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Abstract: In this study, modified zeolite was used to improve p-xylene selectivity in toluene dis-

proportionation process. ZSM-5 zeolite was modified by introducing the phosphorus/Germanium 

loading and vacuum UV treatment from He+O2 microwave plasma treatment. Results showed that the 

ZSM-5 zeolite impregnated with Germanium and phosphorus have high p-xylene selectivity (up to 33 

%). A sharp decrease in the acidity properties was achieved after phosphorus loading. By Germanium 

loading, selectivity increased but conversion did not change much. Also, the highest p-xylene selectivity 

(47 %) was obtained by P/Ge ZSM-5 with VUV treatment at the highest WHSV of 85 h-1. 
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1.Introduction 
Xylenes are very important materials for various processes like production of resins, plasticizers and 

synthetic fibers. p-xylene is one of the isomers of xylenes that has the highest market demand [1].  p-

Xylene is mainly an important intermediate in the production of terephthalic acid and dimethyl 

terephthalate, so these compounds are used to make some polyesters [2,3]. In industry, the xylenes are 

produced through catalytic reforming of naphtha, pyrolysis gasoline stream in a naphtha steam cracker, 

transalkylation and through toluene disproportionation process [4,5]. Among all the implemented 

technologies for producing p-xylene, Toluene disproportionation is promising to become an important 

process in the chemical industry. Different acidic catalysts are used in the toluene disproportionation 

process. 

In the past, liquid acid catalysts were used for these processes. Despite the effectiveness of these 

catalysts, their toxicity and corrosiveness limited their uses [6,7]. So far various types of catalysts based 

on acidic zeolites have been used to catalyze toluene conversion [8]. Among the catalysts, zeolites are 

crystalline 3D structure of sodium aluminum silicates. They are most promising as the versatile 

substances for catalysts production in petrochemical chemistry [9,10]. other applications are included 

environmental protection [11,12] and adsorption [13] because of special channel structure, high BET 

surface area, abundant acid sites and thermal and hydrothermal stability [14].  

Recently, there are many studies that have been done in order to enhance the catalytic activity and 

p-xylene selectivity of zeolites [15-17]. For example, to improvement of p-xylene selectivity, different 

elements impregnation [18-20] has been proposed. In fact, some acidic sites are deactivated by entering 

of additives into the channels or openings of the pores, thus preventing the production of undesired 

isomers by increasing diffusion restrictions. 

Furthermore, an interesting approach for acidity modification that is based on zeolite partial 

dealumination is plasma usage. Using this method, the dispersion of the metal is improved and the 

catalytic activity of the material is improved [21]. 

In this paper, the ZSM-5 catalyst was modified by phosphorus/Germanium addition and Vacuum 

UV radiation from He+O2 microwave plasma. These samples are evaluated in p-xylene selectivity and 

toluene conversion. These modification effects on chemical structure, textural properties and finally 

catalyst performance were investigated.  
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2.Materials and methods 
2.1. Preparation of modified ZSM-5 zeolite 

Feedstock and seeding gels are used to synthesis of ZSM-5 (Ratio of silicium to aluminum:16, 5μm 

crystals). Colloidal silica (Ludox AS-40) (40 wt. % in H2O, Sigma Aldrich), sodium Hydroxide (>98%, 

Sigma Aldrich), tetrapropylammonium hydroxide (TPAOH) (Sigma Aldrich) and deionized water were 

used to make the seeding gel. The siding gel was aged at 100°C overnight. Sodium aluminate (NaAlO2) 

(Merck), sodium hydroxide (NaOH), colloidal silica and deionised water were used to feedstock 

preparation. After that the seeding solution was mixed with the feedstock gel and the mixture was placed 

in autoclave at temperature of 160°C for 24 h. After washing, filtrating and drying of the resulting 

product, the template should be removed. So, solid heating was performed slowly at a rate of 5°C/ min 

to 550°C in a furnace. Finally, to generate H-ZSM-5, the calcination of ammonium form of ZSM-5 

(temperature: 550°C, time: 8 h) was done. The phosphorus modification was done with H3PO4 (85 wt. 

