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Abstract

In-, Nb-, Mo-doped lithium complex phosphates andrfPQO,); with
NASICON-type structure were synthesiaadhis paper. Particle size distribution
lies between 50 and 300 nm. The obtained samples gyearacterized by X-ray
diffraction analysis, scanning electron microscopyd X-ray microanalysis.
Investigation of the catalytic properties of syrsized compounds in the C1-C2
alcohols conversions showed that heterovalent dopas a determining effect on
the obtained catalysts’ activity and selectivity.

It is shown that the thermodynamic factors anddbgant ability to change
the degree of oxidation and acid function of théalyats play a key role in
methanol and ethanol conversidnnumber of catalysts show the high activity and
selectivity of the formation of dimethyl and diethgthers and ethylenddigh
selectivity for C4 hydrocarbons is achieved by L{EO); and
LiosZrP, sM0g s0;, catalysts (64 and 49%, respectively) in the cdsetlmanol

conversion.

Key words: Nasicon, heterogeneous catalysis, methaonversion, ethanol

conversion.



I'ntroduction

The main goal of green chemistry now is the sedochenvironmentally
friendly, renewable energy sources. Biomass isidensdas a promising option
and the bioalcohols appear while it's processifjgThe main application of the
obtained alcohols is reduced to their use as a tweddditives to it [2, 3]. But in
the mass production of such alcohols, it will bpenkient to use them also for the
production of industrially important products, sues hydrocarbons, ethers,
aldehydes, ketones, hydrogen, etc. In this regand, important to find suitable
catalysts capable of effectively converting alcehato these compounds.

According to the literature, plenty types of casatyhave been investigated
in ethanol and methanol conversion processes, ascheolites [4], clays [5],
mixed metal oxides [6, 7, 8], noble and non-nobletah catalysts on different
supports [9, 10]. In the case of catalyst by methks main process is steam
reforming, hydrocarbons, olefin and ether formaimtypical in the case of zeolite
and ceramic catalysts. Bio-diesel production shdneldnentioned also in the case
of the use of sulfonic acid and it's derivatives][1

The NASICON-type structure compounds (NAuper lonic CONductor)
were chosen as catalysts in this work. Materialsriggng to this structural type
are compounds with the general formuld4Z0,);, where A is usually alkali or
alkaline earth element, B is a polyvalent elemenft, (Ti, Sc etc.), Z is a
phosphorus or silicon, or both immediately. Thenmusture consists of joined
vertices of BQ octahedrons and ZQetrahedrons. A-cations are located in the
cavities of this structure [12, 13].

NASICON-type compounds were first pointed be Mul§lg and co. in 1967
[14]. The interest to these compounds has incredsmnatically after Hong and
other scientists’ detection of high ionic conduityivin them [15-17]. This
conductivity is achieved due to the presence ofdaotion channels in their
structure, in which the A-ions move [13]. Among @tladvantages of NASICON-
type structure compounds, it is worth to mentiogirtlnigh chemical and thermal

stability, radiation resistance and structure \@hig, which makes it possible to
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carry out both iso- and heterovalent doping withdestroying the original cavity
structure [18, 1P These features determine a wide range of posappécations
of these compounds as cathode materials in litldument sources [20-23], ionic
conductors in high-temperature fuel cells [24]sensors [25-27], in radionuclide
purification [28], in various types of heterogensauatalysis [29-34], including
membrane catalysis [35, 36] and photocatalysis. [37]

The ability to heterovalent substitution is parkezly important for their use
as catalysts, since this allows to vary the nunalper strength of acidic (according
to Lewis and Brgnsted) and oxidation-reduction eenbn the surface. Chemical
and thermal resistance allow the use of catalya$gd on these compounds under
such conditions where metal-based catalysts asoped (S@presence) or fused.

The aim of this work was to obtain heterovalenthpeld compounds with
NASICON structure based on L{PQO,); and to investigate their activity in the
catalytic conversions of C1-C2 alcohols. It wasuassd that the partial
substitution of phosphorus by molybdenum may allovimprove their activity in
redox reactions (dehydrogenation reactions) due ¢bange in the oxidation state
of molybdenum ionsPartial substitution of zirconium for niobium orgsphorus
for molybdenum can lead to a change in the Lewiditgcof these catalysts, as
well as to a change their ability to form coordiaatbonds with oxygen atoms of
alcohols.The increase in Brgnsted acidity can be achievedtduhe substitution
of lithium by protons (HZ(PQ,)3). Varying the composition can allow to change
the catalytic activity in the dehydration and detoggenation of the alcohols.



