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Abstract

:

The major challenge in the production of xylene from benzene alkylation with methanol is to avoid the side reaction of methanol with olefins, and this leads to the low utilization efficiency of methanol and the generation of byproduct ethylbenzene. Hierarchical porous Ti-ZSM-5 with appropriate acidity was achieved by substituting part of Al by Ti in the synthesis process, which exhibited the high utilization efficiency of methanol and high suppression of the ethylbenzene formation by the efficient suppression of methanol to olefins.
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1. Introduction


Xylene is an essential intermediate to produce fine chemicals [1]. In recent years, alkylation of benzene has received substantial attention due to its possible role in the production of xylene from fossil fuels [2,3]. Zeolite Socony Mobil-5 (ZSM-5) zeolite with excellent catalytic activity and selectivity is often considered as a good catalyst in industries [4]. However, the conversion of benzene and the selectivity of xylene are both low by using conventional ZSM-5 due to its intrinsic micropores [5,6]. Moreover, the remained methanol would convert into alkanes and alkenes by side reactions, which led to the ethylbenzene formation and the catalyst deactivation [7]. Unfortunately, it remains difficult to separate or remove ethylbenzene from C8 aromatic [8]. Recently, some studies indicated that HZSM-5 (hierarchical porous zeolite) could reveal excellent catalytic performance in the reaction of benzene alkylation with the introduction of the mesopores into zeolite framework [5,9]. However, the formation of ethylbenzene was not successfully inhibited even over HZSM-5 [6,10]. It is found that ethylene is produced from the competitive reaction of methanol to olefins for aromatics alkylation. Thus, the key to inhibit the ethylbenzene formation is to inhibit the reaction of methanol to olefins. So far, there has not been many studies that have shown a significant improvement in inhibiting the competitive reaction of methanol to olefins in benzene alkylation.



Modifying the acidity of ZSM-5 could change the distribution of products in many alkylation reactions, in which decreasing the Brönsted acid could improve the utilization of methanol [11]. However, using an impregnation method with metal nitrates to modify the acidity would result in the decrease in the pore diameter [12]. Moreover, modification of the acidity by the direct adjustment of the Si/Al ratio was not effective mainly due to the presence of hexadecyltrimethoxysilane (HTS) inhibiting the movement of Al in the framework for the healing the defective sites [13]. We noted that Ti could substitute Si at tetrahedral framework sites to form TS-1 with MFI topology and Al could incorporate with Ti simultaneously into the TS-1 framework in order to form the catalysts with bifunction [14,15]. Specifically, Ti could not form Brönsted acid sites [15]. These prompted us that using Ti to replace a part of Al might be able to synthesize the hierarchical porous Ti-ZSM-5 with relatively low acidity and avoid the change of the channel at the same time.



In this work, we synthesized hierarchical porous Ti-ZSM-5 by dry gel conversion method. For comparison, Ti-ZSM-5 with different Ti content were prepared using the same procedure and tested in the reaction of benzene alkylation with methanol. The effect of Ti substitution on the catalytic performance of the catalyst was investigated. It was observed that hierarchical porous Ti-ZSM-5 catalysts could improve the utilization efficiency of methanol and suppress the ethylbenzene formation. The corresponding mechanism was also discussed in detail.




2. Results and Discussion


2.1. Catalyst Characterization


Through XRD characterization (Figure 1), it can be seen that all of the samples with a different substitution amount of Ti exhibit the characteristic diffraction peaks at 2θ of 8.0°, 8.9°, 23.2°, 24.0° and 24.5°, which corresponds to the standard MFI crystalline structure [16]. Moreover, the relative crystallinities of all Ti-ZSM-5 samples were nearly identical, indicating that incorporating Ti into ZSM-5 had no effect on the crystallinity of the synthesized samples. SEM images also proved that the hierarchical porous structure of the samples remained unchanged with the substitution of Ti (Figure S1).



Figure 2 shows the UV-Vis analyses of Ti-ZSM-5 samples. The presence of an absorption peak at 205–220 nm and the absence of a peak at 330 nm revealed that Ti-ZSM-5 mainly contained the framework Ti, and was free of non-desired extra framework TiO2 phases [17]. The increase in absorption peak at 205–220 nm indicated that more Ti was present in the framework [18].