% in H2O, Merck) wet impregnation. At first, H3PO4 was vigorously mixed with a mixture of catalyst 

and water at 160oC for 1 h. Then, the drying of samples and calcination were carried out at 120°C and 

550°C respectively. Ammonium hydroxide (NH4OH, Merck) in presence of H3PO4 was used to control 

the pH around 5. After the calcination step, the P modified catalysts immersed in water bath at 80°C for 

12 h and consequently dried at room temperature an overnight. To P/Ge-ZSM-5 preparation, the P-ZSM-

5 zeolites were immersed in Ge(NO3)2 (Merck) solution at 35oC for 4 h. The resultant P/Ge modified 

ZSM-5 zeolites were dried at 110oC, and then calcined at 550°C for 4 h. 

 

2.2. Surface modification of P/Ge ZSM-5 zeolites with Vacuum UV treatment 

At first, the samples were placed into the reactor chamber of the microwave plasma system so that 

they are located at downstream of the plasma area. Then, the surface of samples was exposed to photons. 

During plasma treatment, the chamber pressure was kept at 40 to 53 Pa. The gas flow rate of helium and 

oxygen was controlled by two a MKS type 1171A mass flow controllers. These controllers were set to 

60 sccm and 15 sccm for oxygen and helium, respectively. Standard cubic centimeters per minute (sccm) 

is a unit of flow measurement indicating cubic centimeters per minute (cm³/min) in standard conditions 

for temperature and pressure of a given fluid. The vacuum pump was then started to help create vacuum 

in the system. There are two tubes in this system. One tube (helium gas) was connected to the glass 

injector tube, helium gas went through the plasma cavity as a gas source. Another tube (O2 gas) was 

connected to the chamber wall to flow over the sample as reactive species. After the system reached to 

constant pressure, the microwave generator is turned on and plasma is started. After up to two hours of 

constant plasma monitoring, the plasma was turned off. 

 

2.3. Catalyst characterization 

The samples were analyzed by these instruments: 

-The crystallinity and structure of the samples were analyzed with a DJ-3700 X-ray Diffractometer. 

-The textural properties were measured by nitrogen adsorption-desorption measurements  on BET 

isothermal equation at 77 K using SA-9600 BET Surface Area Analyzer.  

-Pyridine FTIR was analyzed by a Thermo iS10 spectrometer. 

 

3. Results and discussions     
3.1. Crystallinity of samples 

The XRD spectra of modified and unmodified ZSM-5 catalysts is presented in Figure 1. It is observed 

that, the framework structure of ZSM-5 doesn’t change by modification with P and Ge. the characteristic 

peaks of MFI type zeolite were observed for all samples at 8°, 12.04°, 23.22°, 24.56° and 25.23°, which 

conclude that the ZSM-5 framework has not changed after modification with phosphorus and 

germanium. Since these elements are well distributed in the catalyst structure, no crystalline phase of 

them is observed in XRD pattern. It is depicted that, the intensity of the two peaks at 8 (0 1 1) and 23.22 

(200) decreased considerably after P impregnation and while adding Germanium, this decrease is not 
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significant. In fact, phosphorus penetration into the ZSM-5 channels is lead to a decrease in the intensity 

of these peaks. during subsequent impregnation by Germanium, it does not enter into the zeolite 

channels, so a decrease in the intensity of these peaks is negligible. Also, ZSM-5 crystallinity after and 

before VUV is shown in Figure 1. Like before XRD illustrated that all zeolites were dominated by MFI 

topology at 2θ=8°, 12.04°, 23.2°, 24.56° and 25.23°. As can be seen, there is a decrease in the intensity 

of XRD peaks, which indicates a decrease in the crystallinity of the ZSM-5 zeolite after VUV treatment. 

