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TESTING OF MO-CONTAINING CATALYSTS APPLIED
TO AL-, AL/ZR-PILLARED CLAYS DURING THE OXIDATIVE
DEHYDROGENATION OF ETHANE TO ETHYLENE

Abstract. The development of an alternative method for the oxidative dehydrogenation of ethane to
ethylene is an important task in the presence ofa suitable catalyst. Mo-containing catalyst systems applied
to Al-, Al/Zr-columnar clays were prepared. The textural characteristics of the synthesized Al-,
Al/Zr-columnar clays differ from the textural properties of natural clay with an increase in their specific
surface from ~54 m2g to ~215 m2g. The LaNbMo and VMoTeNb catalyst systems applied to |-, Al/Zr-
columnar clays showed higher activity and selectivity for oxidative dehydrogenation of ethane (ODH). A
detailed characterization was achieved using XRD, adsorption of N2, SEM, BET to study the texture
properties of the synthesized catalysts. The highest activity and ethylene selectivity were shown by 10%
VMoTeNb/PILCs and 20% VMoTeNb/PILCs catalysts. The lowest ethylene selectivity was exhibited by
10% LaNbMo/PILCs and 20% LaNbMo/PILCs catalysts. The results obtained indicate that the application
of LaNbMo and VMoTeNb polyoxide active phases to Al-, Zr-columnar clays can improve the physical
and mechanical properties of these types of catalysts due to changes in both the nature of the crystalline
phase and the catalytic properties in oxidation reactions.

Keywords: oxidative dehydrogenation; ethane ethylene; mechanism ethylene production.

1. Introduction

In recent years natural gas reserves and their rational use have been of great interest. Partly, natural
gas can be attributed to renewable natural resources, since methane emission begins immediately with
rotting biomass of animal and vegetable origin, and they renew faster than oil.

Currently, natural gas is widely used in the power industry and much less in the chemical industry due
to some inertness of the gas. That is, many chemical reactions that have an industrial sense require too
high costs to be economically viable [1, 2]. For example, the process of dehydration of light alkanes also
presents a significant problem associated with their low reactivity, high energy consumption, and low
selectivity [3-5].

One of the ways to intensify the dehydrogenation of alkanes is their oxidative dehydrogenation
(ODE). In the case of oxidative dehydrogenation of ethane (ODE), these reactions are as follows:

C2H6 + 1/202~C 2H4 + H20 AH298

-105 kJ/mol,

C2H6 + 7/20272C0O 2+ 3H20 AH298

-1428 kJ/mol,

C2H4 + 30272C0O2+ 3H204H298 = -1323 kJ/mol.
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Despite the widespread use of steam cracking, fluid catalytic cracking, and catalytic dehydrogenation
in the synthesis of olefins, intensive research is underway to develop oxidative dehydrogenation (ODH)
catalysts for alkanes. This approach can significantly reduce the temperature of this process, which leads
to higher selectivity and less coking of the catalysts [1, 3]. A number of catalysts have been proposed to
improve ethane conversion and ethylene selectivity [6-10].

Ethane ODE is performed on a solid catalyst in which ethane reacts with an oxidizing agent, usually
oxygen. When comparing the ODH of ethane with existing commercial processes, a number of advantages
are noted: there is no thermodynamic limitation (AGR, 298Ko=-128 kJ/mol); the reaction is exothermic
(AHR, 298K0=-106 kJ/mol), which eliminates the need for energy; a limited number of reaction products
(COx and ethylene) is observed; catalyst deactivation with coke does not occur due to the presence of
oxygen in the reaction medium [8]. Therefore, the development of an alternative method for the oxidative
dehydrogenation of ethane to ethylene in the presence of a suitable catalyst has become an urgent task.

Based on this, the goal ofthis study is to develop new catalytic systems applied to columnar clays in
order to obtain an environmentally friendly and economically viable catalyst, designed to increase ethane
conversion and ethylene selectivity.

2. Experimental part

2.1 Catalytic synthesis

Research objects are polyoxide catalyst systems deposited on columnar clays capable of catalyzing
the process of oxidative dehydrogenation of ethane to ethylene.

