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Abstract
The effect of crystal size was explored in this work aiming at enhancing p-xylene selectivity through toluene disproportionation over ZSM-5 zeolite. The different physicochemical properties of ZSM-5 were investigated using various characterization techniques including X-ray diffraction (XRD), pyridine adsorption, Fourier transform infra-red (FTIR), BET surface area by N2 adsorption, inductively coupled plasma (ICP) and scanning electron microscopy (SEM). Each catalyst was tested in a fixed bed reactor at a temperature 475 °C, weight hourly space velocity (WHSV) 3-83 h-1 and two different pressures (1 and 10 bar). ZSM-5 zeolites with crystal sizes 5, 50 and 100 µm were synthesized in house and compared with the commercially obtained ZSM-5 having a crystal size of 0.5 µm. As a result of increasing the crystal size the p-xylene selectivity was improved. This was attributed to the longer diffusion path lengths of the large crystals which imposed more diffusion constraints on the other xylene isomers. ZSM-5 zeolite with the largest crystal size 100 µm achieved the highest p-xylene selectivity (58 %) at the highest WHSV 83 h-1. However, this was accompanied by a low conversion (2 wt. %).  The best combination of p-xylene selectivity (40%) alongside 15 wt. % toluene conversion were achieved over ZSM-5 having 5 µm crystal size.
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1. Introduction
Para-xylene is a highly demanded raw material mainly utilized in the synthesis of terephthalic acid, dimethyl terephthalate and purified terephthalic acid. These compounds are used to make polyesters such as polyethylene terephthalate (PET) which are widely used for making carbonated drinks and water containers [1,2]. As a result of the increasing demand on p-xylene in recent years (6-8% per year), the consumption will surpass the supply in the next few years [3]. To meet the increasing demand, the supply of p-xylene has to be increased in order to meet the high increasing demand. However, most of the plants are operating at full capacity. The production of p-xylene can be enhanced by converting less demanded and valuable refinery products, such as toluene through the disproportionation reaction to more demanded products like benzene and xylene. However, carrying out toluene disproportionation over commercial zeolites yields the thermodynamic equilibrium mixture of xylene isomers, approximately 23% p-xylene, 51% m- and 26% o-xylene) [4]. In the 1980s, Mobil developed ZSM-5 zeolite catalyst that has 10 membered rings channel system and pore size (0.51-0.58 nm). The structure of the catalyst offered an excellent performance as the pore opening almost matches the molecular diameters size of the main products and reactants (toluene, benzene and xylenes). Moreover, the diffusion of para-xylene in ZSM-5 is favoured over ortho- and meta-xylenes as it has the smallest molecular diameter compared to the other isomers. This is a significant factor making ZSM-5 stand out from other zeolite catalysts in terms of performance in toluene disproportionation [5, 6]. Although it is anticipated that p-xylene is a primary product leaving the pore mouth of ZSM-5 zeolite, it isomerizes on the external surface which leads to the production of xylene isomers in their thermodynamic equilibrium values. To obtain higher p-xylene selectivity than the thermodynamic equilibrium value, it was suggested that deactivating the external acid sites of the catalyst and increasing the diffusion pathway by increasing the crystal size are crucial factors [4, 7-16]. A unique relationship between o-xylene diffusion time, by adsorption measurements, and p-xylene selectivity was found by Olson and Haag. They noticed that increasing the crystal size of the zeolite reduced the diffusion rate and o-xylene diffusion. Therefore, p-xylene selectivity can be improved [17].
Different studies in the literature reported that intracrystalline diffusion limitations can have a major effect on catalyst performance. Moreover, reducing or increasing the zeolite crystal size results in noticeable changes in the reaction rate and product selectivity [18, 19]. Hodala et al. [20] found that the catalyst crystal size correlates directly with selectivity towards para isomer where employing larger crystals during ethylbenzene alkylation with ethanol delivered higher para-diethylbenzene selectivity than the thermodynamic equilibrium value. The diffusion rate of the desired para-xylene isomer inside the channels is much higher than ortho- and meta-xylenes. Thus, increasing the crystal size will lead to obtaining more p-xylene in the product stream as the other isomers will have to isomerize to the much faster diffusing isomer (p-xylene) in order to diffuse out of the channels [21, 22]. Ratnasamy et al. [10] performed xylene isomerization reaction over ZSM-5 zeolites with different crystal size to investigate the effects of diffusion path length on the activity and selectivity towards p-xylene. ZSM-5 catalysts with 8, 13 and 16 µm were tested and it was clearly shown that the activity was decreased by a factor of 3 as a result of increasing the crystal size from 8 to 16 µm. Conversely, the ratio of p-xylene to o-xylene increased from 1.2 to 2.5 and hence more p-xylene formed.  Also, alkylation of toluene with methanol over ZSM-5 zeolites with 0.1 and 7 µm crystal size having Si/Al ratio of 70 was carried out by Chen et al [23]. P-xylene selectivity was enhanced reaching 50% over the large crystals and the thermodynamic equilibrium value of p-xylene (24%) was obtained over the small crystals. 
In this study, ZSM-5 zeolite with various crystal sizes were employed to study the effect of diffusion path on toluene disproportionation and aiming to improve the selectivity towards p-xylene. Furthermore, the effect of residence time and pressure on the reaction were investigated. 
2. Experimental
2.1. Catalyst preparation
ZSM-5 zeolite with different crystal sizes (5, 50 and 100 µm) were hydrothermally synthesized and a commercial ZSM-5 with 0.5 µm crystal size with Si/Al ratio of 25 was obtained from Alfa Aesar. 
2.1.1. ZSM-5 with 5 µm crystal size
