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In  this  paper  synthesis  and  catalytic  properties  of  new  catalysts  based  on double  lithium-zirconium
phosphate  (LiZr2(PO4)3) with  monoclinic  NASICON-type  structure,  doped  by  indium,  niobium  and  molyb-
denum  are  discussed.  The  obtained  samples  with  particle  size  of  50–300  nm  were  characterized  by
X-ray  diffraction,  scanning  electron  microscopy  and  X-ray  microanalysis.  The  synthesized  samples
exhibit  catalytic  activity  in  the dehydration  and  dehydrogenation  reactions  of  ethanol  conversion.  The
main products  were  acetaldehyde,  diethyl  ether,  hydrogen,  C2- and  C4-hydrocarbons.  Indium-  and
molibdenum-doped  samples  were  characterized  by high  activity  in  dehydrogenation  processes,  while
asicon catalyst
embrane catalysis

thanol
ehydration
ehydrogenation

niobium-doped  was  more  active  in  dehydration  processes.  The  highest  selectivity  in  diethyl  ether  for-
mation  was  achieved  for  LiZr2(PO4)3 and  Nb-doped  samples  (90  and  60%  at 300 ◦C).  The  highest  hydrogen
yield  (up  to  60%)  was  obtained  with  the use  of In-doped  catalyst.  LiZr2(PO4)3 and  Mo-doped  samples  are
also  noticeable  for high  C4-hydrocarbons  formation,  selectivity  to which  reaches  60%  at  390 ◦C. Use  of  a

pallad
100%  hydrogen  selective  

. Introduction

Low-temperature fuel cells are the most promising alternative
nergy sources. For their implementation the new ways of hydro-
en production based on renewable raw materials are developed.
ne of the most promising methods is bio-alcohols conversion. At

he same time, alcohols can be used for obtaining a number of
ommercially important products, such as hydrocarbons, ethers,
ldehydes, ketones, hydrogen, and so on. In this regard, new cat-
lysts for the selective alcohols conversion into desired products
eed to be found.

Complex phosphates are considered as one of the promising
ypes of catalysts for the alcohols conversion. Materials with NASI-
ON (NA Super Ionic CONductor) structure type have general

ormula AxB2(ZO4)3, where A - is alkali or alkaline earth element,
 - polyvalent element (Zr, Ti, Sc etc.), Z - phosphorus or silicon.
heir structure is presented by edge-linked BO6 octahedra and ZO4
etrahedra. A-cations are located in the cavities of this structure
1,2]

Interest in these compounds is determined primarily by their
Please cite this article in press as: A.B. Ilin, et al., Catalytic activity of LiZ
in conventional and membrane reactors, Catal. Today (2016), http://d

igh ionic conductivity [3–5], which is achieved due to presence
f conduction channels in their structure [2]. Other advantages
f the NASICON-type compounds are high chemical, thermal and

∗ Corresponding author.
E-mail address: Novsel25@yandex.ru (A.B. Ilin).

ttp://dx.doi.org/10.1016/j.cattod.2015.12.017
920-5861/© 2016 Elsevier B.V. All rights reserved.
ium-ruthenium  alloy  membrane  increases  hydrogen  yield  by 20%.
© 2016  Elsevier  B.V.  All  rights  reserved.

radiation stability. The variability of structure allows both iso- and
heterovalent doping [6,7]. This defines a wide range of possible
applications of these compounds [8–10] as lithium power sources
[11,12], in fuel cells [13], in sensors [14–16], in radionuclide clean-
ing [17] and in catalysis [18–20].

The ability to heterovalent substitution is important for the cat-
alytic applications, since it allows to vary the number and strength
of acid (Brønsted and Lewis) and redox centers at the surface. Chem-
ical and thermal stability allows to use catalysts based on such
compounds in conditions in which the metal catalysts are degraded.
Therefore, attempts to use these compounds as catalysts in alcohol
conversion were made by the number of authors [21–28].

