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Annomayusn. Ha ceromHsIIHUA J€Hh KaTaJTUTHYECKUE TPOIECCHl MOTYYEHHUSI KOMIIOHEHTOB
CUHTETUYECKUX TOIUIMB BBI3BIBAIOT 3HAYUTEIILHBIA MHTEPEC KaK HAyYHBIX, TAK W MPOMBIIIJIEHHBIX
KkpyroB. Tpancdopmanus TUMETHIOBOTO 3(prpa B YIIEBOAOPOABI SBISETCS OJHUM U3 BO3MOXKHBIX
peteHuit Juisi IOCTPOEHUs 3aMKHYTOTO YIJIEBOAOPOJHOTO IIUKJIA, B CBSI3U C YEM IMIMPOKOE U3yUYECHHE
JAHHOTO IIpoIecca SBISAETCS BaXXHOM 3aJadell COBPEMEHHOro Karanusa. IIpeBpaiueHwue
TUMETUJIOBOr0  3dupa B YIIEBOAOPOIALI  MPOUCXOMUT C  OOpa3oBaHUEM  TSDHKEIBIX
MOJIMAPOMATUUECKUX YITIEBOJIOPOAOB, OCAXKIAIOIIMUXCS HA MOBEPXHOCTU aKTUBHBIX IIEHTPOB, YTO B
CBOIO O4Yepeab MPEMSITCTBYET JajbHEUIIEMY MPOTEKAaHUI0 XHWMHUUYECKUX IMIPOLIECCOB Ha HX
MOBEPXHOCTH. B HacTosiel crarbe MpeICcTaBICHO UCCIeIOBaHNe Ae3akTuBauu neonura H-ZSM-5
TEPMOTPAaBUMETPUUECKUM METOJIOM in situ. [IpuBeeHBI pe3yIbTaThl SKCIIEPUMEHTOB, TPOBEACHHBIX
B quanasone temneparyp or 300 mo 400 °C. HakorieHue yniepoaHbIX OTJIOKEHUHM B MEPBBIM dac
paboThl TOKa3bIBa€T HAIWYHE WHAYKIIMOHHOTO TIepuoja H3-3a OOpa30BaHUS TIEPBOTO CIOA
YIJIEPOAHBIX OTIOXKEeHHUH. JInHelHast ne3akTuBamusi HAOMIOMAETCS MPU HAKOTUICHWH TEPBBIX TISITH
BECOBBIX MPOIEHTOB YINIEPOAHBIX OTIOXKEHUW. J[albHENIIee HAKOTJIEHUE YIVIEPOIHBIX OTIIOXKEHUN
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70 BOCBMH BECOBBIX IPOIEHTOB NPHUBOAUT K PE3KOMY CHIDKEHHIO CKOPOCTH IpEeBpaLICHUS
nuMeTusoBoro 3gupa B yreogopoas 10 0,08 kr (JAIMD) / (kr (Kat) 4). B mepBblii yac paboThl B
pPeaKkIMOHHON cpeae NpeolsiagaroT apoMaTUYecKhe YITIeBOAOPOJAbI, C YBEIMYCHHEM BpPEMEHH
KOHLIEHTPAIHsI apOMAaTUYECKUX YITICBOAOPOIOB YMEHBIIAETCS, a KOHIIEHTPAIUS JIETKUX OJIC(HUHOB
U QJKaHOB YBEJIMYMBACTCS 3a CUET KapOOHM3AIMM MOBEPXHOCTH Karaimuzatopa. KoHueHTparms
TSOKEJIBIX apOMaTUYEeCKUX YIVIEBOAOPOAOB C YHCIOM arOMOB YIIEpOAa, PaBHBIM WM OOJblie
OAMHHALATH, UMEET MaKCUMyM depe3 240 MHUHYT peakuud. YMEHBIICHUE CONEPXKAHHS TSKEIBIX
apoOMaTUYECKUX YIIEBOAOPOAOB mnocie 240 MHHYT peakuu MOXHO OOBSCHUTH PE3KOW MoTepeit
KHCIIOTHOCTH IOBEPXHOCTH HU3-3a KapOOHM3AIINH.

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.

Knrouesvie cnosa: neaktuBanus, TMMETUIIOBBIN d(Up, IIEONUTHI, Katanuzarop, H-ZSM-5.
Keywords: deactivation, dimethyl ether, zeolites, catalyst, H-ZSM-5.

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 5.4-5.6A, 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.
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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.

10 0,30 70
o a) . = b) mmmm C1-C5 alkanes and alkenes
o\_ ] = 60 - === C6+ alkanes and alkenes
= 81 8' 0.25 ° 3 C6-C10 aromatics
S o * o ?\é 50 - mm C11+ aromatics
2 =
g 61 o 0,20 f
€ = S 40 1
L) —
] [a) E
2 B =
g 4 Xt 0,15 g 30 A
© P
m [&]
S = = S 20
£ 2 . 8 o010 O
0 . . . 0,05 0 jl,, _,,ﬁﬂ_ ﬂ,,
0 100 200 300 400 400

100 150 200 250 300 350

Time, min Time, min
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
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