Table 1 shows the element molar ratio in gel and surface of Ti-ZSM-5 was also summarized. It can be observed that the amount of Ti in Ti-ZSM-5 increased with an increase in the substitution amount of Al by Ti (consistent results by ICP-AES in Table S1). It is noteworthy that the Ti content in the outer shell of the crystals was slightly smaller than that in the gel and the Al content showed the opposite trend. This might be ascribed to the fact that Al limited the presence of Ti in the zeolite and tended to be present on the rim of the crystal [14,19]. Although 100Ti-ZSM-5 was absent of Al, the relatively smaller Ti content in the surface might result from the loss of a small amount of Ti in the process of synthesis. SEM-EDS mapping also proved that Ti was well distributed on the surface of zeolite (Figure S2).



The Brunauer–Emmett–Teller (BET) surface area and pore size of the synthesized catalysts were calculated by N2 adsorption isotherms and desorption isotherms (Table 2). The results indicated that substituting part of Al by Ti had no major influence in the BET surface area (~450.0 m2/g) and pore size (~4 nm) and all the synthesized samples were with mesopores.



NH3-TPD was performed to study the effect of the substitution of Ti on the acidity of the catalyst. As shown in Figure 3, there are two peaks of NH3 desorption which correspond to stronger (situated above 300 °C) and weaker acidic sites (located below 200 °C), respectively. With the increase in Ti content, the peak area between 400 and 500 °C decreased, indicating the reduction in the number of stronger acidic sites of the samples. Replacing Si with Al in zeolite framework can create a defect (acidic site) [20]. With more Al substituted by Ti, the number of acidic sites was reduced due to the reason that titanium could not form the substitutional defect [21]. According to the results above, we could conclude that the substitution of Al by Ti was an effective way to control the acidity of the samples without the adverse effect on the diffusion of the catalyst.




2.2. Benzene Alkylation with Methanol


Table 3 shows the catalytic activity of hierarchical porous Ti-ZSM-5 in the alkylation of benzene with methanol. It is found that the selectivity to ethylbenzene reduced from 3.88 to 0.13% and the conversion of benzene and the selectivity to xylene rose from 48.94 to 57.25% and 33.02 to 37.87%, respectively, after substituting more Ti from 0 to 85%, suggesting that the Ti substitution on the framework of HZSM-5 could suppress the ethylbenzene formation and improve the production of xylene. However, increasing the substitution content of Ti to 90% caused the benzene conversion to drop. Therefore, 85% of Ti was considered as the best substitution content for the synthesized Ti-ZSM-5 catalyst and was selected as a representative in later analysis.



In order to investigate the suppression mechanism of hierarchical porous Ti-ZSM-5 on ethylbenzene formation, we carefully compared the products’ distribution of hierarchical porous ZSM-5 (00Ti-ZSM-5) and hierarchical porous Ti-ZSM-5 (85Ti-ZSM-5) (Table 4). As shown in Table 4, the products using hierarchical porous 85Ti-ZSM-5 catalyst contain more alkyl aromatics and less light alkenes and alkanes. According to literatures, ethylene converted from methanol by the reaction of methanol to olefins is the major reactant for the ethylbenzene formation via the alkylation of benzene and ethylene [6,7]. Moreover, ethylene could further alkylate with methanol to produce heavier olefins which further leading to the coke formation (large molecules or aromatics) via polymerization [7,22,23]. Differential thermal analysis (TG-DTA) was conducted to evaluate the content of coke on the catalyst. As seen in Figure 4b, it was clear that the coke content on 85Ti-ZSM-5 (1.86%) was slightly smaller than that of 00Ti-ZSM-5 (2.40%), indicating that the total content of olefins on synthesized Ti-ZSM-5 reduced as there was not more olefins transformed into coke. Therefore, we could conclude that the suppression of methanol to olefins was successful by the substitution of Al by Ti in the synthesis process. Furthermore, the ethylbenzene formation was also suppressed due to the success of suppressing the reaction of methanol to olefins and methanol might be utilized more efficiently (Table 5).