2.1.1 Mechanical activation of natural clays

To activate natural kaolinite clays, the AGO-2 high-voltage planetary mill was used. The grinding
was carried out with steel balls with a diameter of 8 mm and a total weight of 200 g in 150 ml water-
cooled steel drums. The ratio of balls’ mass to the mass of mixture (M) was 20:30. The rotational speed of
the drums was 1200 rpm (40g). To ensure a low level of powder contamination in the steel grinding
medium, the natural lining of the working surface of drums and balls, obtained by preliminary activation
of a similar mixture, leading to the coating of the surface of the balls and the inner surface of the drums
with the processed composition, was used [11].

2.1.2 Synthesis ofcolumnar clays

Pre-cleaned and ground natural clays with particle diameters up to 0.25 mm were incubated for
24 hours at room temperature for complete hydration., Aluminum and zirconium hydroxocomplexes were
used as intercalating solutions (hydrolysis of aqueous solutions of aluminum chloride (0.2 M) and
zirconium chloride (0.2 M) in aqueous NaOH solution (0.5 M)). Pillarization was carried out by slowly
adding intercalating agent to clay samples, followed by washing of chlorine ions. The obtained Al-,
Zr-columnar clays were dried for one day at room temperature, then they were calcined at 500 0C for
5 hours.

2.1.3 Preparation ofcatalysts

Mixed oxides LaNbMo and MoVTeNb with nominal atomic ratios La:Nb:Mo0=1:0.8:0.2 and
V:Mo:Te:Nb=0.3:1:0.23:0.12 were prepared. The synthesis of the catalysts included the following stages:
1) an aqueous solution containing ammonium paramolybdate (Merck, 99%), telluric acid (Sigma-Aldrich,
98%) and ammonium metavanadate (Sigma-Aldrich, 99.5%), was prepared with constant stirring at 80 °C
FROM; separately 2) an aqueous solution of niobium oxalate (ABCR Laboratories, 99%) was also
prepared at 80 °C. 3) then, a solution of niobium oxalate was added to a mixture containing ammonium
paramolybdate, telluric acid and ammonium metavanadate with vigorous continuous stirring. The
resulting mixture turned into a suspension, which was cooled to room temperature. Using the
impregnation method, the prepared polyoxide system was applied onto the surface of Al-, Al/Zr-columnar
clays by the volume of moisture capacity. Then, the catalyst samples were dried at 50 °C for gradual
evaporation of water. The catalysts were first thermally treated at 310 °C for 1 h, then they were calcined
at 700 °C for 3 h in a stream of nitrogen.

2.2 Characterization of catalysts
2.2.1 Study ofphysico-chemical properties o fthe catalysts
The texture characteristics of columnar clays were studied using nitrogen adsorption and desorption
isotherms using the BET method (Brauner-Emmett-Teller) on a SORBTOMETR-M device (Russia). The
_______ oY J—
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change in the phase composition of the catalysts was monitored using x-ray phase analysis on a general-
purpose diffractometer DRON-4-0.7 with CuKa radiation (Russia).

2.2.2 Statisticalprocessing o fdata

Statistical analysis was performed with a help of SPSS Statistical Program (version 16, Chicago,
Illinois, USA) using semi-logarithmic regression analysis Graphpad PRISM Software (San Diego,
California, USA).

2.3 Catalytic test

2.3.1 Reactorplant with on-line chromatographic analysis

Catalytic experiments were carried out in an automated laboratory flow reactor with on-line
chromatographic analysis ofthe components ofthe reaction mixture. A quartz tube reactor with an internal
diameter of 10 mm and 200 mm in length was equipped with two thermocouples, one of which showed
the temperature ofthe wall ofthe reactor, and the other measured the temperature ofthe catalyst layer. All
runs were performed by feeding a mixture, consisting of ethane (C2), oxygen (02) and nitrogen (N2) as a
diluent in the ratio C2H6:02:N2 = 10:10:80, into the reactor. The purity of ethane, oxygen, and nitrogen
used in this work was 99.7 vol. %, 99.996 vol. %, and 99.999 vol. %, respectively. The gas flow rate was
quantified using independent mass flow temperature controllers.