Material and Methods

In this work, we synthesized compounds of the caitjpm LiZr,(POy)s,
Li1+05Zr1.sMos(POy)s (M = In or Nb), LbsZrP,sM0g 01, and HZp(POy)s. The
synthesis of LiZ{PQy)s, LiwosZr1sMos(PO)s (M = In or Nb) and
LigsZrP,sM0g 01, was carried out by the Pechini method [38, 39].eTh
stoichiometric sample weight of ZrO&38H,0, citric acid (acid:M = 4:1, where M
= Zr + In or Nb), LCO; and NHH,PO, were sequentially dissolved in an alumina
crucible in a mixture of ethylene glycol (2 ml) addionized water (10 mlJo
obtain Lk sZr; sing5(PQy)s, the exact sample weight of (% calculated from the
stoichiometry of the final product was dissolvedanminimum amount of hot
concentrated nitric acid, ethylene glycol and watere added to the resulting
solution, and then the remaining reagents in trvalsequence. Nbgdlissolved
in a minimal amount of concentrated hydrochloricidacvas used for
LigsZrieNbgs(PQy)s syntheses. The resulting solution was mixed with
ZrOCl+-8H,0 solution. A mixture of NEH,PO, with (NH4)sMo0,0,, were used
instead of NBH,PQ, for the LisZroP,sM0gs0:, synthesis.After addition of
NH;H,PO,, the pH of the solution was quickly adjusted t& By adding a
concentrated ammonia solution to prevent precipitatof the zirconium
phosphateThe resulting solution was kept for 24 hours, fas©5°C, 24 hours at
150°C, then 4 hours at 350°C and, after thoroughdgrg, subjected to final
annealing at 750°C for 10 hours.

HZr,(POy)s was synthesized by the hydrothermal metHdd.solutions of
ZrOCl,*8H,0 and NHH,PO;, in a ratio of 1:2 were mixed in an autoclave with
Teflon insert.The autoclave was sealed and kept at 250°C foroR4ish After that
obtained precipitate was washed from the dissolwgolrities and annealed at
500°C for 72 hours.

X-ray diffraction analysis (XRD) was carried outings a Rigaku D/Max-
2200 X-ray diffractometer (Cudt, — radiation) with thermal attachment. Heating
speed for obtaining high temperature X-ray pattevas 10 K/min. Samples were

held at a predetermined temperature for 5 minueferé measurement. Rigaku
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Application Data Processing software was used tcgss the diagrams and
qualitative analysis. The Rietveld method refinetmenas provided by FullProf
Suite software package.

The Scherrer equation was used to estimate theretthscattering region
(CSR)from the X-ray diffraction lines broadening:

. Jril[jlﬁoﬁ; (1)
where k = 0.89 is the Scherrer constant 1.5406 A is the wavelength of the
radiation used, B is the half-width at the half¢giof the peak (in@®, b is the
instrumental broadening (in6 and 6 is the angle of the peak position. The

lanthanum hexaboride powder LaBStandard Reference Material® 660a) was
used as a standard for the determination of ingniah broadening.

The specific surface area was determined by the Bfethod using the
Micromeritics ASAP 2020. The samples were heated temperature of 350°C
and held for 1 hour for degassing. The analysis e@sed out in the region of
relative pressures 0.&1p/p, < 0.99 in nitrogen atmosphere.

The micrographs of the samples were obtained byamning electron
microscope (SEM) Carl Zeiss NVision 40 with an clttment for X-ray
microanalysis. The accelerating voltage was 1 kV.

The FTIR spectra were recorded by Nicolet Proté&f# BTIR spectrometer
at 4 cn optical resolution. 20 mg of sample powder weresped in a tablet and
placed in a heating cell, attached to the specti@mand vacuum line. Activation
was performed in the vacuum at 400or 4 hours. The adsorption of pyridine was
performed at room temperature, partial pressurpyofdline was 2 torr. Spectra
were recorded after treatment of the pyridine egdosamples at 180 in the
vacuum to remove weakly sorbed pyridine. All specare presented after
subtraction of the spectrum of activated samplee $uabtraction of spectra was
performed using OMNIC 7.3 software package.

