect the contact frequency between the reaction intermediates and the strong acid. Zeolites with a P content of approximately 1 wt.% had a significantly higher n-butene yield than the C5 yield (Table 3). Therefore, W/F is considered to be one of the promising factors.



The micropore surface area and strong acid sites should be systematically controlled for the design of highly efficient ferrierite zeolite catalysts with low P contents.





3. Materials and Methods


3.1. Catalyst Preparation


A commercial ferrierite zeolite 720NHA was purchased from Tosoh Co., Ltd. (Tokyo, Japan). The manufacturer’s catalog indicates that 720NHA has the following features: SiO2/Al2O3 (mol/mol) = 18.5, cation type = NH4+, crystal size ≤ 1 µm, and particle size = 6 µm. P-loaded zeolites were prepared by the impregnation method. Methanol-based catalytic reactions over P-loaded zeolites with P contents of 0 to 15 wt.% have been reported [39,58]. In this study, a similar range of P contents was set at 0 to 12 wt.%.



The P contents were varied by adding different volumes of phosphoric acid aqueous solution (purity 85%, Fuji Film Wako Pure Chemical Industries, Ltd., Osaka, Japan) to approximately 5 g of zeolite powder. Distilled water was then added, and the mixture was thoroughly mixed. Prior to calcination, the mixture was dried in an oven at 80 °C overnight. The crucible was then heated in a muffle furnace to remove the solvent. The calcination temperatures were 450, 500, 550, and 600 °C. The temperature was increased from room temperature to the desired temperature in 1 h and then held for 2 h.




3.2. Characterization


XRD patterns were acquired using an X-ray diffractometer (RINT TTR III, Rigaku, Tokyo, Japan). The target, voltage, and current were Cu, 50 kV, and 300 mA, respectively. The sampling width was 0.02°, the scan speed was 2°/min, and the range was from 5° to 35°. Peak height indicates crystallinity. The crystal diameter is inversely proportional to the half width of the peak.



Structural parameters were measured using a specific surface area/pore size distribution analyzer (Belsorp-mini II, MicrotracBEL Corp., Osaka Japan). N2 adsorption-desorption isotherms were obtained by measuring the amount of N2 adsorption against pressure. The Brunauer-Emmett-Teller (BET) method was used for the average specific surface area and total pore volume. External surface area, micropore surface area, and micropore volume were evaluated by the t method.



NH3-TPD was performed using a BELCAT-B (MicrotracBEL Corp., Osaka, Japan) equipped with a thermal conductivity detector (TCD). In each run, approximately 0.05 g of zeolite was heated at 10 °C/min to 450 °C under a He stream of 50 mL/min. These conditions are held for 1 h following which the zeolite was cooled to 100 °C and held in these conditions for 10 min. NH3/He mixed gas (5/95 vol%) was supplied at 50 mL/min for 30 min and the zeolite was heated to 700 °C at a heating rate of 10 °C/min under a He flow of 50 mL/min. A Gaussian distribution was assumed for the obtained multiple peaks, and peak separation was performed using the Davidson–Fletcher–Powell (DFP) method. The NH3 molecule and the acid sites were assumed to be bound in a ratio of 1:1. The amounts of weak and the strong acid sites were calculated from the peak areas obtained at low and high temperatures, respectively.




3.3. DTO Reaction


A fixed-bed flow reactor was used for the DTO reaction test [14]. Zeolite (0.2 g) was fixed in a quartz reaction tube (inner diameter 9.0 mm, length 235 mm) using quartz wool. To measure the actual catalyst layer temperature, the tip of the thermocouple was placed near the center of the catalyst layer.



The catalyst layer was heated using an electric furnace while supplying air (200 mL (STP)/min) to the reactor using an air compressor. When the catalyst bed temperature reached approximately 350 °C, the air was switched to DME/N2 [10/90 (v/v), 150 mL (STP)/min]. As the DTO reaction is an exothermic reaction, the temperature of the catalyst layer spontaneously increased. The temperature rise is highly dependent on zeolites. Therefore, it was necessary to adjust the reaction temperature by changing the set temperature for each run. The temperature profiles from 350 to 400 °C slightly depended on zeolites, whereas the heating time was 5 min for all runs. The DME/N2 mixed gas was then set at 49 mL (STP)/min to start the reaction, and the catalyst bed temperature was adjusted to 400 ± 5 °C.