In fact, VUV treatment has caused some structural changes in the zeolite crystallites. By comparing the 

patterns of samples, it is evident that there is a relative lower intensity of (002) plane (peak at 12.04) with 

VUV treatment of sample, which indicates the reducing percentage of {0001} facets. Also peak at 23.2o (200 

facet) was increased in modified sample. It might be explain by that by VUV radiation from He+O2 

microwave plasma treatment, partial dealumination of zeolite occurred. This treatment changes the 

zeolite crystallites that their size along the c-axis is decreased and their size along the b-axis is increased.  

 

          
 

3.2. BET analysis 

The results of BET analysis are shown in Table 1.  It is clear that with phosphorus modification, the 

values of these properties are decreased. This phenomenon indicates the entry of phosphorus into the 

catalyst pores during P modification as well as coating of the catalyst surface. As can be observed, by 

subsequent modification of P-ZSM-5 with Ge, these listed properties did not further decrease 

considerably. This result evidence clearly that the micropores of ZSM-5 do not allow germanium to 

enter due to its large size, so the species of this element are existence on the external surface of ZSM-5 

zeolites which agreements with XRD analysis. Significant findings show a decreasing in BET surface 

area and an increasing in external surface area when the P/Ge ZSM-5 zeolite is treated by VUV radiation 

from He+O2 microwave plasma. VUV treatment unable to change zeolite pores because of it is a surface 

modification. In fact, the Debye length (μm) of this kind of plasma is approximately 1000 times larger 

than the pore size (nm). Moreover, there is no significant difference of pore volume, pore sizes and 

particle size between VUV treated and untreated samples. 

 

Table 1. BET analysis results of modified and unmodified catalysts 
Catalyst BET surface area, (m2/g) Pore volume, (cm3/g) External surface area, (m2/g) 

 

ZSM-5 318 0.151 143 

P/ZSM-5 287 1.121 112 

P/Ge ZSM-5 284 0.11 110 

P/Ge ZSM-5 with VUV treatment 269 0.1 121 

 

Figure 1. XRD analysis  

results of zeolites 
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3.3. Measurement of catalyst acidity  

Pyridine adsorption was utilized to measure the Brönsted and Lewis acid sties.  The bands at 3622 

cm−1 and 3730 cm-1 correspond to the bridging hydroxyl groups and terminal SiOH (Figure 2a). The 

result shows that the intensity of bridging hydroxyls on ZSM-5 declined considerably after Germanium 

and phosphorus impregnation (Figures 2b and 2c). By FT-IR spectroscopy upon pyridine adsorption-

desorption, the Brönsted and Lewis acidities were measured. The relative intensity comparing of the 

BAS and LAS (in Pyridine adsorption) at ~ 1547 and 1435 cm-1 was evidenced indicating the quantity 

of acidic sites in the ZSM-5 and modified ZSM-5 (Table 2). From the results, it was noted that the 

intensity of the OH- groups (3622 cm-1) declined considerably by phosphorus incorporation. In fact, 

phosphorus causes blocking of a large quantity of Brönsted acid sites.  

According to Figure 3, the characteristic peaks at 1546 and 1435 cm-1 can be discerned. Also it is 

clear that ZSM-5 modification with phosphorus decreased drastically both acid sites (Table 2). 

By further modification with Ge, the acidity was decreased. Also, modification with Ge is led a 

decrease in the hydroxyl peaks intensity. In fact, Ge impregnation on the catalyst can cause de-

alumination of the zeolite and so declines the strong Brönsted acid sites of the zeolite. the peak at 

(3653cm-1) allocated to AlOH groups is proof of this matter. following Ge modification, unlike the 

Brönsted acid sites the Lewis acid sites were increased. Germanium oxides have acidic properties and 

the acidic densities could be increased by the Germanium cations. Also a decrease in Brönsted acid sites 

is due to the interaction of Germanium with the bridging hydroxyl groups of zeolite.  By VUV treatment, 

dealumination of zeolites occurs which in turn increases the number of Lewis and Brönsted acid sites. 