The high activity of 85Ti-ZSM-5 (Table 3) clearly showed that the acidity of the sample was sufficient to catalyze the alkylation of aromatics but insufficient to catalyze the reaction of methanol to olefins, although Brönsted acid was the key to catalyze both the reaction of methanol to olefins and the alkylation of aromatics [7]. This result suggested that only a small number of acid sites were necessary for benzene alkylation with methanol and this was consistent with the result reported by Adebajo et al. [24]. The excess acidity on hierarchical porous Ti-ZSM-5 played a major role in catalyzing the competitive reaction of methanol to olefins during benzene alkylation with methanol. We also noted that increasing the substitution content of Ti to 90% caused a dramatic drop in the conversion of benzene, indicating that the acidity of 90Ti-ZSM-5 was no longer sufficient to catalyze the alkylation of benzene (Table 3). Moreover, an amount of methanol and dimethyl ether converted from methanol which was catalyzed by Lewis acid was found in the products, indicating that the acidity of 90Ti-ZSM-5 was also not sufficient enough to catalyze the reaction of methanol to olefins. Therefore, it is reasonable enough to conclude that the acidity of HZSM-5 is the important factor determining the catalytic activity on benzene alkylation with methanol. The substitution of Al by Ti in hierarchical porous Ti-ZSM-5 could sufficiently control the acidity of the catalyst and 85Ti-ZSM-5 was at the most appropriate acidity for our chosen reaction.



It is worth noting that although the benzene conversion of 85Ti-ZSM-5 remained between 58 and 60% during the first 40 h reaction on stream, the conversion of benzene showed a slight decrease in the next 20 h (Figure 4a). However, the benzene conversion of 00Ti-ZSM-5 showed the better stability in the 60 h reaction on stream. Comparing the content of coke on 85Ti-ZSM-5 and 00Ti-ZSM-5 (Figure 4b), the carbon deposition on 85Ti-ZSM-5 was still serious. Schmidt et al. [25] had reported that the coke distribution for HZSM-5 showed a homogeneous distribution of coke residuals over both inside and outside of the particle due to less diffusion restraints and the strong acid sites of deactivated material were not available for ammonia anymore due to the coverage of coke. The deactivation of 85Ti-ZSM-5 might be attributed to less strong acidic sites while 00Ti-ZSM-5 contained more strong acidic sites which could resist more coke. Therefore, reducing the amount of strong acid sites of HZSM-5 is favorable to suppress the side reaction of methanol to olefins but unfavorable to resist the carbon deposition, and it is important to investigate the method for suppressing coke formation on the HZSM-5 in future work.





3. Experimental


3.1. Catalyst Preparation


Solvent evaporation assisted dry-gel route was used to prepare required Ti-ZSM-5 catalysts in our experiments [6,13,26]. The reaction solution consisted of tetraethylorthosilicate (TEOS), aluminum isopropoxide (AIP), tetraethyl orthotitanate (TEOT), tetra-n-propylammonium hydroxide (TPAOH), hexadecyltrimethoxysilane (HTS) and ethanol (EtOH) with the molar ratio of 1:0.0056 (1−x):0.0056x:0.2:0.05:15, respectively. x represents the different substitution of Ti content (n(Ti)/n(Al + Ti)) which was equal to 0, 0.2, 0.4, 0.6, 0.8, 0.85, 0.9, and 1.0.



The solid gel was obtained through stirring of the reaction solution with the above composition. The gel was then air dried and synthesized at 180 °C for 72 h inside an autoclave. The autoclave was made of stainless steel with a PTFE liner equipped. The product was then dried after being filtered and calcined for 7 h. The dry temperature was 110 °C and the calcinating temperature was 550 °C (every 10 °C per min), respectively.




