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Abstract  

Background: less value and more environmentally pollutant behavior of toluene in comparison 

with xylenes makes Toluene methylation to para-xylene is highly environmental, and economical 

interested reaction in petrochemical industry. 

Methods: The present contribution aimed to synthesise Al-HMS with different Si/Al ratios and 

H-ZSM-11 industrial catalysts with surface modification (SM-H-ZSM-11). The properties of the 

catalysts were characterized by X-ray crystallography (XRD), Scanning electron microscope 

(SEM), Thermogravimetric Analysis (TGA), Fourier-transform infrared spectroscopy (FTIR) of 

pyridine adsorption, and NH3 TPD and its catalytic performance were evaluated for the toluene 

methylation with methanol by assessing the effects of temperature, pore size, acidic strength, and 

residence time of reactants on the shape-selectivity of the product.  

Significant finding: The results show that whilst an increase in pore size has an unfavorable 

impact on the shape selectivity of p-xylene, an increase in the strength of the acid site enhances 
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the shape selectivity of p-xylene, hence counterbalancing the effect of pore size. In particular, Al-

HMS-5 has a larger pore size than that of H-ZSM-11 but the stronger acidity of Al-HMS-5 is more 

effective on the shape selectivity of the catalyst. Beside the experimental measurements, a 

computational process modelling was carried out to estimate percentage of toluene conversion as 

a function of the reaction temperature (K), WHSV (h-1), toluene/MeOH molar ratio, acidity of 

catalyst (mmol/g), and surface area(m2/g) using adaptive neuro-fuzzy inference system optimized 

by particle swarm optimization algorithm. Excellent agreement between measured and predicted 

toluene conversion confirmed the satisfactory performance of our model with R2 values of 0.9963. 

The final results show that by suitable tuning of catalyst acidity it is possible to retain high 

selectivity whilst increasing pore size, hence alleviating potential problems due to diffusion 

limitation in small pores. Relevancy factor calculated for reaction temperature, WHSV, acidity of 

catalysts, and BET surface area of catalysts are 1.35, 0.096, 0.0071, and 10.42, respectively which 

shows that highest sensitivity of toluene methylation relates to BET surface area.  

Keywords: Toluene methylation; methanol to hydrocarbon; para-xylene production; Al-HMS 

catalyst; Brønsted and Lewis acid catalysis; ANFIS 
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1. Introduction 

Thermal cracking and catalytic reforming of naphtha (1) and coal tar (2) are the 

conventional and commercial sources for the production of xylenes. Among the three isomers of 

xylene, para (p)-xylene is the mostly used isomer in the petrochemical industries, in which it is 

the most important precursors for chemical commodities such as polyethylene terephthalate (PET), 

resins, phthalic acid, terephthalic acid(3), plasticizers(4), and polyesters(5). Increasing demands 

for above mentioned product provide a market for p-xylene around the world (6). 

In order to produce p-xylene, alternative processes and methods such as adsorption 

followed by separation (7–10) and selective production of p-xylene using catalyst (11,12) are more 

described in the literature. Given that xylene isomers have almost similar boiling point, as shown 

in Table 1, separation of the p-xylene isomer requires energy intensive processes. Therefore, the 

design and preparation of highly selective catalysts towards this isomer is of paramount importance 

in order to reduce the needs for such expensive separation processes. 

Among BTX (benzene, toluene and xylene), toluene is commercially less valuable than 

xylene and benzene driving the chemical industry to increase the production of more convenient 

aromatics. With this intention, toluene disproportionation(13–15) and methylation of toluene with 

methanol (16,17) are potential routes for p-xylene production. Lower operational temperatures and 

abundance of methanol, which can be produced from natural gas, make toluene methylation more 

attractive in comparison with disproportionation of toluene(18). 

During the production of xylenes from toluene methylation, various side products such as 

light hydrocarbon (C1-C3) and highly methylated aromatics (i.e., trimethyl benzene, tetramethyl 

benzene) are produced Some research groups investigated the effects of pore size and acidity of 
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the catalyst on the reaction path and p-xylene selectivity during toluene methylation over a zeolite 

catalyst. They have modified the catalyst characteristic by using pore blockage(19,20) and increase 

of crystal size(21). Since the catalytic production of p-xylene is an important petrochemical 

process, estimation of toluene conversion to p-xylene from an experimental point of view is 

required to advance the development of the application.  

Also, the use of intelligent techniques such as the artificial neural network (ANN) (22), 

fuzzy logic system, support vector machine (SVM), and evolutionary algorithms have broadly 

applied in the last decades for modeling complex systems (23–25) such as and they can be used 

for the reaction system under study (26).  

In this contribution, in order to investigate the effects of acidity and pore size of catalyst 

on toluene methylation reaction with methanol, large pore size and highly acidic Al-HMS with 

various Si/Al ratio were synthesized and tested in reaction studies. In addition, small pore size and 

weak acidic H-ZSM-11 and as well as surface modified H-ZSM-11(SM-H-ZSM-11) were also 

successfully synthesized and evaluated. A key comparison is then made by assessing the role of 

catalyst acidity and pore size in order to understand the inter-play between those two parameters 

and how this affects the catalytic performances. Moreover, the experimental results have been 

compared with a computational modeling approach based on adaptive-network-based fuzzy 

inference system (ANFIS) to estimate the conversion of toluene under realistic process conditions. 