2.3.2 Reaction conditions

For a typical experiment, 0.60 g of a heat-treated catalyst with an average particle size of 150 uw was
charged to the reactor. Before carrying out the reaction, the composition of the gas mixture was checked
using GC, and was preheated to 140 °C. A blank experiment, conducted at 480 °C, confirmed the absence
oftransformations ofboth ethane and oxygen in the absence of a catalyst.

The reaction was carried out for 6 hours. In all experiments, the carbon balance was in the range of
100% + 2.0%. For systematical study of the effect of temperature and contact time on the catalytic
behavior of LaNbMo and VMoTeNb catalysts, the first series of experiments were carried out in
accordance with the factorial design of the experiment. The partial pressures of ethane, oxygen, and
nitrogen at the inlet were fixed at 7.0, 5.5, and 65.5 kPa, respectively.

3. Results and discussion

3.1 Texture characteristics of columnar clays

The specific surface of Al-, Al/Zr-columnar clays was determined using indicators of nitrogen
adsorption and desorption isotherms by the BET method on a SORBTOMETR-M device (Russia) (table 1).

Table 1- Textural characteristics of Al-, Al/Zr-columnar clays

No Compound Shet, \fore ad \foreds Mricgorec Average Dpore Dpore
m2g cm3g cm3g m3g pore ak A s A
diameter, A
1 glinaMM 537097 0115297  0.119158 0.002722 95.0805 1391295  117.4108
2 AI-PILCs 1731012  0.048405  0.061924 0.049691 26.6481 111.0876  51.2044
3 Al/Zr-PILCs 216.3813  0.046253  0.061939 0.063175 24.3099 105.5924  48.1946

Note: V pore ads/des - by method BJH;
Average pore diameter: 4V/A BY BET;
BJH adsorption/desorption average pore diameter: 4V/A.

The textural properties of the synthesized Al-, Al/Zr-columnar clays are shown in table 1. The
specific surface of natural clay treated with intercalating agents increased from ~54 m2g to ~215 m2g.

It can be seen from Figure 1that the specific surface (SBET, m2g) of natural clay grows when it is
pillared with intercalating agents of aluminum and zirconium. The average pore diameter of Al-, Al/Zr-
columnar clays gradually decreases compared to natural clay. In this case, the average micropore volume
(Vmicropore, cm3g) in all the studied samples remains unchanged.
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glina MM AI-PILCs Al/Zr-PILCs

Figure 1- Comparison of the texture properties of natural clay with Al-, Al / Zr-columnar clays

3.2. Catalytic testing

Catalytic properties of the polyoxide LaNbMo and VMoTeNb catalysts applied to Al-, Zr-columnar
clays in the oxidative dehydrogenation reaction of ethane (ODE) were studied. The synthesized samples
were tested in a flow reactor with on-line chromatographic analysis of the reaction mixture components.
The test results are shown in table 2 and in figure 2.

Table 2 - Catalytic properties of polyoxide catalysts LaNbMo and VMoTeNb applied
to columnar clays in the oxidative dehydrogenation of ethane

Ne Sample Tp., °C tc X, % Selectivity,%
CaHa O
1 10% LaNbMo/PILCs 400 5,52 10,2 36,1 63,9
430 552 14,6 353 64,7
460 5,52 21,0 353 64,7
2 20% LaNbMo/PILCs 400 3,36 08 A1 65,9
430 3,36 15 38,0 62,0
460 3,36 2,6 447 55,3
3 10% VMoTeNb/PILCs 420 5,52 49,3 91,9 81
411 5,52 65,3 87,7 123
461 5,52 79,6 81,3 18,7
4 20%VMoTeNb/PILCs 417 552 474 90,9 91
440 5,52 62,9 87,6 124
460 5,52 80,6 78,8 21,2

Note: PILCs - Al/Zr-pillared clays

For the initial reaction mixture (vol. %) the components (table 2, figure 2) were taken in the following
ratios C2He:02:N2 = 10:10:80.
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Figure 2 - Oxidative dehydrogenation of ethane to ethylene with LaNbMo and VVMoTeNb polyoxide catalysts

The results of catalytic tests of the polyoxide LaNbMo and VMoTeNb catalysts (Figure 2) applied to
Al-, Al/Zr-columnar clays showed that catalysts with the chemical composition of VMoTeNb have high
selectivity during the oxidative dehydrogenation of ethane to ethylene, despite the active mass in them.