During the catalytic process certain products could be selec-
tively separated or fed to the reaction mixture through membrane
[29–31]. The main advantage of this method is the possibility
of thermodynamic equilibrium shifting due to removal of prod-
uct from reaction mixture. This is especially evident in reactions
with hydrogen participation when membranes based on palla-
dium alloys are used, because of their high hydrogen permeability
[32–34]. Hydrogen, obtained in such reactors, requires no further
purification due to high selectivity of such membranes. Nowadays
many researches are devoted to carrying out catalytic processes in
membrane reactors [35–39].
r2(PO4)3 nasicon-type phosphates in ethanol conversion process
x.doi.org/10.1016/j.cattod.2015.12.017

The aim of this work was  to obtain the LiZr2(PO4)3 NASICON-
type phosphates with heterovalent substitution of the zirconium
and phosphorus ions and their testing in the process of ethanol
conversion. It was  assumed that the substitution of some zirconium

dx.doi.org/10.1016/j.cattod.2015.12.017
dx.doi.org/10.1016/j.cattod.2015.12.017
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Fig. 1. The scheme of the used membrane reactor.

Fig. 2. X-ray patterns of the synthesized compounds. 1 - LiZr2(PO4)3, 2
-  Li1.1Zr1.9In0.1(PO4)3, 3 - Li0.9Zr1.9Nb0.1(PO4)3, 4 - Li0.9Zr2P2.9Mo0.1O12, 5 -
LiZr1.8In0.1Nb0.1(PO4)3, 6 - Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12.
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ig. 3. A micrograph of a sample with composition Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12.

ons on indium or niobium will change the acid-base properties of
atalysts and their activity in dehydration processes. At the same
ime, replacement of the phosphorus on molybdenum will make
hem active in redox dehydrogenation processes.
Please cite this article in press as: A.B. Ilin, et al., Catalytic activity of LiZ
in conventional and membrane reactors, Catal. Today (2016), http://d

The doped lithium-zirconium phosphate with NASICON struc-
ure can have catalytic activity in dehydrogenation and dehydration
rocesses. It was  assumed that a Pd-based membrane allows to
xtract hydrogen from the reaction mixture and displace the reac-
 PRESS
y xxx (2016) xxx–xxx

tion equilibrium. For this purpose the obtained catalysts were
investigated in the membrane reactor with Pd-Ru membrane.
Advantages of this rector and membrane properties were discussed
also.

2. Experimental

In this work the synthesis of the following compounds
was carried out: LiZr2(PO4)3, Li1 ± 0.1Zr1.9M0.1(PO4)3 (M = In
and Nb), LiZr1.8In0.1Nb0.1(PO4)3, Li0.9Zr2P2.9Mo0.1O12 and
Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12, referred to below as LZP, LZInP,
LZNbP, LZInNbP, LZPMo and LZInNbPMo, respectively. The synthe-
sis was  performed according to the Pechini method [28,40–43].
For this purpose a corundum crucible was used. ZrOCl2 * 8H2O,
citric acid, Li2CO3 and NH4H2PO4 were successively dissolved in
a mixture of ethylene glycol (2 ml)  and deionized water (10 ml).
The pH of the solution was quickly adjusted to 5.5 by adding con-
centrated ammonia solution to prevent precipitation of zirconium
phosphate. The resulting solution was  kept in the oven at 95 ◦C
(24 h), 150 ◦C (24 h) and at 350 ◦C (4 h) for sequential removal of
water and other gaseous components. After thoroughly grinding
the resulting mixture was  subjected to a final annealing at 750 ◦C
for 10 h to form a NASICON phases. For LZInP synthesis In2O3
was dissolved in a minimum amount of hot concentrated nitric
acid. This solution was  added to ethylene glycol and deionized
water first. NbCl5 dissolved in the concentrated hydrochloric
acid was used as the niobium source for LZNbP. The mixture of
NH4H2PO4 with (NH4)6Mo7O24 was  used instead of NH4H2PO4 for
LZPMo synthesis. The samples, simultaneously doped with several
elements, were obtained similarly.

X-ray diffraction (XRD) of samples was performed using X-ray
diffractometer Rigaku D/Max-2200 (CuK�1 radiation), for spectra
processing and qualitative analysis the Rigaku Application Data
Processing software package was  used. The particle size (coherent
scattering region) was  estimated on the base of the X-ray diffraction
line broadening with the use of Scherrer equation:

d = k × �

(B − b) × cos �
(1)

where k = 0.89–Scherrer constant, � = 1.5406 Å - the wavelength of
the radiation used, B - the half-width at half-maximum of peak
(2�), b - the instrumental broadening (2�), � - the angle of the peak
position. LaB6 powder (Standard Reference Material® 660a) was
used as the standard for determining the instrumental broadening.