2. Experimental  

2.1.Materials and methods 

Al-HMS and H-ZSM-11 zeolite materials used in this study were synthesized by the sol-

gel method and hydrothermal crystallization. The synthesis process is similar to that suggested by 
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Mokaya et al (27). for  the Al-HMS and Grieken et al(28), Derewinski et al. and Zheng et al (29). 

for the H-ZSM-11 catalyst. 

Al-HMS samples were synthesized with various Si/Al ratios ranging between 5 and 35 by 

providing the appropriate amounts of the aluminum source using aluminum isopropoxide (Al(O-

i-Pr)3, Merck), silica source via tetraethyl orthosilicate (Si(OC2H5)4, Merck), and surfactant source 

via dodecyl amine (CH3(CH2)11NH2, Merck). After 20 hour crystallization time, the solid product 

were filtrated followed by drying in air at 120°C overnight and then as a final step, the calcination 

was carried out for 5 hours at 600°C. 

H-ZSM-11 samples and surface modified (SM) H-ZSM-11 catalysts were synthesized with 

the procedure reported by Derewinski et al. and Zheng et al. (29), respectively. 

Tetrabutylammonium hydroxide (TBAOH, Merck), and 1, 8 diamino-octane (DAO, Merck) were 

used as organic templates and aluminum nitrate (Merck), tetraethyl orthosilicate (Si(OC2H5)4, 

Merck), sodium hydroxide was used for H-ZSM-11 synthesis. Ageing of the uniform mixture was 

completed overnight and the mixture was relocated into the sealed autoclave and after the 

crystallization for 18 h at 448 K the autoclave was cooled and solids products were separated using 

a Buchner funnel and washed with demineralized water for three times (30). To remove the organic 

template (TBAOH and DAO) the samples was calcined at 823 K for 10 h under flowing air; to 

obtain the proton form of the zeolite, ammonium ion exchange under stirring in a 0.2 M NH4Cl 

solution was carried out at 353 K. To prepare the SM-H-ZSM-11 sample, 20 grams of H-ZSM-11 

in 500 cm3 of hexane (Merck) containing 3cm3 of TEOS (Merck) was heated under stirring for 60 

min at 353 K and then a rotary evaporator under vacuum was used for hexane removal followed 

by calcination at 823 k under flowing air for 5 h. 

2.2. Characterization of catalyst 
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In this study, for the identification of a crystalline material and surface topography of the 

synthesized catalyst, calcined catalyst samples were studied by X-Ray diffraction (XRD) analysis, 

carried out using a X-PERT diffractometer employing Ni-filtered Cu kα radiation at 45 kV and 

50mA in the 2-teta range of 1-10°, and scanning electron microscopy (SEM) respectively.  

The total concentration of Lewis and Brønsted acid sites of Al-HMS and H-ZSM catalysts 

were measured using Fourier-transform infrared spectroscopy (FTIR) with pyridine as the probe 

molecule. After removal of physical adsorbed pyridine in vacuum at 150 ℃ and integration of the 

area under the observed peaks at 1455 and 1546 cm-1 wavelengths, the total concentration of Lewis 

and Brønsted acid sites, respectively, was measured. To quantify the acidity of the synthesized 

catalyst temperature programmed desorption (TPD) of ammonia (NH3) was investigated using 

TPD/TPR associated with thermal conductivity detector (TCD). Measurements of the Si/Al ratio 

exist in the catalyst structure, which was the main source of alteration of the acid sites, was 

determined with a X-ray fluorescence (XRF-8410 Rh 60 kV)) instrument. 

N2 adsorption-desorption (physisorption) at low temperature  (77 K) were performed. An 

ASAP 2010 (USA) instrument was used to calculate the pore volume (PV) and specific surface 

area of the different mesoporous catalysts. Before the preparation of the adsorption-desorption 

isotherms evacuation of the calcined catalyst at vacuumed condition at 350°C was done.  

In order to measure the coke content deposited on the catalyst surface during a reaction, a 

thermogravimetric analyzer (STA503M device) was used. 