Mixed metal oxides MoVTeNbO have low surface area, which limits their potential industrial use.
The inclusion of metal oxides on the substrate improves the mechanical properties of the catalysts and, as
a rule, modifies their catalytic behavior, which can adversely affect the catalytic activity [10, 12].

It is known [10, 13] that Mo-containing catalysts applied to natural supports (alumina, modified clays,
zeolites) have a higher reactivity than alumina.

Conclusions. The results obtained indicate that the deposition of LaNbMo and VMoTeNb polyoxide
active phases on Al-, Zr-columnar clays can improve the physical and mechanical properties of these types
of catalysts by changing the nature of the crystalline phase, as well as catalytic properties in oxidation
reactions
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Al-, Al/Zr-BATAHATBIK; CA3BANWbIFBIHA OTbIPTbI3bIITAH Mo-K;¥PAMAbI
KATANWN3ATOPNAPALI OTAHALI STUMNEHTE TOTbW ThIPA AETVUANIEY YAEPICIHAE CbIHAY

AHHOTauus. OneduHaep cuHTeswge 6y, Cibl, KaTa/MTUKa/bLy, KPEKWUHTTL, >K3He KaTaMTUKaibly,
JernaporeHnsaumsaHbly,  KelHeH KONfjaHblnyblHA KapamacTaH, afkaHgapabl TOoTblKTbipa aerugpney (ODH)
KaTanmsaTopfiapblH K¥py GoliblHLIA KapKbiHAbI 3epTTeynep XYprisinyge. TaHAbl TOTbIKTbIpa gerungpney (3TH)
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KaTTbl KaTanusaTopja opblHAanafbl, OHAa 3TaH TOTbIKTbIPTbILUMNEH, ATHW OTTeriMeH apekeTTecei. OTaHbl 3TUNEHTe
[eniH TOTbIry apKbiibl AernapneHgipyai xY3sere acblpy YLiH XOorapbl CeleKTWBN KaTanusaTop AalibiHaay 6acTbl
MiHAeT 60/bIN caHanagbl.

Ocblinaiiwa kocnanap kK¥pambl: La:Nb:Mo = 1:0.8:0.2 xa3He V: Mo:Te:Nb = 0.3:1: 0.23:0,12 6onatbiH Al-,
Al/Zr-6araHanbl  casbanwbikTapra oTbiprbi3biiraH LaNbMo »x3He MoVTeNb kaTanmsatopbl AaibiHAanab.
BaraHasnbl ca3gbll, K¥pblibIMAblK cunatTamacel BET 3giciH KongaHa oTbIpbIn, a30T aAcopbumscel XaHe gecopbuus
n3oTepmanapbiHbIL, KepceTKiwi HerisiHae 3epTrengi. CuHTesgenw ansiHraH Al-, Al/Zr-6araHanblk ca36anllbiKTbiL,
K pPbINbIMAbIK cunaTTamachl Taburu casbasniibik K¥pbiabiMbiHaH YCTiNi KabbiTbiHbIL, ~54 M2r-aeH 15215 mM2T aeldiH
ecyi apKblnbl epekLleneHesi.

ABTOMaTTaHAbIpbIraH online xpomaTtorpaguaibiK aHanvM3 OpHaTblIraH 3epTXaHanblK arbiHAbl peakTopAa
KaTanuTuKanblik Taklpnbe XYprizy 6apbicbiHga Al-, Al/Zr-6araHanbik cazbanwblik 6eTwe oTbiproidbiiraH LaNbMo
X3He VMoTeNb katanuTukanbik >KYI7Ienepi 3TaHHbIL TOTbIKTbIpa AerngpneHyiHe (3T[) KaTbICTbl eTe >XXOrapbl
6enceHAiNiK NeH CeNeKTUBTLLK TaHbITThI.

CuHTe3genreH KaTanm3atopnapablly K¥pbinbimablk KacmeTTepi XRD, N2, SEM, BET agcopbums sgicTepi
HerisiHge cunatTangbl. Eu >xorapbl 6enceHAWK neH 3TuneH cenekTusTwNH 10% VMoTeNb/PILCs »x3He 20%
VMoTeNb/PILCs katanusaTopnapbl KepCeTTi. OTWAEHHIL el TemeH cenekTuBTinirin LaNbMo/PILC 10% »3He
LaNbMo/PILCs 20% kaTanu3atopsiapbl KEpCeTTi.