Feedstock and seeding gel were prepared to synthesize and produce NaZSM-5 having a Si/Al=16 and 5 µm crystals [24]. Colloidal silica (Ludox AS-40), sodium Hydroxide, tetrapropylammonium hydroxide (TPAOH) and deionized water to prepare the seeding gel according to the gel molar ratio Na2O: 3 TPAOH: 60 SiO2: 1200 H2O. The seeding gel was aged overnight at 100 °C. Preparing the feedstock gel was done by mixing sodium aluminate (NaAlO2), sodium hydroxide (NaOH) and colloidal silica in deionized water according to the gel composition 6 Na2O: 2 Al2O3: 60 SiO2: 1916 H2O. The seeding gel was mixed with the feedstock gel and poured into a PTFE-lined autoclave. The autoclave was placed in an oven at 180 °C for 24 hrs. The autoclave was then cooled, and the obtained solid was washed, filtered and dried at 120 °C. Then, the powder was calcined at 550 °C for 8 hours to remove the template. After that, the zeolite was ion exchanged with ammonium nitrate solution to remove the sodium. Finally, the ammonium form of ZSM-5 was calcined in air at 550 °C for 8 hours to produce H-ZSM-5.
2.1.2. ZSM-5 with 50 and 100 µm crystal size
Following the reported procedure by Chen et al. [25], the synthesis was performed in a PTFE-lined autoclave over 10 days at 170 °C to produce ZSM-5 zeolite with 50 µm crystals. Colloidal silica (Ludox AS-40), Al(OH)3, tetrapropylammonium bromide (TPABr), NaOH, potassium hydroxide (KOH), ammonium carbonate [NH4HCO3 . NH2 COONH4] and distilled water were used to form the synthesis gel. Firstly, the NaAlO2 solution was obtained by mixing the required amount of Al(OH)3 with NaOH and distilled water which then poured in an autoclave and placed in an oven at 170 °C for 16 hours. NaOH and KOH were dissolved in 80 % of the water amount required for the synthesis. Ludox was added drop wise to this solution and kept stirring for 1 hour. The NaAlO2 solution was added to 10 % of the amount of water used in this synthesis and the remaining 10 % of water was used to dilute the ammonium carbonate. After that, TPABr, NaAlO2 and ammonium carbonate were added to the silicate solution. The obtained gel with molar ratios (51 SiO2: NaAlO2: 9 NaOH: 0.5 KOH: 12 TPABr: 9 NH4HCO3 NH2COONH4: 1300 H2O) was aged overnight at room temperature. Then, it was transferred to an autoclave and placed in the oven at 170 °C under autogenous pressure for 10 days. The final product was filtered, washed with distilled water, dried and then calcined in air at 550 °C for 8 hours. Following the same procedure, the 100 µm crystals were generated but instead the autoclave was placed in the oven for 12 days which resulted in larger crystals. 
2.2. Catalyst characterization
The physical and chemical properties of the synthesized and commercially obtained zeolite samples were investigated using different characterization techniques. The X-ray patterns and crystallinities of the ZSM-5 Zeolite samples were acquired using Philips X’Pert Pro PW 3719 diffractometer. The data was collected at 2θ from 5° to 90° and a step size of 0.0407° and a step time of 64 seconds. The instrument was operated at a 40 KV tension and a current of 30 mA. To study the morphology and size of synthesized zeolite crystals, scaning electron microscopy (SEM) (Philips XL30 FEGSEM) was utilized. Measuring the acidity of the catalyst is a crucial task in understanding the catalytic behavior of the zeolite. It is important to quantify both Brønsted acid sites (BAS) and Lewis acid sites (LAS) as they have different acidic behaviors. The study was performed by collecting and analyzing FTIR spectra using a Thermo iS10 spectrometer accumulating 64 scans at 4 cm-1 resolution. Firstly, the zeolite samples were pressed into self-supported discs and activated under vacuum at a rate of 1 /min up to 450 oC and held for 5 hours. Pyridine (py) was used as a probe molecule to monitor the quantity of both BAS and LAS. It was introduced to the transmittance cell to saturate the samples at 150oC in a stepwise manner. The saturated samples were then evacuated at 150oC to remove any physically adsorbed pyridine and the FTIR spectrum collected. The observable peaks at ~ 1540 and 1450 cm-1 represents py-BAS and py-LAS, respectively. The intensity of the peaks were determined to compare the number of active sites in the different samples. BET surface areas were measured at -196 °C by nitrogen adsorption using Micromeritics Gemini 2365 surface area analyzer. Also, pore volumes were obtained. The Si/Al ratios were determined by firstly dissolving the samples in Hydrofluric acid. Then, inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis were carried out. Furthermore, the Coke content on the samples after the reaction were measured using thermogravimetric analysis (TGA- Q5000IR TA). The coke amount deposited on the catalyst during the reaction was obtained by calculating the difference between the weight before and after calcination in air. 
2.3. Catalyst evaluation with toluene disproportionation
Toluene disproportionation was performed in a fixed bed reactor attached to a condenser. The reaction was carried out over the in-house synthesized and the commercially obtained ZSM-5 zeolites. The catalyst powder was pelleted and sieved to the desired particle size (250-425 µm) and 1g was loaded in the reactor. Before starting the reaction, all catalysts were calcined in situ at 550 ᵒC for 4 hours at a heating rate of 2 °C min-1 in air. The reaction temperature was set at 475 ᵒC and the toluene weight hourly space velocity (WHSV) was varied (3-100) h-1. Moreover, the effect of pressure (1 and 10) bar on toluene conversion and p-xylene selectivity was investigated. Hydrogen was fed as a carrier gas at a constant flowrate of 30 ml/min. Liquid samples were analyzed by Varian 3400 GC equipped with a 30 m × 0.1 µm × 0.32 mm Stabilwax column and FID (flame ionization detector. Toluene conversion (XT) and p-xylene selectivity (Sp) were calculated using the below formulae:
                                                                                                                                  (1)
                                                                                                                                          (2)
               