2.3. Catalytic reactions 

The catalytic methylation of toluene with methanol at atmospheric pressure was carried 

out at different weight hourly space velocities (WHSV varying between 2-8 h-1) and the 
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temperature range of 350-550 °C in a stainless steel 316 microreactor packed with 2.0 grams of 

catalyst (80-200 µm particle size) and 5.0 grams of silicon carbide (2.5 times the weight of catalyst) 

(31). Prior to the catalytic test, catalyst activation was performed under flowing nitrogen (purity = 

99 % and 60 ml/min) at 550 °C for 1.5 h. Then a premixed mixture of toluene and methanol with 

an aromatic to MeOH volume ratio range of 1/4-1/9 and the total liquid flow rate of 0.15-0.6 

cm3/min was fed into a preheater. HPLC metering pump (working range of 0.1 to 99.9 ml/min) 

was used for the feed injection to the preheater. Fig 1 shows the details of the schematic diagram 

of the multipurpose catalytic reactor setup used for the methylation of toluene. The reactor zone 

consists of two sections: the first section is used to heat the mixture up to the reaction temperature 

without catalysts whilst the second section is controled and operated to maintain a constant 

reaction temperature (isothermal reactor) (32).  A thermocouple was in external contact of the 

reactor for adjusting the temperature of the vertical furnace (ATRA Company)(33). All of the 

reactions are considered to be isothermal at their center temperature, which was measured with the 

submerged thermocouple (34). All catalysts were tested in the specified temperature range for a 

60 min TOS (time on stream) and the performance of the catalyst for lifetime evaluation was 

investigated at the best catalyst condition and maximum p-xylene selectivity. Online GC (gas 

chromatography, Agilent 6890) with FID (flame ionization detector) was used for the analysis of 

the product stream from catalytic reactions at different conditions (35). 
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Figure 1. Schematic diagram of multipurpose catalytic setup prepared in the Petroleum 

University of Technology for toluene methylation.  

3. Mathematical modeling 

3.1. Adaptive neuro-fuzzy interference system  

Adaptive neuro-fuzzy interference system (ANFIS) is one of the most useful and accurate 

intelligent hybrid modeling tool, proposed by Jang et al and is based on the simultaneous 

application of neural network and fuzzy systems.  

The functionality of ANFIS, which is used in this study, is equivalent to the fuzzy 

interference system proposed by Sugeno at al (36). The gradient descent backpropagation (GDBP) 

is used as the fundamental learning rule of ANFIS and for the error rate estimation the derivative 
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of the squared error for each output node is calculated using GDBP recursively from the output to 

the input nodes. Hence, for the forward step, a hybrid learning algorithm is, therefore, achievable 

with the combination of least square and gradient descent. In other words, output nodes or 

functional signals are processed toward layer 4 and the least square is used to identify the parameter 

of consequence; then gradient descent was used to update parameter in the backward step (37).   

Fig. 2 shows the adaptive network with corresponding nodes and connections in which the 

five network layers are used. In the present structure (x,y) represent the input parameters and f is 

the outlet of the model. The architecture of ANFIS was prepared based on the if-then two fuzzy 

algorithms presented by Bunke et al (38) as follow: 

- If x is A1 and y is B1,      then 1 1 1 1f p q y r= + +  

- If x is A2 and y is B2,    then 2 2 2 2f p q y r= + +  

The first layer of the mentioned structure, which is called fuzzification layer, can be 

described as below(39,40): 

1, ( )i AiO x=   i = 1,2                                                                                                        (1) 

1, 2( )i BiO x −=  i = 3,4                                                                                                      (2) 

The membership grade of the fuzzy system was denoted by i in the equation 1 and equation 

2 and O1,i represents the output of layer 1 in node i. All incoming signals produced by the output 

node in layer 2 are written below: 

2, ( )* ( )i i Ai BiO w x x = =   i = 1, 2                                                                                (3) 
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The ratio of the rule’s fitting strength relative to the sum of all rules is then calculated by 

using following equation for the nodes in layer 3. 

3,

1 2

i
i

W
O

W W
= =

+
 i=1, 2                                                                                                (4) 

In the layer 4, all nodes are the adaptive nodes with a node output: 

34 ( )i i i i i iO f p q y r = = + +  i=1, 2                                                                               (5) 

where i is a normalized fitting strength and the consequent parameters in equation 5 are 

pi, qi, and ri. Summation of all incoming signals computs by using every node in layer 5 and to 

optimize the ANFIS model parameters, different optimization algorithms such as particle swarm 

optimization (PSO) and genetic algorithm (GA) can be used. In this study, PSO has been selected 

to optimize the developed ANFIS parameter. 

2
1 1 2 2

5

1 1 2

i i i

i

f f
O f

W W

 


=

+
= =

+
                                                                                        (6) 
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Figure 2. Typical construction of ANFIS methodology. 

 

4. Results and discussions 

4.1. Materials characterization 

Fig. 3 shows the XRD patterns of different synthesized Al-HMS and H-ZSM catalyst with 

different Si/Al ratio. XRD diagrams as well as SEM images (Fig. S1) related to Al-HMS and H-
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ZSM catalysts are similar and comparable to those of Mokaya et al (27). and Tao et al (41), 

correspondingly. 

 

(a) 

  

(b) 
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Figure 3. XRD patterns of synthesized catalyst a) Al-HMS catalyst with different Si/Al ratio b) 

H-ZSM-11. 

With respect to the existence of single broad reflection in the XRD pattern (Fig. 3-a) of 

synthesized Al-HMS catalyst and verification by Hamoule et al., the presence of hexagonal short-

range lattice is understandable. In addition, the broadening of the above mentioned peak with 

increasing the Al content demonstrates that the higher the Al incorporation in catalyst structure, 

the lower the order of the lattice bulk. As can be seen in Fig. 3-b, the presence of a sharp peak in 

XRD diagram of H-ZSM and SM-H-ZSM-11 catalysts at 2θ= 7.9, 8.8, 23.1, 24 and 25° indicates 

that high zeolite crystallinity was achieved and synthesized catalysts are free of crystalline 

impurities (42). 