The specific surface area was  determined by the BET method
with the use of Micromeritics ASAP 2020. The analysis was carried
out in the relative pressures (p/po) area 0.01–0.99.

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

Catalytic properties were investigated in a conventional flow-
type quartz tube reactor in the helium or argon stream with
further identification of reaction products by chromatograph
Crystallux–4000 M with thermal conductivity detector, columns
HayeSep T 60/80 mesh (2 m,  150 ◦C, 30 cm3/min, He), SKT–6 (2 m,
150 ◦C, 30 cm3/min, He), Mole Seive 5 A (2 m,  25 ◦C, 30 cm3/min, Ar).
For these experiments, the 0.3 g of catalyst was mixed with milled
quartz (d = 250–500 �m)  and placed in the reactor with a 6 mm
internal diameter so that the catalyst layer was  17 cm in length.
To create the desired concentration of ethanol vapor, the carrier
gas was passed at a volumetric flow rate of 20 cm3/min through a
bubbler with ethanol at 11 ◦C.
r2(PO4)3 nasicon-type phosphates in ethanol conversion process
x.doi.org/10.1016/j.cattod.2015.12.017

The scheme of the used membrane reactor is shown on Fig. 1.
Palladium-ruthenium alloy foil (ruthenium proportion 6 mass%)
tightened between two copper seal rings was  used as a membrane
with a thickness of 70 micron and active area of 7 cm2. 0.3 g of

dx.doi.org/10.1016/j.cattod.2015.12.017
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Table  1
The specific surface area and particle size characteristics of the synthesized compounds, estimated by different techniques.

Composition Specific surface area, m2/g Particle size, nm The average particle size estimated from the surface area, nm

LiZr2(PO4)3 16 ± 1 49 ± 2 87
Li1.1Zr1.9In0.1(PO4)3 11 ± 1 81 ± 4 174
Li0.9Zr1.9Nb0.1(PO4)3 12 ± 1 73 ± 4 157

 ± 2 
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Li0.9Zr2P2.9Mo0.1O12 20 ± 1 40
LiZr1.8In0.1Nb0.1(PO4)3 25 ± 1 51
Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12 8.0 ± 0.8 55

atalyst mixed with 2.2 g of silica (fraction 250–500 �m) was placed
nto the bottom part of the reactor. Two flows of the carrier gas

ere passed at a volumetric flow rate of 20 cm3/min in each part.
he bottom flow was saturated with ethanol. In the experiment
ith an impermeable foil a stainless steel Plate 1 mm in thickness
as used.

Acidity of catalysts was measured by thermoprogrammed des-
rption of NH3 with the use of sorption analyzer USGA-101.
.1–0.2 g of the sample was calcined at 550 ◦C in dry helium and
hen cooled down to 60 ◦C. NH3 adsorption was carried out at 60 ◦C
or 30 min  using the NH3/N2 (1:1) mixture. Then the temperature

as increased to 100 ◦C in order to remove physically-adsorbed
H3. The final measurements were carried out in 60–800 ◦C tem-
erature range in dry helium flow (30 ml/min) with heating speed
f 8◦/min.

The conversion (X), selectivity (S), yield (Y) of the samples were
etermined using the following formulas:

 = ϕ0 − ϕ1

ϕ0
× 100% (2),

 = ϕi
ϕ0 − ϕ1

× 100% (3),

 = ϕi
ϕ0 − ϕ1

(4),

here ϕ0 and ϕ1 are the initial and final volume fractions of alcohol,
espectively; ϕi is the part of alcohol consumed to form product i.
Please cite this article in press as: A.B. Ilin, et al., Catalytic activity of LiZ
in conventional and membrane reactors, Catal. Today (2016), http://d

Permeation rate was  calculated as volume of hydrogen in cm3,
assed through 1 cm2 of membrane per minute. The productivity of
he samples was calculated as the amount of product (in millimoles)
ormed per one gram of catalyst per hour.

ig. 4. The dependence of ethanol conversion versus temperature for catalysts wit
iZr1.8In0.1Nb0.1(PO4)3 (4), Li0.9Zr2P2.9Mo0.1O12 (5), Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12 (6), SiO
94
74

229

3. Results and discussion

3.1. The structure of the catalysts

According to X-ray phase analysis, all samples synthesized are
single phase with monoclinic NASICON structure (Fig. 2). The calcu-
lated particle size, estimated with the use of X-ray diffraction line
broadening, ranged from 50 to 80 nm (see Table 1). According to
the SEM data their size consist 50–200 nm (Fig. 3).