The catalytic properties of the catalysts syntreskizvere studied in a
conventional flow-type quartz reactor in a heliumavgon streamline with an
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admixture of alcohol vaporghe reaction products were analyzed qualitativaly a
quantitatively on a Crystallux 4000M chromatograpkh a thermal conductivity
detector on HayeSep T 60/80 mesh (3 m, 150°C, 3thiml He), SKT-6 (3 m,
150°C, 30 ml/min, He), Mole Seive 5 A (3 m, 25°@, rhl/min, Ar) columns. All
chromatograms were processed by using the NetCleaftware package. The
error of chromatographing method was + 5%.

For the experiment, a 0.3 g catalyst was mixed gittund quartz (d = 250-
500um) and placed in a quartz reactor tube with a kg5 cm with an internal
diameter of 6 mm so that the length of the cataliyer was 10 cnMethyl and
ethyl alcohols were used as reagefiise carrier gas was passed through a
thermostatic bubbler with an alcohol at a flow rafe20 ml/min to create the
desired concentration of alcohol vapors in the fged mixture.The bubbler
temperature was 0 and 11°C for methyl and ethyghails, respectively.

The conversion was calculated using the followiggation:

X =100x ¢ini _¢curr , (2)

ini

whereginicurr — the initial and current volume fraction of alcbkapors in the feed

mixture, respectively.

Selectivity was calculated as following:

S =100x ¢prod [nprod 1 (3)
(¢ini - ¢curr) |]1alc

wheregyoq — product volume fractiomyq andny — the number of carbon atoms
in the product and alcohol molecule, respectivetyofder to take in account the

carbon balance).

To calculate the productivity (mmol/h*g), the foNong equation was used:

— X[S[¢ini [V . (4)
10000mMV, '



wherev —volumetric rate of the feeding alcohol-containingcture (cni/h); mis
the sample weight of the catalyst (gram);— molar volume (cfifmmol); 10000
— is the coefficient that converts volume perceesagto volume parts for X and S.

Discussion of theresults

Characterization of the obtained samples

All obtained samples are single-phase. The sampléd ,(PQy)s,
LiqsZr15lNos(POy)s, LigsZrisNbos(PQy)s and L sZrP, sM0o 501, obtained by the
Pechini method are monoclinic, the sample ¥Z©,); obtained by hydrothermal
synthesis is rhombohedral (Fig. 1). The X-Ray nac@ysis data correspond to
the expected composition within the error rangeifement by Rietveld method
gives satisfactory description of X-ray patternnodnoclinic lattice. The example

of such description for LiZ(PQ,); with Bragg R-factor = 4.56 is given on Fig. 2.

Figure 1 is here

Figure 2 is here

X-ray pattern of LiZg(PQy); obtained at high temperatures differ from those,
obtained at room temperature. It's caused by plassition from monoclinic
structure into orthorhombic. This phase transibaoours in the temperature range
290 - 356C (Fig. 3).

Figure 3 is here

According to the scanning electron microscopy h# bbtained samples
contain particles with the average size from 5200 nm (Fig. 4).

The size of the CSR of all the samples obtaineoh fKdR-data, is somewhat
smaller than the particle size estimated from tB®Slata (Table 1), due to the

agglomerationAll these samples have approximately the same Bpestirface
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area about 20 Ty (Table 1).HZr,(PO,); obtained hydrothermally consists of
particles whose shape is close to cubic with ar déezet (Fig. 4b).

Figure 4 is here
Table 1 is here

Infrared study of the prepared samples indicatédation bands at ~ 1610,
1545 and 1450 cii which are correspond tg, v(CC) Lewis,vig, V(CN) Brgnsted
and vig, V(CN) Lewis vibration bands [40] (Fig. 5). LiAPQO); and
Li; sZrislngs(POy)s  possess only Lewis acid sites, o44r;sNbgs(POy)s,
Lio.sZroP> sM0g 501, and HZE(PO,); showed both Lewis and Brgnsted acid sites. In
case of HZi(PQy)s the intensity of vibration bands is small, but tlesuld be

caused by lower specific surface area of this sarfif) ni/g vs 17-21 fig).