Comparison between SEM images of synthesized H-ZSM-11 catalyst and SM-H-ZSM-11 

reveals that uniform morphology of interwoven, candy-like crystals was achieved. To clarify this 

aspect, investigation of the result of Tao et al.(41), which characterized H-ZSM-11 catalysts based 

on different crystallization times and its effect on catalytic performance, has shown that 48 h was 

the best time required for crystallization. SEM images for Al-HMS (see Fig. S1-a) samples proves 

that particles for Al-HMS were around 100-2000 nm in size while H-ZSM-11 (see Fig. S1-b) 

particles were around 200-600 nm, as also shown by inspection of the particle size distribution 

diagrams.  

The pore volume, Brunauer–Emmett–Teller (BET) surface area, and chemical composition 

of synthesized Al-HMS and H-ZSM-11 catalysts established in Table 2. Also, pore size 

distributions of Al-HMS-5 catalysts derived from BJH plot and N2 adsorption–desorption 

isotherms at 77 K for the Al-HMS-5 catalyst are shown in Fig. S2.  
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Fig. 4 shows the temperature programmed desorption of ammonia (NH3-TPD) for Al-HMS 

and H-ZSM-11 catalysts. TPD profiles of Al-HMS samples with different Si/Al ratio illustrates an 

peak in the range of 150-500 °C, which verifies the existence of the distribution of acid site on the 

catalyst surface; i.e., presence of the acid site distribution from strong to the weak acid site was 

understood from the aforementioned peak. The first column in Table 2 provides the maximum of 

the peak temperature of TPD for the synthesized Al-HMS and H-ZSM-11 catalysts. The data for 

Al-HMS clearly indicate that as the Si/Al ratio decreases, the TPD peak temperature increases, 

which indicates an increase in acidic strengths. This is consistent with what previously observed 

by D’Agostino et al. when systematically studying the effect of Si/Al ratio on zeolite acidity 

(43,44). By further inspection of Table 2 the results show that Al-HMS catalysts with a lower Si/Al 

ratio, hence higher acidity, exhibits the lower pore volume. 
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Figure 4. NH3 TPD profiles of synthesized mesoporous catalyst plotted for a) Al-HMS catalyst 

with different Si/Al ratio (large pore size and strong acid catalysts) b) H-ZSM-11 and SM-H-

ZSM-11 (medium pore size and weak acid catalyst) 

 

FT-IR spectra of pyridine adsorption at room temperature were acquired for the 

determination of the Brønsted and Lewis acid sites and additionally, the concentration of Brønsted 
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and Lewis acid site was validated with that calculated from the Si/Al ratio. Obviously, increasing 

the aluminum content causes the reduction of the potential Brønsted acid site and the increment of 

potential Lewis acid site. Then as presented in Table 2, the higher the Al content in the structure 

of Al-HMS catalyst, the lower the ratio of Brønsted /Lewis acid sites. 

It can be seen from this table that increasing the aluminum content in the HMS bulk affects 

the Si/Al ratio as further aluminum heteroatoms are surrounded in the structure of Al-HMS 

mesoporous catalyst by silica molecules. This results in the reduction of the pore volume and 

surface area, as also suggested by the XRD patterns, which shows that the higher the Al 

incorporation in catalyst structure, the lower the order of the lattice bulk. 

4.2.Comparison of Al-HMS and H-ZSM catalysts  

Experimental results for the methanol and toluene (reactants) conversion, xylenes 

(product) selectivity in aromatics, and selectivity to p-xylene in xylenes (product) at a maximum 

selectivity of p-xylene are presented in Table 3. The results for toluene methylation with methanol 

over different catalysts in Table 3 and the observed results from the characterization of the catalysts 

indicate that different parameters such as pore size distribution of the catalyst, acidity and 

residence times of reactants play an important role. Obviously, variation of the conversion of 

reactants and selectivity of products depends upon aforementioned parameters (pore size 

distribution of the catalyst, acidity and residence times of reactants). To investigate the effects of 

pore size distribution of catalyst, the acidity of catalyst, and residence times of reactants over the 

catalyst pores and reaction temperature on reaction path, Al-HMS with various Si/Al ratios and H-

ZSM-11 with surface modification were synthesized, characterized and finally, catalyst evaluation 

under the reaction conditions was carried out. 
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Scheme 1 shows the reaction pathway for desired reaction (p-xylene production) occurring 

besides the undesired reactions (light hydrocarbons and highly methylated aromatics), in which 

three different mechanisms are shown, e.g., toluene methylation, isomerization of xylenes (45), 

and dealkylation or light hydrocarbon elimination from highly-methylated aromatics. To 

understand how the reaction pathway and parameters affecting on the reaction path, the effects of 

pore size distribution of catalyst, acidity of catalyst, reaction temperature, and residence time of 

reactant over catalyst pores on different reaction path have been investigated. The comparison of 

the different cases is represented in terms of conversions of toluene and methanol (reactants), 

selectivity of para-xylene, light hydrocarbon, and highly methylated aromatics (product). 