So, the catalytic activity of zeolites improves. 
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Figure 2. Pyridine and no pyridine FTIR in the Hydroxyl region  

or ZSM-5 and modified ZSM-5 samples 

 

 
 

 

 
Figure 3.  Pyridine FTIR in the BAS and LAS region for ZSM-5 

 and modified ZSM-5 samples 

Table 2. Brönsted andLewis acidity of ZSM-5 and modified ZSM-5 samples 

https://revistadechimie.ro/
https://doi.org/10.37358/Rev


Revista de Chimie                                                                                                                                                                
https://revistadechimie.ro   

https://doi.org/10.37358/Rev.Chim.1949 

 

Rev. Chim., 73 (1), 2022, 19-26                                                                      24                                 https://doi.org/10.37358/RC.22.1.8499                                                           
    

 

 

Catalyst BAS (mmol/g) LAS (mmol/g) 

ZSM-5 0.35 0.1 

P/ZSM-5 0.21 0.05 

P/Ge ZSM-5 0.19 0.13 

P/Ge ZSM-5 with VUV tratment 0.27 0.15 

 

3.4. Evaluation of catalytic performance  

The reaction runs of toluene disproportionation were conducted at 460°C, pressure of 10 bars and 

the WHSV (weight hourly space velocity) of 10 up to 85 h-1. The phosphorus and Germanium 

impregnating of ZSM-5 was evaluated on catalytic performance of it and was show in Figure 4. Results 

show that by increasing weight hourly space velocity WHSV (h-1), impregnating with phosphorus and 

Germanium lead to a decline in the conversion of toluene and an increase in the selectivity of p-xylene. 

This decrease in conversion is attributed to the pore volume, surface area and acidity reduction of zeolites 

according to FTIR and BET analysis. As the flowrate increases, the catalyst and the feed come into less 

contact with each other, resulting in less isomerization on the external surface of the catalyst. So the 

selectivity of p-xylene increases. However, the phosphorus and Germanium modification improved the 

p-xylene selectivity at increased WHSVs whereas no noticeable change was observed by the unmodified 

one. Also, catalytic activity of prepared sample with VUV treatment is presented in Figure 4. Since more 

Lewis and strong Brönsted acid sites are obtained by VUV treatment, so the VUV treated catalyst have 

a higher toluene conversion than the untreated. Both Ge/P ZSM-5 and VUV treated Ge/P ZSM-5 

catalysts showed higher p-xylene selectivity (33 % and 47%, respectively) than the ZSM-5 value (21%) 

at the highest WHSV (85 h-1). By VUV treatment of Ge/P ZSM-5 the best result was obtained for 

simultaneous increase in selectivity of p-xylene and conversion of toluene. 

 

 

 
Figure 4.  Effect of ZSM-5 modification on toluene 

conversion and p-xylene selectiv 
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4. Conclusions 
The effects of phosphorus and Germanium impregnation and VUV treatment on ZSM-5 zeolite 

structure and performance were investigated. Results show that by phosphorus impregnation the quantity 

of Brönsted and Lewis acid sites considerably decreased. Also, by Ge impregnation the number of 

Brönsted acid sites was declined and inversely the quantity of Lewis acid sites was increased. Moreover, 

BET surface area, pore volume and external surface area of ZSM-5 decreased considerably after P 

modification. This phenomenon indicates the entry of phosphorus into the catalyst pores during P 

modification as well as coating of the catalyst surface. By subsequent modification with Ge, the surface 

and pore volume of zeolites did not further decrease considerably. Generally, the p-xylene selectivity 

increased reaching 33% by the modified P/Ge ZSM-5 at the highest WHSV of 85 h-1. By VUV treatment 

of P/Ge ZSM-5, the p-xylene selectivity was achieved up to 47%.  
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