After 10 min of the reaction, the product gas discharged from the reactor was analyzed online using GC-TCD (GC-2014, Shimadzu, Kyoto, Japan) and GC-FID (GC-2014, Shimadzu, Kyoto, Japan). A MICROPACKED-ST column (id: 3.0 mm; length 6 m; Shinwa Chemical Industries Ltd., Kyoto, Japan) was used for GC-TCD. A DB-5 capillary column (id: 0.53 mm; length: 60 m; thickness of the stationary phase: 40 µm; Agilent Technology, Tokyo, Japan) and HP-PLOT/Q (id: 0.53 mm; length: 30 m; thickness of the stationary phase: 40 µm: Agilent Technology, Tokyo, Japan) were connected in series and used for GC-FID.



The heating program of GC-FID was as follows: the temperature was held at 50 °C for 2 min; increased to 90 °C at 8 °C/min and held for 16 min; further increased to 98 °C at 1 °C/min; and finally increased to 180 °C at 8 °C/min and held for 60 min.



The DME conversion and product yield were expressed as follows:


DME conversion [%] = (DMEin [mol] − DMEout [mol])/DMEin [mol] × 100,



(4)






Product yield [C-mol%] = C number in product gas [C-mol]/Total C number in feed gas [C-mol] × 100



(5)







Quantitative analysis using GC-FID was possible for products comprising up to 4 carbon atoms. Therefore, the DME conversion and product yields of hydrocarbons with ≤4 carbon atoms were calculated by calibrating their area ratio to nitrogen. The effective carbon number of MeOH was set at 0.4.



Many peaks attributed to compounds with 5 or more carbon atoms were observed. The peaks with retention times 36–42, 42–50, and 50–62 could be attributed to carbon numbers 5, 6, and 7, respectively. The effective carbon numbers of hydrocarbons having 5, 6, and 7 carbon atoms were set at 5, 6 and 7, respectively. Based on this assumption, the carbon number of the product was calculated, followed by the product yield.





4. Conclusions


DTO reactions were performed using 20 P-loaded ferrierite zeolites. The physicochemical properties that were highly correlated with n-butene yield were identified via multiple regression analysis. The conclusions of this study are summarized below:



The physicochemical properties of ferrierite zeolites could be systematically changed by changing P contents.



P(0)_450 exhibited the highest n-butene yield (31.2 C-mol%) among the P-loaded ferrierite zeolites with different pore structures and acidic properties.



Multiple regression analysis showed that the physicochemical properties of micropore surface area and strong acid sites explained the n-butene yield of 53.7%.



The reaction mechanism for selective n-butene synthesis except for iso-butene in the DTO reaction was explained by the dual cycle model.
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Figure 1. 1,3-BD synthetic process from lignin. 
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Figure 2. XRD patterns of P-modified ferrierite zeolites calcined at 450 °C. 
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Figure 3. N2 adsorption-desorption isotherms for P-modified ferrierite zeolites calcined at 450 °C. 
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Figure 4. NH3-TPD profiles of P-modified ferrierite zeolites calcined of 450 °C. 
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Figure 5. Dual cycle model for the DTO reaction mechanism over P-loaded ferrierite zeolites. 
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Table 1. Pore parameters for P-modified ferrierite zeolites at different calcination 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