3.2. Catalyst Characterization


X-ray diffraction (XRD, SCINTAG X” TRA (Thermo Fisher, Waltham, MA, USA) with Cu Kα-radiation (1542 A), at 30 mA and 40 kV, scanning angle (2θ) = 5°–80°) was used to measure the crystallinity. ARL ADVANT’ X IntelliPower TM 4200 from Thermo Fisher (Waltham, MA, USA) was used to conduct X-ray fluorescence spectrum (XRF). Brunauer–Emmett–Teller (BET) data were measured by nitrogen physical adsorption–desorption obtained from a NOVA 1000 e surface area analyzer (Quantachrome, Shanghai, China) at 77 K. Diffuse reflectance UV-VIS spectra (DR UV-VIS) were measured by a UV-2550 spectrophotometer (Shimadzu, Tyoto, Japan) at ambient conditions. Differential thermal analysis (TG-DTA) was measured by Netzsch STA 449 C apparatus (Selb/Bayern, Germany). The temperature was heated from 30 to 800 °C (every 10 °C per min) in O2. Ammonia temperature-programmed desorption (NH3-TPD) was measured using QIC20 Characterization System (Hiden, Beijing, China). The evacuation of the sample was conducted for 1 h at 400 °C in He before cooling down to 50 °C. The adsorption of NH3 was conducted at 50 °C in 10 wt% NH3 and He co-flow. The desorption was conducted from 50 to 650 °C at 10 °C per min.




3.3. Catalytic Activity Test


The fixed-bed reactor with continuous-flow was used to carry out all tests at 1 atm. It was equipped with a stainless-steel tube with inner diameter of 8 mm. An amount of 0.5 g of catalyst was firstly mixed with 5.0 g inert quartz sand at the beginning of each test before loading into the reactor. The temperature of the catalyst was monitored through the thermocouple in the bed center. The sample was heated in situ to 400 °C with 10 °C per min and then maintained for 3 h in N2 with a space velocity of 2400 h−1. A 1:1 molar ratio of Benzene/Methanol mixture with WHSV = 2.0 h−1 was later fed into the fix-bed reactor with 40 mL/min of N2. Online analysis of the effluent was determined by the gas chromatography and a flame ionization detector. The chromatography from Fuli (model GC9790, Wenling, China) was equipped with a DB-1 capillary column (30 m × 0.25 mm × 1.00 μm). The heating belt was used to ensure the gas phase of the products by maintaining the effluent line at 200 °C. Conversion and selectivity of some targeted chemicals were defined in Supplementary Materials.





4. Conclusions


Hierarchical porous Ti-ZSM-5 catalysts exhibited excellent ability to suppress the side reaction of methanol to olefins and this effect could be ascribed to the substitution of Al by Ti which effectively decreased the acidity of the samples. The suppression of the reaction of methanol to olefins not only could help to improve the utilization efficiency of methanol, but also could suppress the ethylbenzene formation via decreasing the amount of ethylene. Using a simple modifying technique which substitutes a part of Al with Ti in the synthesis process could produce a highly active catalyst for benzene alkylation with methanol to produce xylene and improve the reaction’s commercial viability.
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Figure 1. X-Ray diffractograms of hierarchical porous Ti-ZSM-5. 
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Figure 2. Diffuse reflectance UV-Vis absorbance spectra of hierarchical porous Ti-ZSM-5. 
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Figure 3. NH3-TPD patterns of hierarchical porous Ti-ZSM-5. 
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Figure 4. Stability of hierarchical porous Ti-ZSM-5 samples (a) and TG-DTA profiles of the catalysts after successive reaction (b). 
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Table 1. Element molar ratio in gel and surface of hierarchical porous Ti-ZSM-5.
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Catalyst

	
Molar Ratio in Gel a

	
Surface Molar Ratio in Ti-ZSM-5 b




	
Ti/(Al + Ti)

	
Si

	
Al

	
Ti

	
Ti/(Al + Ti)