Figure 5 is here

By measuring the shift of the 19b Lewis vibraticantd we can estimate the
strength of the Lewis acid sites. It forms thedwling row: LiZrn(POy); (1446 cm
) < LiggZrisNbos(POy)s; (1448 cnl) = LigsZrPrsM0gsO1, (1448 cnt) =~
HZr(POy)s (1448 cnl') < LiysZri dno§(POy)s (1451 cnl). 19b Brensted to 19b
Lewis peak area ratio for §42r; sNbg 5(PQy)3, Lig.sZroP2sM0g 5012, HZI(PQOy); are
following: 1:2.6, 1:6.7, 1:0.84 (In sample B#?POy)3, thevig, V(CN) Brgnsted line
is very wide). The indium-doped sample has thengieo Lewis acid sites than the
other samples and might be active in dehydrogematrocesses. HAPOy); has
the lowest amount of acid sites but the Brgnstedetois peak area ratio for this
sample is highest, so it might show activity in thehydration processes.
LigsZrisNbos(PQOy)s and LpsZroP,sM0ps0;, might be active in  both
dehydrogenation and dehydration processes becdusggraficant amount of
Lewis and Brgnsted acid sites, but fog d4r.P, sM0y 01, the Bragnsted to Lewis
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peak area ratio Is the lowest, so the activity ehytlrogenation processes for this

sample might be more pronounced.

Catalytic properties

All synthesized compounds showed activity in theohbl's conversion
(Fig. 6).In the case of ethanol conversion, the catalytitvities of all samples
were really similar, only LisZr,P,sMogs0,, has some advantages, the use of
which allows to achieve the same conversion vadtiesmperatures 30-%0 lower
than for other catalysts. In methanol conversiandliference in activity is much
distinctly.

LiosZrP> sM0g 01, catalyst has the highest activity in methanol evsion.
LigsZrisNbgs(PQy); and HZg(POy)s slightly inferior to LbsZrP; sM0g 012,
whereas LigZrslngs(POy); and especially LiZXPQy); are significantly less

active.

Figure 6 is here

Methanol conversion
Since the methanol molecule is fairly simple, r@nsformations can start
with two main reactions:
2CH;0OH «» CH;0CH; + H,O AH 5 « = —23.9 kd/mole (5)
CH;OH < CH,O + H, AH%298 = 85.1 kJ/mole (6)
Comparing the thermodynamics of these processesamweonclude that the
most probable process at low temperatures is thgddation of methanol with the
formation of dimethyl etheiThedehydrogenation of methanol with the formation
of formaldehyde also becomes possible at elevatrdpdratures (>500).
Accordingly, the main product is dimethyl ether fail catalysts at low
temperatures (Fig. 7However, only in the case of H{P(,);, the selectivity of
dehydration process remains close to 100% in theesglemperature range (Fig. 7

e). The same high selectivity at lower temperaturesalsd characteristic for
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LigsZrisNbgs(POy)s and LpsZroP,sM0gs0,, catalysts. Methanol conversion
reaches values close to 82-85% (Fig. 6 a), whichespond to equilibrium yields
and, therefore, are the highest for reaction ({Gshbuld be noted that the same
conversion values are also reached for JD,);, for which this reaction
dominates over the entire temperature range. Hawekmve 420 and 350°C,
significant amounts of methane and CO are formethese catalysts (Fig. 7 c, d),
and conversion reaches 100% foip d4r; sNbys(PQOy)s and L sZroPs sM0g s010.
This corresponds to the fact that at high tempeszatdehydrogenation processes

take place, which become not thermodynamically bdnn

Figure 7 is here

The most effective in dimethyl ether formation aocatalysts with
LigsZroPrsM0g 010, LigsZri sNbys(PQy)s and HZp(POy); composition. The
maximum productivity of this process was about 2mbmol/h*g for
LiosZr1eNbg 5(PQy)s and HZp(POy)3 (Fig. 8).