The specific surface area of the catalysts synthesized lies in the
range of 8–25 m2/g (Table 1). The average particle size calculated
from these data exceeds the value obtained from X-ray diffraction
line broadening no less than 2 times (see Table 1). Along with the
SEM data this allows us to conclude that a significant fraction of
particles are aggregated. The indium and niobium doping leads to
the increase of particle size and the decrease in samples specific
surface area.

3.2. Catalytic transformation of ethanol in a quartz tube
flow-type reactor

Catalytic tests carried out in the conventional flow-type tube
quartz reactor showed that all synthesized samples exhibit activity
in the dehydration and dehydrogenation reactions of ethanol.
The blank experiments, which were carried out only with quartz
particles (SiO2, 250–500 �m)  allow us to conclude that the alcohol
conversion is catalyzed only by the synthesized phosphates (Fig. 4).
The main products of the processes are diethyl ether, acetaldehyde,
hydrogen, C2-hydrocarbons (ethylene and ethane, formed by the
hydrogenation of ethylene by hydrogen during the reaction) and
C4-hydrocarbons. CO, CO2 and CH4 formation was  observed also,
but their quantities were rather small compared to the main
r2(PO4)3 nasicon-type phosphates in ethanol conversion process
x.doi.org/10.1016/j.cattod.2015.12.017

products.
The sample with composition of LiZr2(PO4)3 is the most active

in the formation of C2- and C4-hydrocarbons and diethyl ether. It
shows the maximum ether yield, which reaches of 50% of all other

h composition LiZr2(PO4)3 (1), Li1.1Zr1.9In0.1(PO4)3 (2), Li0.9Zr1.9Nb0.1(PO4)3 (3),
2 blank test (7).

dx.doi.org/10.1016/j.cattod.2015.12.017
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ig. 5. Yield of C2-hydrocarbons (1), C4-hydrocarbons (2), acetaldehyde (3), dieth
i0.9Zr1.9Nb0.1(PO4)3 (c), Li0.9Zr2P2.9Mo0.1O12 (d), LiZr1.8In0.1Nb0.1(PO4)3 (e), Li0.9Zr1.8

roducts (Fig. 5a). Nb doping results in enhanced dehydration prop-
rties and causes the increase in the ethylene yield, which may  be
ssociated with an increasing of the acidity of active sites due to
he higher PO4

3− groups polarization by Nb5+ ions. The doping by
Please cite this article in press as: A.B. Ilin, et al., Catalytic activity of LiZ
in conventional and membrane reactors, Catal. Today (2016), http://d

ndium contrary leads to suppression of acid activity. At the same
ime doping by indium and molybdenum increases the dehydro-
enation properties (yield of acetaldehyde). In the case of indium,
his result can be considered quite surprising since it has only two
er (4) for the catalysts with composition LiZr2(PO4)3 (a), Li1.1Zr1.9In0.1(PO4)3, (b),
b0.1P2.9Mo0.1O12 (f).

stable oxidation states (0 and +3). However, it is known that stabil-
ity of some monovalent indium compounds increases with rise of
a temperature.

For samples doped with several elements simultaneously ethy-
r2(PO4)3 nasicon-type phosphates in ethanol conversion process
x.doi.org/10.1016/j.cattod.2015.12.017

lene is the main product. It is the product of a monomolecular
dehydration reaction:

C2H5OH → C2H4+H2O, �H0
298 = +28, 99 kJ/mol  (5)

dx.doi.org/10.1016/j.cattod.2015.12.017
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ig. 6. The temperature dependence of selectivity to C2-hydrocarbons (a), C4

i1.1Zr1.9In0.1(PO4)3 (2), Li0.9Zr1.9Nb0.1(PO4)3 (3), Li0.9Zr2P2.9Mo0.1O12 (4), LiZr1.8In0.1

At first glance, it is similar to the diethyl ether formation reac-
ion. But last reaction requires the simultaneous participation of
wo ethanol molecules. It should be ensured by the close location
f the two centers with the dehydrogenation activity. In samples
ontaining both niobium and indium, activity of some dehydrat-
ng centers increases and decreases for others. So the probability
f close location of two active sites decreases. Therefore, despite
he high activity in reactions of ethylene formation, their activity
n ether formation is suppressed.