Where WT0 is the weight of toluene in the feed, WT is the weight of toluene in the product, WPX is the weight of p-xylene and WX is the weight of total xylene.

3. Results and discussion
3.1. Catalyst characterization
The generated XRD patterns are shown in Figure 1. They indicated that all samples exhibited good crystallinity and the commercial ZSM-5 showed the least intense diffraction peaks. It can be noticed in Figure 2 that SEM images that all four ZSM-5 catalysts have different morphologies with crystal sizes ranging from 0.5 to 100 µm. Agglomerates of irregularly shaped crystals were observed in the case of the commercial ZSM-5 and the synthesized 5 µm showed spherical aggregates with an outer surface that consisted of stacked cubic crystallites. On the other hand, the synthesized zeolite with 50 and 100 µm displayed elongated hexagonal crystals. The difference in the morphology of the crystals can be attributed to the difference in the applied synthesis parameters, including synthesis time and gel composition, used to produce ZSM-5 zeolites. 
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Figure 1: XRD patterns for different ZSM-5 zeolites with varying crystal size
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Figure 2: ZSM-5 with different crystal sizes (a) 0.5 µm (b) 5 µm (c) 50 µm (d) 100 µm
The obtained Si/Al ratios by ICP-OES analyses are shown in Table 1 where it can be seen that ZSM-5 with 5 µm crystals had the lowest Si/Al ratio. FTIR spectra were collected with and without pyridine. The bridging hydroxyl groups (3610 cm-1) and the SiOH (3745 cm-1) are shown in the region 3500 – 3900 cm-1. As seen in Figure 4, pyridine accessed all the bridging OH-groups of the ZSM-5 zeolites with different crystal sizes. The highest number of bridging hydroxyl groups was attained by the ZSM-5 zeolite having 5 µm crystal size (Si/Al=16). Brønsted and Lewis peaks were found at 1455 and 1545 cm-1, respectively after pyridine adsorption. As expected, it is noticeable in Figure 5 that ZSM-5 with 5 µm crystals has the highest number of Brønsted and Lewis acid sites as it has the highest aluminum content and lowest Si/Al. Conversely, the other catalysts have lower acidity as they contain lower aluminum. In terms of the ratio of BAS to LAS, all the catalysts differ from each other’s and LZ-5 had the highest amount of LAS which could mean higher amount of extraframework aluminum as can be seen in Table 1. The measured level of acidity from FTIR correlated well with the Si/Al (from ICP-OES) as the zeolite with the highest Si/Al has the lowest total acidity (Brønsted + Lewis).  It was realized during the synthesis processes of the very large crystals (50, 100 µm) that not all the aluminum is incorporated. Also, it was indicated in the literature by Muller et al that during the synthesis of large crystals, aluminum is incorporated in the framework toward the end of the synthesis resulting in higher aluminum content on the edges of the hexagonal elongated crystals [27]. All this contributes to high Si/Al achieved during the synthesis of the very large crystals.
Table 1: ZSM-5 Zeolites Si/Al and Acidity measurements
	Catalyst
	Crystal size (µm)
	Si/Al (ICP)
	BAS (mmol/g)
	LAS (mmol/g)
	BET surface area (m2/g)
	Microporous area (m2/g)
	External surface area (m2/g)
	Pore volume (cm3/g)