Figure 8 is here

The significant contribution is made by secondagctions associated with
the conversion of dimethyl ethér LiZr,(POy); and LisZr; slngs(POy); even at
low temperatures. These processes can proceed thigh formation of
formaldehyde, methane, hydrogen, carbon and cadxwmtes (Fig. 7 a, b), for

example, according to the following equations:

CH;OCH; - CH, + CO + H AH%gs « = -1.3 kJ/mole (7)
CH;OCH; < CH, + CH,0 AH g5 « = -6,7 kJ/mole (8)
CH;OCH; <> CH, + C + HO AH g5 « = -132.6 kd/mole (9)

The contribution of these processes is signififansuch active catalysts as
LigsZrieNbg5s(PQy)s and L sZroP,sM0og0;, at elevated temperatures. Methanol
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conversion in these systems increases with temperahd approaches 100% (Fig.
7 c, d).

One could assume that the high activity ofysZr.P,sM0oy0;, and
LiosZrisNbg 5s(PQy)s is associated with the possibility of changing tegree of
niobium and molybdenum oxidatiohhis effect should be less pronoundedhe
case of LisZrielngs(PQy)s, what is actually observed in the experimelnt.
addition, reaction (5) is dominant even for od4r,P,sMogs0;, and
LigsZrieNbg 5s(PQy); at low temperatures, which can occur, for examgles to
proton binding by negatively charged lithium vadasc These vacancies are
formed by the intercalation of niobium and molybdencations having a higher
charge in comparison with substituted zirconium @hdsphorusAn alternative
mechanism may be performed due to the adsorptiomethanol molecules by
these cations because of their lower coordinatiombers in oxygen (6 and 4
respectively), which are far from limit [41]n this case, the catalyst acts as a
Lewis acid.In our opinion, this process is most probable. JZD,); is an
essentially more active catalyst in comparison Withr,(PQy); (Fig. 6 a). The
increased Brgnsted acidity is the only differerfeg.(5). At the same time, since
the activity of LpsZr,P,sM0gs01, and LpgZr sNbys(PQy)s is even higher, it is
precisely the Lewis acidity that is preferred fowe tdehydration reactions, the
presence of which in samples doped with niobiush®wn in [42]Thus, it can be
concluded that the main process in the first sté#ggehydration is the adsorption
of oxygen ions of methanol on polycharging catidmsving an unsaturated
coordination.

It can also be noted that when methanol is congteteLi 5211 sing s(POy)3
(Fig. 7 b) up to 34% of formaldehyde is formed ademy to the reaction (6] he
activity of this catalyst in dehydration processesignificantly lower due to the
Lewis acidity suppression when zirconium is reptaty an ion with a lower
valence Still lower activity in the dehydration of undopédZr,(PQy)s (Fig. 6 a)
seems to indicate that the reaction is possibtepagih less efficiently with basic

catalysis.
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The reactions of the alcohols conversion on thegalysts should not be
considered as process for the hydrogen productisnproduction is low and
substantially inferior to those for the processeésteam reformingThe highest
activity has Li £Zr, sing s(PQy)s in the hydrogen formation by methanol conversion.
But even for this catalyst the activity at suchrhtgmperature as 510°C reaches

only 0.83 mmol/h*g.

Ethanol conversion
More diverse products are characteristic for theyledlcohol conversion,

during which the following reactions are possible:

2C,HsOH —C,HsOC,Hs + H,O AH%qg = -24,4 kJ/mole (10)
C,HsOH — C,H, + H,0 AH%gg = + 45,3 kJ/mole (11)
C,HsOH — CH;CHO + H, AH%gs = + 68,8 kJ/mole (12)
C,HsOH — CH, + CO + H AH%qgs = + 49,4 kJ/mole (13)
C,HsOH + HO — 2CO + 4H AH%qgg = + 255,6 kJ/mole (14)

CHsOH + 3H0 — 2CO, + 6H,  AH%g = + 173,2 kJ/mole (15)

It is noteworthy that, from the point of view ofetftmodynamics, all these
processes can occur at relatively low temperatimgisthe most possible process
must be a dehydration which leads to the diethgkereformation (10). Minor
amounts of methane, carbon dioxide and carbon mdeaxere also observed. In

addition, the formation of heavier hydrocarbonpassible:
XC,HsOH — yC Hp, + xH,O + Hy, n>2 (16),

and products decomposition processes, accomparidgbebcatalyst coking, for
example, according to the following reaction:

CHyCHO— 2C + b+ H,O  AH%qg = - 75,8 kJ/mole (17)

12



The main products during the ethyl alcohol conwersvere: diethyl ether,
acetaldehyde, hydrogen,-@Gnd G-hydrocarbonslI'he dehydration of ethanol with
the formation of diethyl ether at low temperatuvess the dominant process on
LiZr,(POy)s and LbsZrisNby 5(POy); catalysts (Fig. 9 a, cThe selectivity of this
process reaches 90-91% at temperatures of abouBIDC. The significant

number of secondary processes take place on alist at elevated temperatures.