	
297

	
28

	
352

	
0.37

	
0.11




	
P(1.4)_450

	
280

	
22

	
339

	
0.27

	
0.11




	
P(3.3)_450

	
148

	
21

	
168

	
0.20

	
0.06




	
P(6.9)_450

	
27

	
12

	
13

	
0.11

	
0.01




	
P(12)_450

	
10

	
5

	
5

	
0.04

	
0.00




	
P(0)_500

	
366

	
27

	
460

	
0.37

	
0.14




	
P(1.1)_500

	
288

	
21

	
361

	
0.29

	
0.11




	
P(3.7)_500

	
54

	
20

	
34

	
0.23

	
0.02




	
P(6.9)_500

	
21

	
14

	
6

	
0.14

	
0.00




	
P(12)_500

	
11

	
6

	
4

	
0.05

	
0.00




	
P(0)_550

	
349

	
27

	
436

	
0.33

	
0.13




	
P(1.1)_550

	
323

	
25

	
392

	
0.37

	
0.12




	
P(3.3)_550

	
166

	
24

	
189

	
0.32

	
0.06




	
P(6.9)_550

	
21

	
11

	
8

	
0.15

	
0.01




	
P(12)_550

	
12

	
3

	
9

	
0.04

	
0.00




	
P(0)_600

	
380

	
29

	
474

	
0.38

	
0.14




	
P(1.2)_600

	
306

	
19

	
383

	
0.35

	
0.11




	
P(3.3)_600

	
190

	
16

	
229

	
0.28

	
0.07




	
P(6.7)_600

	
16

	
9

	
6

	
0.13

	
0.03




	
P(12)_600

	
10

	
4

	
5

	
0.05

	
0.03








1 calculated using the Brunauer-Emmett-Teller (BET) method, 2 calculated using t-plot.
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Table 2. Acidic properties of P-modified ferrierite zeolites at different calcination temperatures.






Table 2. Acidic properties of P-modified ferrierite zeolites at different calcination temperatures.





	Catalyst
	Weak

(mmol g−1)
	Strong

(mmol g−1)
	Total

(mmol g−1)





	P(0)_450
	1.45
	1.43
	2.87



	P(1.4)_450
	1.39
	1.30
	2.69



	P(3.3)_450
	1.08
	1.02
	2.10



	P(6.9)_450
	0.74
	0.83
	1.57



	P(12)_450
	0.54
	0.60
	1.14



	P(0)_500
	1.40
	1.31
	2.70



	P(1.1)_500
	1.34
	1.15
	2.49



	P(3.7)_500
	1.12
	0.83
	1.95



	P(6.9)_500
	0.89
	0.66
	1.55



	P(12)_500
	0.50
	0.38
	0.88



	P(0)_550
	1.45
	1.37
	2.82



	P(1.1)_550
	1.24
	1.06
	2.29



	P(3.3)_550
	1.10
	0.86
	1.96



	P(6.9)_550
	0.63
	0.54
	1.17



	P(12)_550
	0.26
	0.12
	0.37



	P(0)_600
	1.32
	1.03
	2.35



	P(1.2)_600
	1.19
	0.89
	2.08



	P(3.3)_600
	1.01
	0.73
	1.74



	P(6.7)_600
	0.70
	0.59
	1.29



	P(12)_600
	0.33
	0.20
	0.53
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Table 3. Catalytic performance of P-modified ferrierite zeolites in the DTO reaction.






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





	
Catalyst

	
DME Conv.

(%)

	
Product Yield (C-mol%)