	SZ-0.5
	0.5
	26.3
	0.31
	0.08
	338
	188
	150
	0.113

	LZ-5
	5
	15.9
	0.37
	0.17
	280
	187
	93
	0.110

	LZ-50
	50
	58.2
	0.18
	0.06
	320
	139
	181
	0.090

	LZ-100
	100
	64.3
	0.15
	0.05
	309
	137
	173
	0.088



Nitrogen adsorption was utilized to measure the surface area of the commercial and synthesized ZSM-5 zeolites. Furthermore, the pore volumes and external surface areas were obtained. The results displayed that the highest surface area was attained by ZSM-5 with the smallest crystal size (0.5 µm) while unexpectedly the zeolite with crystal size 5 µm had the lowest surface area amongst all samples (Table 1) which might be related to the spherical particle shape. It can also be observed that LZ-5 had lower BET surface area (280 m2/g) and external surface area (93 m2/g) area as a result of the different morphology compared to the other samples. The large elongated hexagonal crystals showed higher BET surface area and external surface area which are comparable to the smallest crystals LZ-0.5. Furthermore, ZSM-5 with the largest crystal size (100 µm) showed the lowest pore volume value (0.088 cm3/g). 

Figure 3: Pore size distribution of ZSM-5 zeolite with various crystal size.
 The pore size distribution curves of all four samples are presented in Figure 3 and it can be observed from the graphs that increasing the crystal size reduced the peak size of the pores. This correlates with the decrease in pore volume as it can be seen in Table 1 that the increase in crystal size was accompanied by a decrease in pore volume. Pore size distribution curves were obtained following the BJH (Barrett, Joyner, and Halenda) method explained by Lowell et al [28].
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Figure 4: FTIR spectra of the hydroxyl region before and after pyridine adsorption (Py and no Py)
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Figure 5: BAS and LAS of ZMS-5 zeolites with different crystal sizes
3.2. Toluene disproportionation reaction
Carrying out toluene disproportionation reaction over ZSM-5 zeolites with different crystal sizes mainly produces benzene and a mixture of para-, meta-, ortho- xylenes. Other products with minor amounts including trimethylbenzenes and ethylbenzene are also formed. 
3.2.1. Effect of crystal size on p-xylene selectivity and toluene conversion
The performance and stability of all catalysts were tested for two hours at 3 h-1 WHSV. It was anticipated that increasing the crystal size will improve the selectivity towards p-xylene because of the imposed diffusion limitations on the other xylene isomer by the longer diffusion path inside the channels. Both ZSM-5 zeolites with 0.5 and 5 µm delivered similar conversion and para-selectivity around 25% in line with the thermodynamic equilibrium value. As expected, the para-selectivity was clearly improved over the much larger crystals of ZSM-5 (50 and 100 µm). They delivered a value above the thermodynamic equilibrium value where both catalysts reached about 35 % p-xylene selectivity. However, the conversion was low which was attributed to catalysts low acidity and diffusion limitation caused by the long diffusion pathways. This can be seen in Table 1 where the large crystals having half the Brønsted and Lewis acidity of the 0.5 µm commercial ZSM-5. It is well established in zeolites that the catalytic properties of zeolites are affected by the aluminium content and distribution in the framework which is directly related to the number of acid sites [26]. It was expected that LZ-50 and LZ-100 were going to provide low toluene conversion due to the fewer available acid sites. Also, the conversion could have been affected by the lower pore volume of LZ-100 (Table 1). The catalytic evaluation of toluene disproportionation over ZSM-5 with various crystal sizes (0.5, 5, 50 and 100) µm at WHSV 3 h-1 is shown in Figure 6. In the graphs, time zero minutes is defined as the appearance of the first liquid product drop from the separator sampling point which usually takes two hours after starting the feed pump. The difference in crystal size, imposed diffusion limitation and catalyst acidity resulted in different toluene conversions by small and large crystals.