For the formation of C4-hydrocarbons the simultaneous pres-
nce of centers active in dehydration and dehydrogenation is
equired. This reaction proceeds most active for the undoped and
oped by molybdenum samples. At the same time it is interest-

ng that in Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12, in which both types
f centers must be present, rate of this reaction is very small.

t can be explained by the positive charge of centers containing
olybdenum and niobium, which occupied phosphorus and zir-

onium positions respectively. Meanwhile indium ions located in
irconium positions, in contrast, have a negative charge. There-
ore, the centers doped by molybdenum and indium have a
endency to association, niobium and molybdenum—to repul-
ion. This makes it unlikely location of the two centers having
Please cite this article in press as: A.B. Ilin, et al., Catalytic activity of LiZ
in conventional and membrane reactors, Catal. Today (2016), http://d

nhanced activity in the dehydration and dehydrogenation reac-
ions in Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12.

Highest selectivity (close to 100%) is achieved at low tem-
eratures for all the catalysts (Fig. 6). For LiZr2(PO4)3 and
carbons (b), diethyl ether (c) for catalysts with composition LiZr2(PO4)3 (1),
PO4)3 (5).

Li0.9Zr1.9Nb0.1(PO4)3 catalysts dimethyl ether is the main prod-
uct and acetaldehyde dominates in all other cases. However,
at lower temperatures the selectivity is not as important as at
higher, since the reaction rate and conversion is very low. For
Li0.9Zr1.9Nb0.1(PO4)3 high selectivity to diethyl ether (60%) per-
sists up to 300 ◦C. For all other catalysts several products are
formed simultaneously at higher temperatures. An exception is
LiZr1.8In0.1Nb0.1(PO4)3, for which at above 350 ◦C the ethylene is
the dominant product with selectivity is more than 90%. And valu-
able is the fact that for LiZr2(PO4)3 and Li0.9Zr2P2.9Mo0.1O12 at high
temperatures C4-hydrocarbons are formed with selectivity up to
60%. It should be noted also that the molybdenum doping reduces
the temperature of the reaction on 60 ◦C.

The LiZr2(PO4)3 and Nb-doped samples have the highest con-
centration of high acidity centers (Fig. 7a,c). At lower temperatures
these catalysts showed the highest selectivity in diethyl ether for-
mation (curves 1, 3 of Fig. 6 c). In the high temperature range all acid
sites take part in the reaction route, thus, a sample with higher spe-
cific surface area posses higher dehydration properties. This is most
typical for LiZr1.8In0.1Nb0.1(PO4)3 sample with 25 m2/g of specific
surface area and high concentration of acid centers. The selectivity
of ethylene formation reaches 80% at 400 ◦C for this sample (curve
r2(PO4)3 nasicon-type phosphates in ethanol conversion process
x.doi.org/10.1016/j.cattod.2015.12.017

5 of Fig. 6a).
The indium-doped sample shows the highest activity in hydro-

gen formation (Fig. 8a). Most likely, this is due to the fact that the
function of dehydration in the sample is suppressed, while dehy-

dx.doi.org/10.1016/j.cattod.2015.12.017
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ig. 7. Rates of NH3 desorption for the samples with composition LiZr2(P
iZr1.8In0.1Nb0.1(PO4)3 (e), Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12 (f).

rogenation function increases. In Li0.9Zr2P2.9Mo0.1O12 not only
ehydrogenation activity enhanced, but the activity of the dehy-
ration increased also. At the same time, at low temperatures,
Please cite this article in press as: A.B. Ilin, et al., Catalytic activity of LiZ
in conventional and membrane reactors, Catal. Today (2016), http://d

hen the dehydrogenation rate is low, it is possible that a part
f the hydrogen produced is consumed by the partial molybdenum
eduction. In this regard indium-doped catalyst was  selected for
he experiments in a membrane reactor
(a), Li1.1Zr1.9In0.1(PO4)3 (b), Li0.9Zr1.9Nb0.1(PO4)3 (c), Li0.9Zr2P2.9Mo0.1O12 (d),