	
C1–C3

	
C2=

	
C3=

	
MeOH

	
C4 1

	
i-C4=

	
1,3-BD

	
n-C4= 2

	
C5

	
C6≤






	
P(0)_450

	
97.8

	
3.9

	
4.0

	
9.1

	
2.6

	
0.1

	
4.7

	
0.4

	
31.2

	
33.3

	
8.6




	
P(1.4)_450

	
12.2

	
1.2

	
0.2

	
0.6

	
2.5

	
0.0

	
0.0

	
0.1

	
4.6

	
2.5

	
0.6




	
P(3.3)_450

	
3.6

	
0.9

	
0.5

	
0.1

	
1.8

	
0.0

	
0.0

	
0.0

	
0.2

	
0.1

	
0.0




	
P(6.9)_450

	
3.0

	
0.4

	
0.3

	
0.0

	
2.3

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
P(12)_450

	
1.9

	
0.2

	
0.0

	
0.1

	
1.2

	
0.0

	
0.0

	
0.0

	
0.2

	
0.1

	
0.0




	
P(0)_500

	
89.5

	
4.9

	
4.8

	
7.2

	
4.1

	
0.3

	
5.8

	
0.3

	
27.8

	
28.8

	
5.7




	
P(1.1)_500

	
12.6

	
1.2

	
0.1

	
0.5

	
3.0

	
0.0

	
0.1

	
0.1

	
4.5

	
2.5

	
0.6




	
P(3.7)_500

	
3.2

	
0.9

	
0.3

	
0.1

	
1.5

	
0.0

	
0.0

	
0.0

	
0.3

	
0.1

	
0.0




	
P(6.9)_500

	
2.9

	
0.7

	
0.3

	
0.0

	
1.9

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
P(12)_500

	
1.8

	
0.3

	
0.1

	
0.0

	
1.3

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
P(0)_550

	
93.8

	
6.0

	
5.3

	
7.3

	
5.0

	
0.3

	
5.7

	
0.4

	
29.8

	
28.6

	
5.3




	
P(1.1)_550

	
7.7

	
1.1

	
0.1

	
0.3

	
2.2

	
0.0

	
0.0

	
0.0

	
2.5

	
1.1

	
0.3




	
P(3.3)_550

	
3.5

	
0.9

	
0.3

	
0.1

	
2.0

	
0.0

	
0.0

	
0.0

	
0.2

	
0.1

	
0.0




	
P(6.9)_550

	
2.3

	
0.5

	
0.2

	
0.0

	
1.6

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
P(12)_550

	
1.3

	
0.3

	
0.0

	
0.0

	
1.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
P(0)_600

	
67.9

	
5.2

	
3.1

	
3.3

	
11.3

	
0.3

	
3.5

	
0.4

	
19.8

	
17.7

	
3.3




	
P(1.2)_600

	
13.3

	
1.8

	
0.1

	
0.4

	
3.9

	
0.0

	
0.1

	
0.1

	
3.9

	
2.5

	
0.5




	
P(3.3)_600

	
3.6

	
1.1

	
0.4

	
0.1

	
1.6

	
0.0

	
0.0

	
0.0

	
0.3

	
0.1

	
0.0




	
P(6.7)_600

	
2.8

	
0.6

	
0.3

	
0.0

	
1.8

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
P(12)_600

	
3.2

	
0.9

	
0.3

	
0.1

	
1.5

	
0.0

	
0.0

	
0.0

	
0.3

	
0.1

	
0.0








1 n-butane + iso-butane, 2 1-butene + trans-2-butene + cis-2-butene.
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Table 4. Tolerance between selected explanatory variables.






Table 4. Tolerance between selected explanatory variables.





	Selected Explanatory Variables
	Tolerance





	x1-x2
	0.261



	x1-x3
	0.163



	x1-x4
	0.024



	x1-x5
	0.245



	x1-x6
	0.332



	x2-x3
	0.104



	x2-x4
	0.282



	x2-x5
	0.078



	x2-x6
	0.179



	x3-x4
	0.173



	x3-x5
	0.148



	x3-x6
	0.314



	x4-x5
	0.267



	x4-x6
	0.352



	x5-x6
	0.086
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Table 5. Multiple regression analysis.






Table 5. Multiple regression analysis.





	
Trial

	
Explanatory Variable

	
RSS

	
F-Ratio

	
Regression Equation

	
Contribution Rate (%)






	
1

	
None

	
3086

	

	

	




	
2

	
x1

	
1150

	
30.30

	
y = −1.76 + 0.04 x1

	
49.9




	
3

	
x1, x2

	
1119

	

	

	




	
x1, x3

	
1141

	

	

	




	
x1, x5

	
1145

	

	

	




	
x1, x6

	
1062

	
1.41

	
y = −7.01 + 0.03 x1 + 9.97 x6

	
53.7




	
4

	
x1, x6, x2

	
1060

	
0.03

	
y = −6.81 + 0.03 x1 + 11.32 x6 − 0.10 x2

	
53.8




	
x1, x6, x3

	
1018

	
0.68

	
y = −5.08 + 0.04 x1 + 12.54 x6 − 31.74 x3

	
55.6
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