 

Scheme 1. Desired (1) and undesired (2-6) reactions occurring during toluene methylation with 

methanol based on reported reaction pathway in literature  and our findings in different 

experiments. Reaction 1, 2, 3, 4, 5 and 6 represents para-xylene production from toluene, ortho-

xylene production from toluene, para-xylene isomerization, ortho-xylene isomerization, light 

hydrocarbon formation from toluene, and simultaneous alkylation-de alkylation of tolune to 



18 

 

produce benzene and highly-methylated aromatics, respectively. Other reactions shown in figure 

indicates elimination of alkyl group form highly-methylated aromatics and light hydrocarbon 

formation from highly-methylated aromatics.  

 

The results for toluene conversion over Al-HMS catalysts with various Si/Al ratios and H-

ZSM-11 with surface modifications are shown in Fig. 5. Investigation of the temperature 

dependence of toluene conversion reveals that high reaction temperature during toluene 

methylation over both Al-HMS and H-ZSM-11 catalysts exhibits high toluene conversion i.e., the 

higher the reaction temperature, the higher the toluene conversion. 
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Figure 5. Toluene conversion during methylation of toluene at different temperature calculated 

for a) Al-HMS catalyst with different Si/Al ratio (large pore size and strong acid catalysts) b) H-

ZSM-11 and SM-H-ZSM-11 (medium pore size and weak acid catalyst) at Ptoluene=0.8 kPa, 

PMeOH=0.2 kPa, 2g of catalyst, WHSV=8 hr-1 
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To exemplify the relation between pore size distribution and acidity of Al-HMS and H-

ZSM-11 catalyst, the results of catalyst characterization tests reported in Table 2, reveals that pore 

sizes of catalyst decreased with increasing the acidity of the mesoporous catalyst. Fig. 5-a shows 

that Al-HMS 5 has the lowest toluene conversion among all synthesized Al-HMS catalyst because 

of the lowest pore size. Moreover, above mentioned explanations confirmed by Fig. 5-b and 

information revealed in Table 2 and higher toluene conversion by H-ZSM-11 was observed.  

The comparison between the toluene conversion over H-ZSM-11 and SM-H-ZSM-11 

catalyst may explain the effect of last parameter (residence time of reactant over catalyst pores) on 

toluene conversion. SM-H-ZSM-11 catalyst was the partial pore blocked forms of H-ZSM-11 

catalyst and as proved in characterization section the residence time of reactant over SM-H-ZSM-

11 catalyst are higher than H-ZSM-11 catalyst. As shown in Fig. 5-b, toluene conversion over 

SM-H-ZSM-11 is higher than H-ZSM-11 catalyst and then obviously increasing the residence time 

of reactant over the catalyst pores. Hence, it is clear that with increasing the tortuosity of catalyst, 

toluene (reactant) conversion over the toluene methylation will increase. 

The results shown in Table 2 and Fig. 6 reveal that the acidity of catalysts and residence 

time of reactants over catalyst pores are in direct relationship with methanol conversion. 

Particularly, the function of acidity in the conversion of methanol is against its functionality for 

toluene conversion. As described for toluene conversion the pore sizes of catalyst are in indirect 

relation with acidity. Hence, a catalyst with lowest pore sizes among the Al-HMS catalyst has the 

highest methanol conversion. Previous sentences and mentioned fact are reliable for synthesized 

H-ZSM-11 catalyst. But this comparison (effect of pore size on methanol conversion) between Al-

HMS and H-ZSM-11 catalyst shows that for methanol conversion, the acidity of the catalyst has a 

higher impact compared to the pore size of catalyst. This is confirmed by the finding that methanol 
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conversion over Al-HMS catalysts, with large pore size and strong acid catalysts is higher than 

over H-ZSM-11, with medium pore size and weak acid catalysts. 
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Figure 6. Methanol conversion during methylation of toluene at different temperature calculated 

for a) Al-HMS catalyst with different Si/Al ratio (large pore size and strong acid catalysts) b) H-

ZSM-11 and SM-H-ZSM-11 (medium pore size and weak acid catalyst) at Ptoluene=0.8 kpa, 

PMeOH=0.2 kpa, 2g of catalyst, WHSV=8 hr-1 

Based on the FTIR results of pyridine adsorption (the ratio of Brønsted per Lewis acidity 

sites of different catalyst) and experimental results, during toluene methylation reactions, it is 

reasonable to claim that for Al-HMS catalysts with different Si/Al ratios, toluene conversion was 

increased with increasing the B/L ratio. For synthesized H-ZSM-11 and SM-H-ZSM-11 catalyst, 

this trend is not observed;  however, SM-HZSM-11 shows larger tortuosity and higher reactant 

residence time in comparison with H-ZSM-11 catalyst. Effect of tortuosity overcomes to the B/L 

ratio effect and hence, toluene conversion over SM-HZSM-11 is higher than that of H-ZSM-11. 