Al-, Al/Zr-6araHanbl casbanwbikTapra oTbiproidbiiraH LaNbMo >xsHe VMoTeNb kaTtanusatopnapbiHbiL,
KaTaIMTUKa/bIK CbIHaK HATUXEeCIH capanTayfa Xumuanblik k¥pambel VMoTeNb KaTannsaTopbIHbIL 3TUEHTE TOTbITY
apKblbl gernapneny YgepiciHae k¥pambiHAarsl 6eceHi maccanapabil, MesllepiHe KapamacTaH Xorapbl CesekTusn
EKEHAITiH KepceTTi.

Apanac metann okeuaTtepi MoVTeNb a3 kenemai YCT”ri 6eTke ne, 6™n onapablL, eHepKaCinTiK KongaHblNybIH
WwekTeirai. MeTann okcugTepiH cybcTpaTka KOCy KaTanvM3aTopabll, MeXaHWKaiblK KacueTiH >KakcapTagbl X3He,
3[eTTe, KaTaNMTUKaNbIK 6enceHinikke Tepto acep eTyi MYMKIH KaTaNUTUKaNblK 3peKeTn esrepTtesi.

AnblHraH HaTwxkenep Al-, Zr-6araHanbl ca3banwblKTapra OTbIprbi3bliraH MOAVOKCUATIK 6enceHpi asanbl
LaNbMo »xa3He VMoTeNb kaTanusatopnapbliHbil, TOTbIFY peakuusicbiHAArbl KpUCTann ¢asa MeH KaTaluTuKanblK
KacuveTTepLULL XaKcapaTblHAbIMbIH KEPCETTI.

TYWIiH ce3fep: TOTbIKTbIPa Aerunapney, aTaH, 3TUNeH, MexXaHW3M, 3TUEeH eHAIpici.
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VUCTMbITAHWNE MO-COAEPXALWWNX KATANTN3ATOPOB,
HAHECEHHbIX HA Al-, Al/Zr-CTONBYATbIE TTNHbI, B MPOLECCE OKNCINTENBHOIO
OETNAPUPOBAHNA STAHA B 3TUNEH

AHHOTauuMa. HecMOTpA Ha LUMPOKOE UCMOJb30BaHWE NapoBOro KPEKWHra, Mona-KaTaiMTUYecKoro KpekuHra
N KaTaMTUYecKoro AernfipupoBaHne Mpu CUHTE3e ONeUHOB, BeAYTCS WHTEHCMBHbIE MOMCKM NO pa3paboTke
KaTann3aTopoB OKWUCAUTeNbHoro pdermgpuposaHms (ODH) ankaHoB. 03 3TaHa BbINOMHSAETCA Ha TBepAOM
KaTtanusatope, B KOTOPOM 3TaH pearupyet C OKUCAUTEeNeM, O6bIYHO KMCMOPOAOM. Pa3paboTka anbTepHaTUBHOMO
cnocoba OKWCAUTENBHOTO [ernapvpoBaHUA 3TaHa B 3TWU/EH NBAAETCA akTyanbHOW 3afjaveli B MPUCYTCTBUM
NMoAXOoAsLLEro Kataamsaropa.

Takum o06pa3om, 6blAM NPUrOTOBAEHbI KaTanu3aTopbl - CMellaHHble okcuabl LaNbMo u MoVTeNb ¢
HOMWHAaNbHLIMW aTOMHbIMW OTHOWeHuAMM La:Nb:Mo0=1:0,8:0,2 n V:Mo:Te:Nb=0,3:1:0,23:0,12, HaHeCeHHble Ha
Al-, Al/Zr-cTton6yatble rNWHbI. BbiM U3yYeHbl TEKCTYPHbIE XapaKTepUCTUKKM CTONGYATbIX FWH MO MokKasaTensm
n3otepm agcopbuum n gecopbumm asota no Metogdy BIT. PesynbTaTbl faHHOro uccnefoBaHWsA Mokasanu, 4To
TEKCTYpHble CBONCTBa CUHTE3MpOBaHHbIX Al-, Al/Zr-ctonbyatbiX FAWH OTAMYAIOTCA OT TEKCTYPHbIX CBOMCTB
NPUPOSHON FNHBI C YBENNYEHUEM UX YAeNbHOW NOBEPXHOCTM 0T ~54 M2t go ~215 m2r.