Figure 6: Effect of crystal size on p-xylene selectivity and toluene conversion
3.2.2. Effect of space velocity (WHSV)
Increasing the space velocity leads to a reduced the contact time between the the catalyst and reactants/products. Thus, it was observed that increasing WHSV resulted in lower conversion. Alternatively, para-selectivity was noticeably enhanced reaching its highest value at the fastest WHSV (83 h-1) on all catalysts as seen in Figure 7. The selectivity was not much improved by LZ-5 at low flowrates (WHSV). However, there was an improvement in selectivity when increasing the flowrate (WHSV) which can be observed with LZ-5 while SZ-0.5 did not affect the selectivity even at a very high flowrate. This indicates that the larger crystal size contributed to the increase in p-xylene selectivity. Also, it should be taken into consideration that LZ-5 has higher acidity which could conversely affect the selectivity. Thus, reducing the acidity LZ-5 with various modifications techniques could lead to even more improvement in the selectivity of p-xylene. The selectivity obtained with LZ-5 at high WHSV (83 h-1) was about 45 %. On the other hand, SZ-0.5 delivered a selectivity around 27 % which is close to the thermodynamic equilibrium value. The highest p-xylene selectivities were attained by LZ-50 and LZ-100 at all WHSVs. However, the obtained toluene conversions were the lowest amongst the other catalysts. The optimum results in terms of the combination of toluene conversion, p-xylene selectivity and p-xylene yield were achieved over LZ-5. Based on the achieved results it can be concluded that crystal size plays an important role in enhancing the p-xylene selectivity in the xylene mixture. Moreover, greater diffusion limitations are imposed on the isomers with larger kinetic diameters by increasing the diffusion pathway (crystal size). Therefore, they will isomerize to the favourable para isomer, which have a smaller kinetic diameter, in order to diffuse out of the channels. Similar results were obtained at atmospheric pressure in the literature and are in agreement with the findings of this study [29]. Furthermore, the highest yield of p-xylene was achieved over LZ-5 as a result of the high conversion delivered at all WHSVs except for WHSV 3 h-1 (Figure 8).

Figure 7: Effect of WHSV (h-1) on p-xylene selectivity and toluene conversion 


Figure 8: Effect of crystal size at different WHSVs on p-xylene yield
3.2.3. Effect of elevated pressure
Increasing the pressure allows for more and longer contact between the toluene molecules and the zeolite. Therefore, higher chance of feed molecules reacting and converting into products on the available acid sites within ZSM-5. Increasing the pressure to 10 bar with hydrogen, significantly increased in the conversion of toluene. The effects of raising the pressure to 10 bar can be observed clearly in Figure 9 compared to the results at 1 bar in section 3.2.2. It was noticed that carrying out the reaction at high pressure improved the toluene conversion. It can also be observed that in the case of large crystals catalysts, the selectivity towards p-xylene was increased with increasing WHSV (h-1). However, it is lower than the attained values at atmospheric pressure. The obtained results indicated a trade-off between conversion and selectivity.
LZ-5 produced the highest conversion at about 46 % at the lowest WHSV. This achieved conversion can be ascribed to the more available acid sites (Table 1) that can be utilized in the reaction on this catalyst. This allowed LZ-5 to perform better in terms of toluene conversion even when the WHSV was varied from (3 to 83 h-1). LZ-50 and LZ-100 delivered the highest p-xylene selectivity 50 % and 60 %, respectively at the highest space velocity. On the other hand, they showed the lowest conversion which was around 5 % and 2 %, respectively. 

Figure 9: Effect of pressure on conversion and p-xylene selectivity

Figure 10: p-xylene yield at 10 bar over ZSM-5 with a range of crystal size
3.2.4. Deactivation behaviour of ZSM-5 with different crystal sizes at 10 bar
The performance of SZ-0.5, LZ-5 and LZ-100 was evaluated for 50 hours on stream at a WHSV 30 h-1 to investigate the effect of crystal size on toluene conversion and p-xylene selectivity over extended operation (Figure 11). It is observable from the graph that the conversion decreased with time over all three catalysts. The conversion over the large crystals (LZ-5 and LZ-100) decreased rapidly initially and then more slowly after 12 hours. On the other hand, the smaller crystal size continued to deactivate up to 40 hours and then stabilized. The selectivity towards p-xylene was significantly improved with time over LZ-100 and increased from around 34% to 55% after 30 hours on stream. Conversely, SZ-0.5 did not improve the selectivity towards p-xylene which remained around the thermodynamic equilibrium value during the whole run. Likewise, only minor improvement of the selectivity was observed over LZ-5 reaching 27.5 % after 50 hours on stream. Similar behaviour over ZSM-5 was observed by Velasco et al. [30]. However, their observation was obtained from ethylbenzene disproportionation over ZSM-5 (Si/Al = 42 and crystal size of 4.4 µm) at 300oC and atmospheric pressure. They found that there was a fast deactivation during the first three hours on stream.
The amount of coke accumulated on all three catalysts was determined using TGA. The highest amount of coke was found on LZ-100 while the lowest amount was formed over ZSM-5 with the smallest crystal size (SZ-0.5). This could be a result of the higher BET surface area and shorter diffusion path which allows faster diffusion of larger molecules formed inside the channels. Furthermore, the high amount of coke formed on the large crystals LZ-100 could be a result of the observed low pore volume (Table 1). Wan et al. reported similar results confirming that the longer the diffusion path the more observed coke accumulation on the catalyst. This is due to that the large molecules will have difficulty diffusing out leading to the formation of bulkier molecules and eventually coke [31]. Figure 12 shows the TGA weight loss curves of all spent catalysts as weight percent after performing toluene disproportionation for 50 hours at a WHSV 30 h-1.