Also, the comparison between synthesize Al-HMS and H-ZSM-11 catalyst for toluene conversion 

reveals that pore sizes of the catalyst have more impact on toluene conversion rather B/L ratio. 

Then Al-HMS 35 catalyst has the highest toluene conversion among the all synthesized catalyst. 

Fig. 7 to Fig. 9 show the selectivity of different isomers of xylene, the selectivity of light 

hydrocarbons, and selectivity of highly methylated aromatics during toluene methylation. with Al-

HMS and H-ZSM-11 catalyst in the range of (350-550°C).  
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Figure 7. Selectivity of xylene isomers within xylenes at 350-550 °c over a) Al-HMS 5 b) Al-

HMS 10 c) Al-HMS 20 d) Al-HMS 35 e) H-ZSM-11 f) SM-H-ZSM-11. Reaction with methanol 

and toluene condition at Ptoluene=0.8 kpa, PMeOH=0.2 kpa, 2g of catalyst, WHSV=8 hr-1 
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Figure 8. Selectivity of light hydrocarbons (C1-C4) within reaction product at 350-550 °c over a) 

Al-HMS catalyst with different Si/Al ratio (large pore size and strong acid catalysts) b) H-ZSM-

11 and SM-H-ZSM-11 (medium pore size and weak acid catalyst) at Ptoluene=0.8 kpa, PMeOH=0.2 

kpa, 2g of catalyst, WHSV=8 hr-1 
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Figure 9. Selectivity of higher methylated aromatics within reaction product at 350-550 °c over 

a) Al-HMS catalyst with different Si/Al ratio (large pore size and strong acid catalysts) b) H-

ZSM-11 and SM-H-ZSM-11 (medium pore size and weak acid catalyst) at Ptoluene=0.8 kpa, 

PMeOH=0.2 kpa, 2g of catalyst, WHSV=8 hr-1 
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4.3.Effect of acidity on the shape-selective methylation of toluene 

As described in the characterization section, the trend of total acidity of the different Al-

HMS catalysts is as follows: Al-HMS 5 > Al-HMS 10 > Al-HMS 20 > Al-HMS 35 and comparison 

between H-ZSM-11 and SM-HZM-11 catalyst indicates that total acidity of  H-ZSM-11 is higher 

than that of SM-H-ZSM-11. According to p-xylene selectivity, an optimal temperature of  450 °C 

has been observed, 

 To report the best selectivity for p-xylene production during toluene methylation, different 

selectivity’s of para-xylene were reported in Table 3. Experimental results show the maximum p-

xylene selectivity (92%) with Al-HMS 5. 

Fig. 8 shows the light hydrocarbon selectivity within reaction product during toluene 

methylation at different temperature and over different catalysts. Investigation of the effect of 

acidity on the selectivity of light hydrocarbons shows that formation rate and their selectivity were 

increased with an increase of the acidity; however, according to these results, in Al-HMS 35 the 

effect of pore volume is more significant than the effect of acidity. 

Description for the effects of B/L ratio on the selectivity of light hydrocarbon leads to study 

the experimental and catalytic evaluations which indicate that selectivity of light hydrocarbon was 

increased as the B/L ratio was decreased. This fact is consistent with experimental result revealed 

in Fig. 8.  

Different from light hydrocarbon selectivity, during toluene methylation indicates that 

increase in the acidity of catalyst leads to a higher production of byproducts as in the case of highly 

methylated aromatics. Also, as in the case of Al-HMS 5, the lower of B/L ratio results the minimum 

selectivity for highly methylated aromatics as shown in  Fig. 9. 
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4.4. Effects of pore size on the shape-selective methylation of toluene 

As previously described, the catalyst pore size affects the selectivity of xylene and other 

side products during toluene methylation.  To gain insight into the effect of pore size of catalyst, 

the comparison of the Al-HMS and H-ZSM-11 catalysts with different pore sizes was done.. . To 

better understand the reasons of difference between p-xylene and other side products, Scheme 2 

was prepared. Light hydrocarbon formation forms highly methylated aromatics and this is more 

willing rather than methylation or dealkylation of toluene at earlier stages. Then it is observed that 

same trends of selectivity variation for light hydrocarbon and highly methylated aromatics against 

the pore sizes of catalyst were exist. Combination of these results and pore size dependencies of 

the reaction network for toluene methylation proves the possibility of the production of highly 

methylated aromatics at larger pore size catalyst since highly-methylated aromatics are massive 

than other products and producing them needs larger pore size and hence more selectivity of highly 

methylated aromatics made the reaction path for light hydrocarbon formation smooth . 
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Scheme 2. Effect of molecular size of different aromatics and hydrocarbons along the pore 

diffusion  

 

4.5.Effect of temperature on shape selectivity of xylene and side products 

Fig. 7 to Fig. 9 show the temperature dependencies of selectivity of xylene, light 

hydrocarbon, and highly methylated aromatics, respectively. In addition, Fig. 8 confirms that 

selectivity of xylene decreases as the following order:  450°C> 400°C> 500°C > 350°C > 600°C.  