	
Si

	
Al

	
Ti






	
00Ti-ZSM-5

	
0.0

	
1

	
0.0056

	
0

	
0.0

	
1

	
0.0057

	
0




	
20Ti-ZSM-5

	
0.2

	
1

	
0.00448

	
0.00112

	
0.17

	
1

	
0.0050

	
0.001




	
40Ti-ZSM-5

	
0.4

	
1

	
0.00336

	
0.00224

	
0.35

	
1

	
0.0037

	
0.002




	
60Ti-ZSM-5

	
0.6

	
1

	
0.00224

	
0.00336

	
0.52

	
1

	
0.0027

	
0.0029




	
80Ti-ZSM-5

	
0.8

	
1

	
0.00112

	
0.00448

	
0.72

	
1

	
0.0015

	
0.0038




	
85Ti-ZSM-5

	
0.85

	
1

	
0.00084

	
0.00476

	
0.77

	
1

	
0.0012

	
0.0040




	
90Ti-ZSM-5

	
0.9

	
1

	
0.00056

	
0.00504

	
0.86

	
1

	
0.0007

	
0.0043




	
100Ti-ZSM-5

	
1.0

	
1

	
0

	
0.0056

	
1.0

	
1

	
0

	
0.0048








a Calculated by the reaction mixture. b Determined by XRF analyses.
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Table 2. Textural properties of hierarchical porous Ti-ZSM-5 catalysts.
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	Catalyst
	SBET (m2/g)
	Mesopore Size (nm)





	00Ti-ZSM-5
	454
	4.0



	20Ti-ZSM-5
	435
	3.5



	40Ti-ZSM-5
	430
	3.6



	60Ti-ZSM-5
	421
	4.0



	80Ti-ZSM-5
	450
	3.5



	85Ti-ZSM-5
	420
	3.5



	90Ti-ZSM-5
	430
	3.8



	100Ti-ZSM-5
	467
	3.5
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Table 3. Catalytic activity of hierarchical porous Ti-ZSM-5 samples in benzene alkylation with methanol.
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Catalyst

	
Conversion of Benzene (%)

	
Selectivity (%)




	
Ethylbenzene

	
Xylene






	
00Ti-ZSM-5

	
48.94

	
3.88

	
33.02




	
20Ti-ZSM-5

	
50.45

	
2.15

	
33.66




	
40Ti-ZSM-5

	
52.45

	
1.87

	
34.64




	
60Ti-ZSM-5

	
55.47

	
1.11

	
36.29




	
80Ti-ZSM-5

	
56.31

	
0.21

	
36.81




	
85Ti-ZSM-5

	
57.25

	
0.13

	
37.87




	
90Ti-ZSM-5

	
32.69

	
0.04

	
26.27




	
100Ti-ZSM-5

	
0.95

	
1.5

	
8.52








Reaction conditions: 400 °C, 1 atm, N2, WHSV (Weight hourly space velocity) = 2.0 h−1, M/B molar ratio = 1:1.
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Table 4. Products distribution of hierarchical 00Ti-ZSM-5 and hierarchical 85Ti-ZSM-5 in benzene alkylation with methanol.
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Components

	
Catalysts and Content (wt)/%




	
00Ti-ZSM-5

	
85Ti-ZSM-5






	
Methane

	
0.10

	
0.06




	
Ethylene

	
0.12

	
0.10




	
Ethane

	
0.08

	
0.07




	
C3

	
0.59

	
0.23




	
C4

	
0.20

	
0.07




	
C5

	
0.22

	
0.04




	
Benzene

	
41.84

	
33.91




	
Toluene

	
22.05

	
26.85




	
Ethylbenzene

	
1.50

	
0.08




	
Xylene

	
17.86

	
23.38




	
Trimethylbenzene

	
5.46

	
6.78




	
Other

	
9.98

	
8.43








Reaction conditions: 400 °C, 1 atm, N2, WHSV = 2.0 h−1, M/B molar ratio = 1:1.
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Table 5. Utilization efficiency of methanol of hierarchical porous Ti-ZSM-5 catalysts.






Table 5. Utilization efficiency of methanol of hierarchical porous Ti-ZSM-5 catalysts.





	Catalyst
	Utilization Efficiency of Methanol (%)





	00Ti-ZSM-5
	83.15



	20Ti-ZSM-5
	82.54



	40Ti-ZSM-5
	89.21



	60Ti-ZSM-5
	90.96



	80Ti-ZSM-5
	92.10



	85Ti-ZSM-5
	93.58



	90Ti-ZSM-5
	44.62



	100Ti-ZSM-5
	0.96
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