Figure 11: Deactivation behaviour over ZSM-5 zeolites with different crystal size
[image: ]
Figure 12: TGA curves for ZSM-5 with different crystal sizes after 50 hours on stream
Table 2 shows the weight loss for all zeolites and the lowest amount of coke was obtained by the smallest crystal size (0.5 µm). Moreover, LZ-5 (5 µm) had the largest amount of coke as it has more acid sites (Table 1) than LZ-100 (100 µm).
Table 2: Coke amount after deactivation studies
	Catalyst
	Si/Al
	X (50h)
	SP (50 h)
	Coke wt. %

	LZ-0.5
	26.3
	7.2
	24.5
	0.80

	LZ-5
	15.9
	14.2
	27.5
	3.61

	LZ-100
	64.3
	2.8
	56.7
	2.00



4. Conclusion
Toluene disproportionation was performed over four ZSM-5 zeolites synthesized in house with various crystal sizes (0.5, 5, 50 and 100 µm) to examine the effect of crystal size on toluene conversion and p-xylene selectivity. Furthermore, the effects of several key operating parameters including reaction pressure and space velocity were studied to optimize the conversion and selectivity of toluene disproportionation. Increasing the crystal size resulted in the improvement in p-xylene selectivity and oppositely the conversion was decreased. The high selectivity to p-xylene was especially attained with the very large crystals (50, 100) µm. Moreover, increasing the space velocity (WHSV) furtherly enhanced the selectivity towards p-xylene and decreased the conversion. The increase in selectivity was observed only with ZSM-5 with large crystals (5, 50, and 100) µm indicating that the obtained improvement is due to the combination of increasing the crystal size and space velocity. Alternatively, increasing the pressure from atmospheric to 10 bar improved the toluene conversion at the cost of p-xylene selectivity. The highest conversion was achieved over the 5 µm (LZ-5) while the 100 µm (LZ-100) delivered the highest p-xylene selectivity accompanied by a low conversion. The study concluded that LZ-5 achieved the best results in terms of p-xylene selectivity and conversion combination. Figure 13 summarizes toluene conversion and p-xylene selectivity at 10 bar for all evaluated catalysts.

