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Аннотация. На сегодняшний день каталитические процессы получения компонентов 

синтетических топлив вызывают значительный интерес как научных, так и промышленных 

кругов. Трансформация диметилового эфира в углеводороды является одним из возможных 

решений для построения замкнутого углеводородного цикла, в связи с чем широкое изучение 

данного процесса является важной задачей современного катализа. Превращение 

диметилового эфира в углеводороды происходит с образованием тяжелых 

полиароматических углеводородов, осаждающихся на поверхности активных центров, что в 

свою очередь препятствует дальнейшему протеканию химических процессов на их 

поверхности. В настоящей статье представлено исследование дезактивации цеолита H-ZSM-5 

термогравиметрическим методом in situ. Приведены результаты экспериментов, проведенных 

в диапазоне температур от 300 до 400 °C. Накопление углеродных отложений в первый час 

работы показывает наличие индукционного периода из-за образования первого слоя 

углеродных отложений. Линейная дезактивация наблюдается при накоплении первых пяти 

весовых процентов углеродных отложений. Дальнейшее накопление углеродных отложений 
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до восьми весовых процентов приводит к резкому снижению скорости превращения 

диметилового эфира в углеводороды до 0,08 кг (ДМЭ) / (кг (Кат) ч). В первый час работы в 

реакционной среде преобладают ароматические углеводороды, с увеличением времени 

концентрация ароматических углеводородов уменьшается, а концентрация легких олефинов 

и алканов увеличивается за счет карбонизации поверхности катализатора. Концентрация 

тяжелых ароматических углеводородов с числом атомов углерода, равным или больше 

одиннадцати, имеет максимум через 240 минут реакции. Уменьшение содержания тяжелых 

ароматических углеводородов после 240 минут реакции можно объяснить резкой потерей 

кислотности поверхности из-за карбонизации. 

 

Abstract. Today, catalytic processes for the synthetic fuel components production are of 

considerable interest for both scientific and industrial area. The transformation of dimethyl ether 

into hydrocarbons is one of the possible solutions for the development of a closed hydrocarbon 

cycle, in connection with which a wide study of this process is an important task of modern 

catalysis. The transformation of dimethyl ether into hydrocarbons occurs with the formation of 

heavy polyaromatic hydrocarbons, which are deposited on the surface of active centers, which in 

turn prevents the further occurrence of chemical processes on their surface. This article presents 

a study of the deactivation of zeolite H-ZSM-5 by the thermogravimetric method in situ. The results 

of experiments carried out in the temperature range from to 300 to 400 °C are presented. 

The accumulation of carbon deposits in the first hour of operation indicates the presence of 

an induction period due to the formation of the first layer of carbon deposits. Linear 

decontamination occurs when the first five weight percent of carbon deposits accumulate. Further 

accumulation of carbon deposits up to eight weight percent leads to a sharp decrease in the rate of 

conversion of dimethyl ether into hydrocarbons to 0.08 kg (DME) / (kg (Cat) h). In the first hour of 

operation, aromatic hydrocarbons predominate in the reaction medium; with increasing time, the 

concentration of aromatic hydrocarbons decreases, and the concentration of light olefins and 

alkanes increases due to carbonization of the catalyst surface. The concentration of heavy aromatic 

hydrocarbons with a number of carbon atoms equal to or greater than eleven has a maximum after 

240 minutes of reaction. The decrease in the content of heavy aromatic hydrocarbons after 

240 minutes of reaction can be explained by the sharp loss of surface acidity due to carbonation. 
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Introduction 

Wide application of catalytic technologies in fine and basic organic synthesis, in oil and fuel 

producing industries needs development of active and stable catalysts [1–3]. Therefore, sustainable 

techniques needs be developed to evaluate catalysts stability and activity especially in situ mode. 

Methanol to hydrocarbons catalytic transformation is widely applicable process for obtaining 

synthetic hydrocarbons including olefins, alkanes, and aromatic hydrocarbons [4–5]. This process 

can be easily used in carbon dioxide utilization cycle through carbon dioxide to methanol reaction 

followed by methanol to hydrocarbons transformation process. That it is why this process can be 

considered as a potentially green one. Commonly different zeolites and zeotypes are applied for this 

process depending on required hydrocarbons composition. Typically, H-ZSM-5 and SAPO-34 are 

used for aromatic hydrocarbons and olefins prevalent formation [6–7]. H-ZSM-5 was developed in 
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the end of seventies of twenty century by Mobil corporation, USA and was firstly applied in 

synthetic fuel production in NewZealand. Zeolite H-ZSM-5 is characterized by complex internal 

structure formed by straight and sinusoidal channels with diameter 5.4–5.6Å, that results in huge 

microporosity enhancing aromatic hydrocarbons formation [8–9]. The rapid H-ZSM-5 zeolite 

deactivation by carbon depositions and matrix dealumination can be considered as the main 

disadvantage of its application. Great effort of scientific community was done to study H-ZSM-5 

zeolite deactivation particularities, by different physicochemical methods generally ex situ [8–10]. 

For proper evaluation of H-ZSM-5 deactivation kinetics a data on carbon deposition weight growth 

needs to be collected in situ, without experiment stop. Therefore, this article is devoted to study of 

H-ZSM-5 zeolite deactivation kinetics in situ conditions.  