Then 450 °C is the best reaction temperature for xylene maximization during toluene 

methylation but this trend is not consistent for the temperature dependencies of selectivity of light 
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hydrocarbon and highly methylated aromatics and using 450 °C as the reaction temperature, shows 

the lowest selectivity for light hydrocarbon and highly methylated aromatics. As mentioned by 

previous works  and our experimental observation for the different acidic catalyst, production of 

light hydrocarbon from highly methylated aromatics is more favorable than light hydrocarbon 

formation as earlier stages. Then production of highly methylated aromatics facilitates the reaction 

path for the production of light hydrocarbon, in which both of them are side and undesired product 

for p-xylene maximization. 

4.6. Residence time effect on methanol usage and product selectivity 

Surface modification of H-ZSM-11 catalyst as explained in the experimental section, 

partially blocks the catalyst pores and provides smaller pore size catalyst and pore volume. the 

residance time of reactant in blocked pore are more that catalyst without blockage and this provides 

more avalible time for reactants in the acids sites. Surface coating of H-ZSM-11 catalyst by TEOS 

(silica source) produces SM-H-ZSM-11with smaller lowering the pore size hence providing a 

suitable condition to investigate the effect of the residence time of reactant over catalyst pores. 

Fig. 7 indicates that pore blockage and increasing the residence time of reactant is suitable for p-

xylene maximization since selectivity of para-xylene among other xylenes over SM-H-ZSM-11 

catalyst are higher than H-ZSM-11 catalyst. Fortunately, pore blockage increase the resistance of 

catalyst for production of highly methylated aromatics and light hydrocarbon. Obviously Fig. 8-b 

and Fig. 9-b show that the SM-H-ZSM-11 has less tendency to produce light hydrocarbon and 

highly methylated aromatics than that of H-ZSM-11 catalyst. 

4.7. Coke formation and time on stream behavior of catalysts 



32 

 

To investigate this effect, changes in the catalyst selectivity of products (p-xylene) and 

catalyst activity (reactants conversion) were explored. Catalytic testing of the catalysts was 

continued for 6 h under and product distribution was recorded each 1 h. Fig. 10 shows the reactant 

(methanol and toluene) conversion and product (p-xylene) selectivity versus time on stream at 450 

°C for teh various catalysts. Experimental results indicate that characteristic such as pore volume 

was sharply changed during 1-2 h on stream and H-ZSM-11 and SM-H-ZSM-11 shows smaller 

changes in characteristic than that of synthesized Al-HMS-based catalysts. To better understand 

the results, coke formation on the catalyst surface during the process is crucial. Fig. 11 shows the 

results of thermogravimetric analysis (TGA) for all synthesized catalysts. As mentioned in 

literature, the presence of acid sites on the catalysts causes the coke formation over catalyst surface 

and this fact is consistent with the results of coke content demonstrated in Fig. 11. Also, the higher 

deactivation after 6 h time on stream for Al-HMS-based catalysts rather than that of H-ZSM-11 

correlates with the higher amount of coke. Further investigation of the results of coke laid down 

over the H-ZSM-11 and SM-H-ZSM-11 catalyst shows that the surface modification process, 

schematically shown in Scheme 3, causes the reduction in coke content. In the other meaning 

reducing the accessibility of Lewis acid site over the catalyst surface which is available for 

deposition of the SiO2 over layer causes the lower amounts of coke formation over the SM-H-

ZSM-11 rather than that of H-ZSM-11.  
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Figure 10. Reactant (Methanol and toluene) conversion and selectivity of product (para-xylene) 

vs. time on stream over Al-HMS(x) and H-ZSM-11catalysts at 450 °C 

 
 

Figure 11. Coke laid down over surface of different catalyst after 6 h toluene methylation at 

Ptoluene=0.8 kpa, PMeOH=0.2 kpa, 2g of catalyst, WHSV=8 hr-1 
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Scheme 3. Graphical representation of synthesized SM-HZSM-11 with surface modification of 

H-ZSM-11 

 

4.8.Model development and analysis 

Figure S-4 includes general flow chart for the modeling section of this research. The 

present model can estimate the percentage of toluene conversion as a function of the reaction 

temperature (K), WHSV (h-1), toluene/MeOH molar ratio, the acidity of catalyst (mmol/g), and 

surface area(m2/g) using adaptive neuro-fuzzy inference system optimized by particle swarm 

optimization algorithm. In the ANFIS construction, the Gaussian membership function was 

applied because of its interesting performance, in which two tuning parameters must be specified 

optimally. Also, a number of 8 clusters were employed and based on the following equation, we 

can compute a total number of adjustable parameters as:  

𝑁𝑇 = 𝑁𝑐𝑁𝑃𝑁𝑚𝑓                                                                                                         (7)                                         

wherein Nmf, NP, Nc and NT represent the number of membership function parameters, the 

number of variables, the number of clusters, and the total number of tuning parameters, 
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respectively. Accordingly, based on above equation we can consider 96 tuning parameters for 

ANFIS model. The performance of PSO technique was demonstrated in Fig. 12 during different 

epochs. The trained membership functions of the conjugated ANFIS for normalized input variables 

such as the reaction temperature (K), WHSV (h-1), Toluene/MeOH molar ratio, the acidity of 

catalyst (mmol/g), and Surface area (m2/g) was shown in Fig. 13.  
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Figure 12. Performance of PSO algorithm to train the ANFIS
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Figure 13. Trained membership function parameter of ANFIS for different inputs 

 

A good agreement of estimated and experimental Toluene conversion was shown in Fig. 