Figure 13: Toluene conversion vs p-xylene selectivity over ZSM-5 with different crystal sizes
This research presents unique findings where different crystal sizes were applied and it showed that even though increasing the diffusion path by increasing the crystal size is an important factor that size should be tailored during the synthesis to a certain range. It is demonstrated throughout this paper that crystal size between 5-7 µm is not enough and the diffusion pathway has to be long enough to restrict the diffusion of the undesired xylene isomers. It was observed that a crystal size around 50 µm enhanced the selectivity significantly. Moreover, increasing the crystal size further does not improve the p-xylene selectivity much further. Increasing the crystal size further will instead decrease the conversion as the diffusion path is too long which will restrict larger molecule to diffuse out and eventually results in deactivating the catalyst. Moreover, it was also concluded that during synthesis of larger crystals than 50 µm, aluminium is difficult to incorporate in the structure resulting in crystals with lower acidity.
Finally, increasing the diffusion limitation by increasing the diffusion path length (crystal size) is a key factor in enhancing the selectivity towards p-xylene. To furtherly optimize the selectivity, the quick isomerization reaction of xylene over the external surface of zeolites should be suppressed through deactivating the external acid sites. 
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5 um	0.76819999999999999	1.7464	2.2199999999999998	2.7250000000000001	2.8185270240467064	3.0124058780057963	3.2220780889910756	3.450472014119808	3.6341492275419385	3.7652245835287985	3.9775345274332152	4.2877217545107467	4.5422802924685213	4.729141258594292	5.0400786661062327	5.5037231308113448	6.0500867860376655	6.7059977269147284	0.1205	3.1880000000000002	5.5869999999999997	0.70230000000000004	1.277131401519222E-2	1.0815904310481036E-2	9.2035729037799104E-3	7.8882749076306571E-3	7.6660335882103295E-3	6.4988277749953504E-3	5.6896151936819085E-3	4.9329266795502709E-3	4.4677321201277865E-3	4.2981069275122123E-3	3.5524611194464985E-3	2.9639261137253828E-3	2.4909854393308788E-3	2.124046566632138E-3	50 um	0.76819999999999999	1.7464	2.2199999999999998	2.7250000000000001	2.8187314008348632	3.0125413217090578	3.2222333810628454	3.4507297689819625	3.6336510312083674	3.7646851554500835	3.9776774206414331	4.2876795730051587	4.5423610560533616	4.7295219737380547	5.0403210210959868	5.504036128602606	6.0505462430540149	6.7066588144477972	9.8799999999999999E-2	4.0250000000000004	2.1789999999999998	0.82889999999999997	0.48	1.499835204559931E-2	1.3312249667616904E-2	1.1774861270040338E-2	1.1766385866928108E-2	1.0536470083818758E-2	9.8873168965042842E-3	9.3585131975972187E-3	9.0760718213810602E-3	9.0036694331179917E-3	8.0547298131744011E-3	7.6002416311912267E-3	7.0529496846703128E-3	6.5496316404303739E-3	0.5 um	0.76819999999999999	1.7464	2.2199999999999998	2.7250000000000001	2.8185270240467064	3.0124058780057963	3.2220780889910756	3.450472014119808	3.6341492275419385	3.7652245835287985	3.9775345274332152	4.2877217545107467	4.5422802924685213	4.729141258594292	5.0400786661062327	5.5037231308113448	6.0500867860376655	6.7059977269147284	0.1125	3.9460000000000002	9.23	0.90300000000000002	1.6569459439832922E-2	1.499835204559931E-2	1.3312249667616904E-2	1.1774861270040338E-2	1.1766385866928108E-2	1.0536470083818758E-2	9.8873168965042842E-3	9.3585131975972187E-3	9.0760718213810602E-3	9.0036694331179917E-3	8.0547298131744011E-3	7.6002416311912267E-3	7.0529496846703128E-3	6.5496316404303739E-3	100 um	0.76819999999999999	1.7464	2.2199999999999998	2.7250000000000001	2.8189390271307548	3.0123645833200503	3.2220817168359006	3.4506400488390283	3.636579103125976	3.7675040518298459	3.9778424596906534	4.2886771487000939	4.5433049728048722	4.7302543831629178	5.0414248772044532	5.5055913264833212	6.0527251354242724	6.7085773387943402	9.6100000000000005E-2	3.8929999999999998	2.9119999999999999	9.0399999999999994E-2	1.0386096298593486E-2	7.8131799677407573E-3	5.9242412240994415E-3	4.5425739386478325E-3	3.7014271347263501E-3	3.2278216291335682E-3	2.6848381329274262E-3	2.1682247921663085E-3	1.8155889565332683E-3	1.5723216422375832E-3	1.3672151057050044E-3	1.1328529200220049E-3	9.3128019550743667E-4	7.9026924573781998E-4	pore size (nm)

V/dt (adsorbed volume) (cm3/g)


SZ-0.5	0	30	60	90	120	25.584000000000003	24.266999999999996	23.613	22.963999999999999	23.637	LZ-5	0	30	60	90	120	22.299999999999997	22.200000000000003	22.180000000000007	22.040999999999997	22.168000000000006	LZ-50	0	30	60	90	120	6.5699999999999932	6.3259999999999934	6.0409999999999968	5.902000000000001	5.7720000000000056	LZ-100	0	30	60	90	2.2780000000000058	2.2780000000000058	2.3910000000000053	2.3269999999999982	Time (mins)

Toluene conversion Wt. % 



SZ-0.5	0	30	60	90	120	24.011831137402528	24.029861257835055	24.018905757662562	23.961591619989818	23.962562796779302	LZ-5	0	30	60	90	120	25.330482115085541	25.002105263157894	24.94320025965596	24.964460590743961	24.996138996138999	LZ-50	0	30	60	90	120	32.208267922553638	32.767624020887723	33.351365972410065	33.587163448463428	33.840947546531297	LZ-100	0	30	60	90	120	34.756097560975604	34.756097560975604	33.399079552925706	33.720930232558139	Time (mins)

p-xylene selectivity %



SZ-0.5	3	30	70	80	23.637	8.2789999999999964	3.2189999999999941	2.0789999999999935	LZ-5	3	30	70	80	22.168000000000006	12.567999999999998	5.5330000000000013	3.6340000000000003	LZ-50	3	30	70	80	5.7720000000000056	1.8340000000000032	1.0150000000000006	0.76900000000000546	LZ-100	3	30	70	80	2.3269999999999982	0.86499999999999488	0.46299999999999386	0.39799999999999613	WHSV (h-1)