Figure 9 is here

It is noteworthy that the heterovalent doping dffée most clearly
manifested in the ethyl alcohol conversidhus, partial substitution of zirconium
by indium or phosphorus for molybdenum significgntincreases the
dehydrogenating properties of the catalyst, anlbwattemperatures acetaldehyde
formation predominates (Fig. 9 b, @bviously, in the case of §4Zr,P, M0y 50;»
this is explained by the easier change of molybdedagree of oxidatioindium
can also change its oxidation state on 1+, althdhbihis less characteristic for it.
The indium ion has a smaller positive charge coegbdn zirconium, so it will be
negatively charged relative to the residual crystalicture. Therefore, such a
defect will have tendency to adsorb of the alkglesdf the alcohol rather than it's
hydroxyl group. This, in turn, should facilitateethprocesses, associated with
abstraction of the proton and intensification of tkehydrogenation processes. At
the same time, at elevated temperatures this areseeds easilin addition, in
the case of indium, as noted above, the abilitthef material to adsorb alcohols
oxygen is suppressed, which complicates the detigdrgrocesses coursé.
should be noted that in the case of £, sNbys(P(O,); the deeper dehydration
reaction becomes dominant at the temperatures a®@¥C, which leads to the
ethylene formation (reaction (11), Fig. 9It)s interesting that this process is also
typical for HZL(PQy,)s. In this case it is dominant for all temperatufesy. 9 d).
Apparently, this is due to the high Brgnsted agiditthis material.
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Finally, it is worth noting that the possibility abtaining G-hydrocarbons
seems very attractive.This process proceeds on U@ Q); and
LiosZrP>sM0p 015, and the selectivity in this case reaches 73% 48,
respectively (Fig. 9 a, dleven less selectivity - no more than 35% is typioal
LiysZriglngs(PQy)s (Fig. 9 b).Equation (16) shows that both dehydrogenation and
dehydration should take place in the case #f,Qn> 2) formationThe relatively
high activity of LiZr(POy); suggests that zirconium itself can stimulate aaha
reduction transformations at elevated temperatufé& continuation of this
transformations chain is the catalysts coking, Wwhmost actively occurs on
Liq1sZr sing5(POy)s and Ly sZrP> sM0oo 5045, Which leads to a decrease in the total
selectivity (Fig. 9 b, d).

The LipsZriglngs(POQy); sample has the highest activity in hydrogen
formation and this fact is in accordance with tissuanption described above. It
should be noted that the amount of hydrogen forored@ exceeds the amount of
acetaldehyde formed by reaction (12) (Fig. 10).sThmay be explained by
additional generation of hydrogen by secondarytieas, accompanied, as noted

above, by catalyst coking.

Figure 10 is here

Conclusions

The synthesis of materials with the NASICON struetudoped by
heterovalent elements ((LiPQy)s, LipsZriglngs(POy)s, LigsZrigNbg s(POy)3,
LigsZrP>sM0o 010, HZI(PQy)s3) were carried out by using Pechini and
hydrothermal methods. The obtained samples werectesized by X-ray phase
analysis, and transmission electron microscopy. diferacteristic particle size of
the obtained compounds was 50-300 fAine specific surface area for Pechini
samples (LiZs(PQy)s, Li1sZr1 slNo s(PQy)s, Lio.sZr1 sNbo s(PQy)3,
LiosZrP>sM0p015) was about 20 ?’Ig and for the hydrothermal sample
(HZr,(POy)s) was 10 m/g.
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All" synthesized samples were catalytically activetihe C1-C2 alcohols
conversion.The main products in the methanol conversion wemsethyl ether,
methane, formaldehyde, CO and hydrogen. For ethemolersion were C2-C4
hydrocarbons, acetaldehyde, diethyl ether and lggiro

It should be noted the high activity and selecgivat a number of catalysts
in the dimethyl and diethyl ethers formation, adlas the ethylene formation. The
high selectivity for C4 hydrocarbons is achievedr faiZr,(PQy); and
LiosZrP, sM0g 01, at elevated temperatures, reaching 64 and 49%ctesgly.