Mpn npoBefeHUU KaTaUTUYECKMX IKCMEPUMEHOB Ha aBTOMATU3MPOBAHHOM /1abopaTOPHOM MPOTOUYHOM
peakTope ¢ on-linexpomaTorpaduyeckum aHannM3om Katanutuyeckme cuctemsl LaNbMo n VMoTeNb, HaHeceHHble
Ha Al-, Al/Zr-ctonbuatble TMHbI NPOSBAAAM 605ee BbICOKYH) aKTUBHOCTb W CENEKTUBHOCTb B OTHOLLUEHWM
OKUCNWUTENbHOTO AernapuposaHus ataHa (ODH).

[eTanbHas xapakTepucTuka 6blna AOCTUrHYTa C uUcnonb3oBaHuem XRD, aacopbuuu N2, SEM, B3T ans
N3yYeHUs TEKCTYPHbIX CBOMCTB CUHTE3UMPOBaHHbIX KaTanu3aTopos. Hanbo/bluyo aKTUBHOCTb U CeNeKTUBHOCTb MO
aTuneny nokasanu 10% VMoTeNb /PILCs 1 20% VMoTeNb /PILCs KaTtanm3aTopbl. HauMeHbLLER CENeKTUBHOCTLIO
no atuneHy obnaganm 10% LaNbMo/PILCs n 20% LaNbMo/PILCs kaTaim3aTopsl.

42



ISSN 2224-5286 Series chemistry and technology. 4. 2020

PesynbTaTbl KaTaMTUYECKUX UCMbITaHNA nonmokceaHbiXLaNbMo 1 VMoTeNb kaTann3aTtopoB, HaHECEHHbIX
Ha Al-, Al/Zr-cTon64yaTble rAWHbI, NOKasanu, 4To MPY OKUCAUTENbHOM AerMapupoBaHnM 3TaHa B 3TU/EH BbICOKYHO
CEeNIeKTUBHOCTb MMEIOT KaTanm3aTopbl € XMMU4Yeckum cocTaBoM VMoTeNb, HecmoTps Ha cofepXaHue B HUX
aKTUBHOI Macchl.

CMeLlaHHble okcuabl mMetannoB MoVTeNb MMelOT HU3KYH Nowadb NOBEPXHOCTM, YTO OrpaHMunBaeT WX
noTeHUWanbHOE MPOMbILNEHHOE MpPUMEHEHWe. BKIOYeHWe OKCMAOB MeTanNoB Ha MOAMN0XKY ynydllaeT
MexaHMWYecKne CBOMCTBA KaTa/n3aTopoB M, Kak MNpasBwuno, MOAMMUULMPYET WX KaTaiUTU4YecKoe NOBeAeHUe, 4TOo
MOXET OKa3blBaTb HEOGNAronpuaTHOE BANAHME Ha KaTAIMTUYECKYHO aKTUBHOCTD.

Mony4yeHHble pesynbTaTbl UCCMELOBaHWUA CBUAETENbCTBYIOT O TOM, UTO HaHeceHue Ha Al-, Zr-cton6uartble
rNNHBI NOANMOKCUAHBLIX aKTMBHbIX (a3 LaNbMo n VMoTeNb MoXeT ynyywunTb (DU3NYECKMe U MeXaHU4Yeckme
CBOICTBA KaTanM3aToOpOB 3TUX TWUMOB 3a CYET U3MEHEHMS KaK NPUPOJbl KPUCTaNINYECKOro (hasbl U KaTanuTuueckne
CBOICTBA B PeaKLUAX OKNCNEHUS.

KntoueBble CnoBa: OKUCIUTENbHOE AerMapupoBaHmne; aTaH; 3TUMNEH; MeXaHU3M; NMPoOn3BOACTBA ITU/EHA.
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