 

Material and methods 

The experiments were performed using thermogravimetric analyzer Netzsch 209 F1 Iris 

(Germany) Figure 1. For providing experiment 30 mg of H-ZSM-5 were placed in stainless steel 

crucible heated to 600 °C in 5 v.% of oxygen mixture in nitrogen at 1 bar overall pressure for one 

hour, than crucible was cooled to 300–400 °C and purged with nitrogen for one hour then with 

5 v.% of dimethyl ether mixture in nitrogen for 3 hours, the sample mass measured every 5 seconds. 

 

 
 

Figure 1. Scheme of thermogravimetric cell for catalysts stability test 

 

Then sample was purged with nitrogen and 5 v.% of oxygen mixture in nitrogen and 

temperature was elevated up to 600 °C for two hours for zeolite regeneration. Thus, reaction and 

regeneration process were repeated several times to see catalysts activity loss during reaction and 

regeneration process. 

 

Results and discussions 

Obtained results on zeolite activity and carbon deposition correlation are presented on Figure 

2a. Carbon deposition accumulation in the first hour on stream shows presence of induction period 

due to formation of first layer of carbon deposits. Linear deactivation takes place during 

accumulation of the first five weight per cents of carbon deposits that take place in the first three 

hours of reaction on stream. Further carbon deposits accumulation up to eight weight per cents 

results in drastic decrease of dimethyl ether to hydrocarbons transformation rate from 0.27 to 0.08 

kg(DME)/(kg(Cat)h). Drastic change in hydrocarbon composition take place during dimethyl ether 

transformation reaction (Figure 2b). In the first hour on stream aromatic hydrocarbons predominate 

in reaction media, during increasing of time aromatic hydrocarbons concentration decrease while 

concentration of light olefins and alkanes increases due to carbonization of catalyst surface. 
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Concentration of alkanes and alkenes with carbon atoms quantity including and higher than six 

demonstrate peak profile at 120 minutes of reaction that can be explained by decrease of surface 

acidity because of carbonization. Concentration of heavy aromatic hydrocarbons with carbon atoms 

equal and higher than eleven shows peak profile with maximum at 240 minutes of reaction. 

Increasing of their concentration in the first reaction period can be subscribed to blockage with 

carbon deposits and decreasing of reagent diffusivity. Decreasing of heavy aromatics hydrocarbons 

after 240 minutes on stream can be explained by drastic surface acidity loss due to surface 

carbonization and inability of heavy hydrocarbons formation. 
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Figure 2. Correlation of carbon deposition concentration on time with dimethyl ether transformation 

rate on time (reaction temperature 350 °C, dimethyl ether (DME) feed rate 0.3 kg (DME)/(kg(Cat)*h)) 

 

Study of temperature influence over catalyst deactivation rate are shown on Figure 3. 

Increasing of reaction temperature from 300 °C up to 400 °C result in appropriate increase of 

surface carbonization rate. Methanol transformation rate remains stable for 200 minutes on stream 

at 300°C, increasing of reaction temperature up to 350 °C results in decrease of stable work time 

down to 180 minutes, further increasing of reaction temperature up to 400 °C results in decrease of 

stable work time down to 60 minutes on steam. However, the reaction rate stabilizes, and access to 

the new shell in two-tree folds is lower compared to initial reaction rates. 
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Figure 3. Correlation of a) carbon deposition concentration b) reaction rate on time with dimethyl 

ether transformation rate on time (reaction temperature 300-400 °C, dimethyl ether (DME) feed rate 0.3 

kg(DME)/(kg(Cat)*h)) 
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After reaction deactivated catalyst was recovered using oxidative treatment. For this catalyst 

sample was heated up to 600°C in 5 v.% of oxygen mixture in nitrogen at 1 bar overall pressure for 

one hour, than crucible was cooled to and reaction was started again. Initial activity of catalysts 

after first regeneration was found to be 0.23 kg(DME)/(kg(Cat)*h)) while after second regeneration 

initial activity decreased down to be 0.23 kg(DME)/(kg(Cat)*h)). Obtained results are shown in 

figure 4, from where only partition recovery of initial activity is easily seen. Partial catalytic activity 

loss after catalysts regeneration can be attributed to active sites leaching because of aluminum 

hydrolysis during reaction. For regenerated samples activity loss take place gradually without 

drastic decrease that can be attributed to lower initial surface concentration of active sites. Decrease 

of initial catalysts activity is seen after each regeneration that reflects possible partial decrease of 

active sites surface concentration.  
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Figure 4. Correlation of reaction rate for recovered sample (reaction temperature 350 °C, dimethyl 

ether (DME) feed rate 0.3 kg(DME)/(kg(Cat)*h)) 

 

Conclusions 

In situ study of dimethyl ether to hydrocarbons transformation shows considerable decrease of 

initial activity due to partial pores blockage with carbon deposits. Linear deactivation takes place 

during accumulation of the first five weight per cents of carbon deposits that take place in the first 

three hours of reaction on stream. Further carbon deposits accumulation up to eight weight per cents 

results in drastic decrease of dimethyl ether to hydrocarbons transformation rate from 0.27 to 0.08 

kg(DME)/(kg(Cat)h). Used catalyst can be calcined for partial activity recovery. For regenerated 

samples activity loss take place gradually without drastic decrease that can be attributed to lower 

initial surface concentration of active sites. Decrease of initial catalysts activity is seen after each 

regeneration that reflects possible partial decrease of active sites surface concentration. 

 

The study was funded by Russian foundation for basic research project number 20-08-00433 

А. 
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