Toluene conversion Wt. %



SZ-0.5	3	30	70	80	23.962562796779302	24.791492910758965	26.227738801942795	26.887966804979254	LZ-5	3	30	70	80	24.996138996138999	28.368314150304673	39.349390053174851	45.521992580816111	LZ-50	3	30	70	80	33.840947546531297	58.73015873015872	71.353251318101925	79.562043795620426	LZ-100	3	30	70	80	33.720930232558139	54.802259887005647	71.897810218978094	73.469387755102048	WHSV (h-1)

p-xylene selectivity %



SZ-0.5	3	30	70	80	3.4820000000000002	1.1890000000000001	0.48599999999999999	0.32400000000000001	LZ-5	3	30	70	80	3.2370000000000001	2.0950000000000002	1.258	0.85899999999999999	LZ-50	3	30	70	80	1.2350000000000001	0.59199999999999997	0.40600000000000003	0.32700000000000001	LZ-100	0.49299999999999999	0.29099999999999998	0.19700000000000001	0.18	WHSV (h-1)

p-xylene yield %



SZ-0.5	3	30	70	80	38.99	22.010000000000005	14.730000000000004	9.5499999999999972	LZ-5	3	30	70	80	46.143000000000001	31.063000000000002	19.248000000000005	13.245999999999995	LZ-50	3	30	70	80	27.951999999999998	10.415000000000006	6.1299999999999955	4.6979999999999933	LZ-100	3	30	70	80	14.340000000000003	7.3329999999999984	2.3990000000000009	1.8829999999999956	WHSV (h-1)

Toluene conversion Wt. %


SZ-0.5	3	30	70	80	24.134419551934826	24.874371859296485	25.584255842558424	26.168224299065418	LZ-5	3	30	70	80	24.402781977623221	29.347237269772481	36.494597839135665	38.810992708917553	LZ-50	3	30	70	80	24.402378352141731	33.433483558671341	44.046604148905935	49.270482603815935	LZ-100	3	30	70	80	25.028875028875031	33.796841857176524	53.246753246753251	56.986301369863014	WHSV (h-1)

p-xylene selectivity %


SZ-0.5	3	30	70	80	4.74	2.97	2.08	1.4	LZ-5	3	30	70	80	4.8419999999999996	4.3339999999999996	3.6480000000000001	2.7679999999999998	LZ-50	3	30	70	80	4.0220000000000002	2.0030000000000001	1.55	1.3169999999999999	LZ-100	3	30	70	80	2.1669999999999998	1.4339999999999999	0.73799999999999999	0.624	WHSV (h-1)

p-xylene yield %



SZ-0.5	0.5	1	2	3	4	5	6	24	25	26	27	28	30	32	42	43	44	45	46	47	48	49	50	54	55	22.010000000000005	18.349999999999994	17.39	17.099999999999994	16.86	16.519999999999996	16.180000000000007	9.5720000000000027	8.7390000000000043	8.0919999999999987	6.519999999999996	6.4140000000000015	6.4000000000000057	6.3900000000000006	6.3700000000000045	LZ-5	0	1	1.5	2	3	4	11	22	25	26	27	28	32	48	50	25.538	23.712	21.533999999999999	20.931000000000001	20.402999999999999	18.763000000000002	17.643000000000001	17.077999999999999	17.09	17.027999999999999	16.913	14.228	14.22	LZ-100	1	9	10	12	24	30	48	49	60	7.33	3.8959999999999999	3.76	3.7	2.823	2.823	2.8159999999999998	2.8220000000000001	2.82	Time on Stream (hrs)

Toluene conversion wt. %


SZ-0.5	0.5	1	2	3	4	5	6	24	25	26	27	28	30	32	42	43	44	45	46	47	48	49	50	24.874371859296485	25.218234723569356	25.281473899692937	25.36534446764092	25.368421052631579	25.377969762419006	25.45189177051757	24.40979306324687	24.481693868548742	24.511964735516372	24.536401098901102	24.569524162192184	24.596527068437183	24.550241333918386	24.538043478260867	24.542936288088644	24.552711257913572	24.510074523875243	24.542224651544139	24.520658925195789	24.573378839590443	24.53623546871135	24.54882571075402	LZ-5	0	1	1.5	2	3	4	11	22	25	26	27	28	32	48	50	24.4	25.5	25.82	25.9	26	26.34	26.6	26.7	26.8	26.8	26.87	27.4	27.4	27.4	27.4	LZ-100	1	9	10	12	24	30	48	49	60	33.799999999999997	46.67	47.4	47.65	52.1	56.6	56	56.7	56.5	Time on Stream (hrs)

p-xylene selectivity %


SZ-0.5 	38.99	22.010000000000005	14.730000000000004	9.5499999999999972	24.134419551934826	24.874371859296485	25.584255842558424	26.168224299065418	LZ-5	46.143000000000001	31.063000000000002	19.248000000000005	13.245999999999995	24.402781977623221	29.347237269772481	36.494597839135665	38.810992708917553	LZ-50	27.951999999999998	10.415000000000006	6.1299999999999955	4.6979999999999933	24.402378352141731	33.433483558671341	44.046604148905935	49.270482603815935	LZ-100	14.340000000000003	7.3329999999999984	2.3990000000000009	1.8829999999999956	25.028875028875031	33.796841857176524	53.246753246753251	56.986301369863014	Toluene conversion wt. %

p-xylene selectivity %
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