14 which is the confirmation for satisfactory performance of suggested model.  Moreover, the 

agreement of estimated and experimental values was shown in Fig. 15 as regression illustration.  

As can be seen, a compact gathering of data around the y=x line along with R-square values equal 

to 0.9968 and 0.9993 at training and testing stages, respectively confirms the accuracy of model. 

In the regression analysis, following equations cab be written as the linear regressions for test and 

train data points, respectively as: 

𝑦 =  1.0013𝑥 − 0.5751& 𝑅² =  0.9993                                                                    (8) 

 𝑦 =  0.9987𝑥 + 0.2802 & 𝑅² =  0.9968                                                                (9) 
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Moreover, percentage of relative deviations, which stand for the differences between the 

experimental and estimated data points using the ANFIS, has been illustrated in Fig. 16 for both 

training and testing groups. The percentage of Average Relative Errors (AREs) and Mean Squared 

Error (MSE) were obtained 2.69, 2.29 and 7.69, 1.02 for training and testing phases respectively.  

 

Figure 14. Experimental versus predicted Toluene conversion by the ANFIS mode 
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Figure 15. Regression plot for both training and testing stages 
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Figure 16. Relative deviation of suggested ANFIS model 

After providing statistical and graphical analysis of the developed model, sensitivity analysis was 

performed. Figure 17 illustrates relevancy factor of each factors (reaction temperature, weight 

hourly space velocity, acidity of catalysts, and BET surface area of catalysts) affecting on the 

toluene conversion during toluene methylation reaction. as can be seen in this figure, relevancy 

factor calculated for reaction temperature, WHSV, acidity of catalysts, and BET surface area of 

catalysts are 1.35, 0.096, 0.0071, and 10.42, respectively. Considering these RF values one can 

conclude that catalysts surface area and acidity of catalysts are the most and least sensitive 

parameters for toluene methylation prediction. Also, following equation were used for the 

relevancy factor calculation.   

𝑟 =
∑ (𝑎𝑧.𝑖−𝑎𝑧.𝑎𝑣𝑒𝑟𝑎𝑔𝑒)(𝑌𝑖−𝑌𝑎𝑣𝑒𝑟𝑎𝑔𝑒)𝑁

𝑖=1

√∑ (𝑎𝑧.𝑖−𝑎𝑧.𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
2

∗∑ (𝑌𝑖−𝑌𝑎𝑣𝑒𝑟𝑎𝑔𝑒)2𝑁
𝑖=1

𝑁
𝑖=1

                                                                                      (10) 
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Figure 17. Sensitivity analysis of factors affecting toluene conversion  

 

 

5.  Conclusion 

Catalytic evaluation of Al-HMS catalysts with different Si/Al ratios and H-ZSM-11 

catalysts with surface modification in the toluene methylation for the production of p-xylene was 

carried out. The Si/Al ratio affected the catalyst surface acidity and textural properties whilst 

surface modification of H-ZSM-11 provided partially blockage of catalyst pores and pore size 

reduction. As proved by NH3-TPD characterization of Al-HMS catalysts, a pore size reduction and 

increase of surface acidity of the catalyst is achieved by a decrease of Si/Al ratio; in addition, 

deposition of TEOS on H-ZSM-11 provides smaller pore size catalyst than H-ZSM-11. 
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Experimental results indicate that highly methylated hydrocarbons are more favored to 

further methylation followed by dealkylation and this finally results in the formation of light 

hydrocarbons. Enlarging catalyst pore size can accelerate such process, even more than toluene 

methylation at an earlier stage. Conversely, increase of p-xylene selectivity within xylenes, 

methanol conversion, and reduction of light hydrocarbon selectivity can be achieved by a reduction 

of catalyst’s pore size. For larger pore catalyst, selectivity decreases not only for the p-xylene but 

also for methanol conversion. 

This work shows that although variations of the pore from larger to smaller pores have the 

favorable impact on the selectivity of p-xylene, the increase in the strength of the acid site enhances 

the shape selectivity of p-xylene. Finally, whereas Al-HMS 5 has a larger pore size (undesired 

condition) than H-ZSM-11,the stronger acidity (desired condition), Al-HMS 5 is more effective 

than H-ZSM-11 on the shape selectivity of catalyst and Al-HMS 5 introduces as a best selective 

catalyst for para-xylene production from toluene methylation. Moreover, excellent agreement of 

measured and predicted toluene conversion confirmed the satisfactory performance of our ANFIS 

model. 
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