It is shown that the main directions of the processiethanol and ethanol
conversion is determined by thermodynamic factasswell as the heterovalent
doping and ability of the doped polyvalent elemetdschange its degree of
oxidation and their adsorption of alcohols throtigd oxygen atom with the Lewis

acidity manifestation.
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Table 1. Specific surface area and average pasiméeof the synthesized samples.

Fig. 1. X-ray patterns of samples obtained by thdrdthermal (3) and
Pechini (4-7) methods. Line-diagram for monoclibiZr,(PQ,); CardNe70-5819
(1), line-diagram for rnombohedral HfPO,); CardNe38-0004 (2), X-ray patterns
for HZry(PQy)s (3), LiZr(PQy)s (4), LivsZrisings(PQy)s (5), LigsZrisNbys(POy)s
(6), Lig.sZr2P2sM0g s012(7).

Fig. 2. Rietveld method Refinement of the Pechymtlsesized LiZj(PQOy)s
X-ray pattern.

Fig. 3. X-ray patterns obtained at different tenaperes for LiZg(POy)s

sample.

Fig. 4. Typical micrographs of samples, obtained Pgchini (a) and
hydrothermal (b) methods.

Fig. 5. FTIR spectra of pyridine on the L#POy)3 (1), LiysZrisings(POy)3
(2), Li0,5Zr1,5Nb0,5(PO4)3 (3), Lio_5zr2P2_5M00_50]_2 (4), Hzrz(PO4)3 (5) Samples.
Positions of thevs, V(CC) Lewis, vigr V(CN) Brgnsted andsg, V(CN) Lewis

vibration bands are presented (a). Enlarged sp&ntBa5 samples (b).

Fig. 6. The conversion temperature dependence tifamel (a) and ethanol
(b) for LinZ(PO4)3 (1), Li1.5zr1.5|n0_5(PO4)3 (2), Liol5zr1.5Nbo_5(PO4)3 (3),
Lio.sZr,P> sM0g 5012 (4), HZL(PQy)s (5).

Fig. 7. Temperature dependencies of methanol ceiorerselectivity for
LiZro(PQy)s (@), LihsZrigngs(PQ)sz  (b),  LiosZrisNbos(PQy)s (),
Lios5ZrP, sM0g 015 (d), HZK(PQy); (€) with the formation of CiH CO, CHO and
CH;OCHs.
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Fig. 8. The temperature dependence of dimethylrefieductivity for

LiZr,(POy)s (1), Liy 52r1 5lNo 5(POy)3 (2), Lig 5211 sNbg s(POy)3 (3),
Lio5ZrP2 sM0g 5012 (4), HZE(POy)s (5).

Fig. 9. The selectivity temperature dependence ndurthe ethanol
conversion for LiZg(PQy); (a), LiysZrisings(POy)s (b), LiosZrisNbos(POy)s (C),
LiosZrP> sM0p 01, (d), HZR(POy)s () with the formation of &€ hydrocarbons,
Cs- hydrocarbons, &£ hydrocarbons, C#€HO and GHsOC,Hs.

Fig. 10. The temperature dependence of the hydrqgeductivity for

LiZr(PQy)3 (1), Li1.sZr1 slNos(PQy)3 (2), Lio.sZr1sNbo.s(PQs)3 3),
Lio_5zr2P2_5M00_5012 (4), Hzrz(PO4)3 (5)
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Composition Specific surface area, Particle size
mé/g SEM, nm CSR, nm
LiZr,(PQy)3 22 +1 138 56
Li1sZr1 5lNgs(POy)3 20+1 204 93
LiosZri sNbo 5(POy)3 21+1 149 67
Lio.sZroP> sM0g 012 171 261 46
HZry(POy)s 101 215 >200
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Double zirconium phosphates with NASICON structure are cata ysts of alcohols conversion.
Zr substitution by In and P by Mo result in the increase in dehydrogenation activity.

Zr substitution by Nb result in the increase in dehydration activity.

HZr,(POy)3 and LigsZr15Nbg5(PO4)3 have the highest activity in ethers formation.
LiZr(POg4)s and LigsZrP,5sM0gs012 are most active in C4-hydrocarbons formation.