3.3. Transformation of the ethanol in the membrane reactor

Compared to the experiments with the impermeable stain-
r2(PO4)3 nasicon-type phosphates in ethanol conversion process
x.doi.org/10.1016/j.cattod.2015.12.017

less steel foil, the reactor with palladium-ruthenium alloy as a
membrane, Li1.1Zr1.9In0.1(PO4)3 catalyst increases the hydrogen
production by 20% (Fig. 9a). Increase in the ethanol conversion is
also observed (Fig. 9b). These effects are attributed to the shifting of

dx.doi.org/10.1016/j.cattod.2015.12.017
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Fig. 8. Hydrogen yield for the catalysts with composition LiZr2(PO4)3 (1), Li1.1Zr1.9In0.1(PO4)3 (2), Li0.9Zr1.9Nb0.1(PO4)3 (3), Li0.9Zr2P2.9Mo0.1O12 (4) - (a), and LiZr2(PO4)3 (1),
LiZr1.8In0.1Nb0.1(PO4)3 (5), Li0.9Zr1.8In0.1Nb0.1P2.9Mo0.1O12 (6) - (b).

Fig. 9. Hydrogen productivity in experiments with impermeable foil (1) and the membrane (2, 3, 4), where (2) - retentate, (3) - permeate, (4) - the sum of the permeate and
retentate - (a) and ethanol conversion in membrane reactor with impermeable foil (1) and the membrane (2) - (b).

Fig. 10. The dependence of hydrogen permeation on (P2
0,5-P1

0,5) - (a) and (P2-P1) - (b).

dx.doi.org/10.1016/j.cattod.2015.12.017
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he thermodynamic equilibrium due to removal of hydrogen from
he reaction mixture in the membrane reactor.

The recovery rate of hydrogen does not change with the temper-
ture increasing and its average mean is about 35%. The hydrogen
roductivity increases significantly with increase in hydrogen
onversion. The permeate contains hydrogen without any other
mpurities.

Hydrogen permeates through membrane via a solution-
iffusion mechanism [44]. Thus, the hydrogen transfer is affected
y its diffusion through the bulk metal and hydrogen pressure dif-
erence in retentate and permeate zones. Hydrogen permeation (J)
an be described by the equation:

 = P × (pn2 − pn1)
l

(6)

here P is hydrogen permeability constant, l is a membrane thick-
ess, p1 and p2 are the partial hydrogen pressures in the permeate
nd retentate zones respectively, n is a constant depending on the
iffusion mechanism.

If the atomic hydrogen diffusion in the membrane bulk is the
ate-controlling stage, n value should be equal to 0.5 because of
quilibrium between molecular hydrogen in gaseous phase and dis-
olved atomic hydrogen. (Sieverts law [45]). But Sieverts law is not
omplied in our case (Fig. 10a). The dependence becomes linear for

 value equal to 1 (Fig. 10b). This means that the rate-controlling
tage involves hydrogen in molecular form only. It is reasonable
o suppose that it took place in retentate zone because of the
ompetitive adsorption of other reaction products and hydrogen
n membrane surface [46–48]. In the permeate zone only hydro-
en and sweep gas were found, so the competitive adsorption in
his zone cannot occur. Also the experiments with different carrier
ases (Ar and He) were carried out and it was established that even
elium doesn’t pass through membrane which means that there
re no holes in membrane through which molecular hydrogen can
ass in permeate zone.

Within an hour the hydrogen stream in the membrane reactor
ecreases by 40% due to the catalyst carbonization. Calcination in
n air stream allows to regenerate the catalyst and to improve its
ctivity up to its original level.

. Conclusion

The single-phase catalysts were obtained based on dou-
le lithium-zirconium phosphate with NASICON-type structure
iZr2(PO4)3 doped by In, Nb, and Mo,  with a particle size less
han 200 nm.  All samples exhibit activity in the ethanol dehydra-
ion and dehydrogenation processes. The main products are the
2- and C4-hydrocarbons, diethyl ether, acetaldehyde and hydro-
en. It has been shown that the doping by indium increases the
ield of acetaldehyde and hydrogen, doping by niobium - diethyl
ther and ethylene. Molybdenum incorporation increases the cat-
lyst activity in the ethanol dehydrogenation rate and reduces the
emperature of the reaction on 60 ◦C. It is worth mentioned that C4-
ydrocarbons are formed on LiZr2(PO4)3 and Li0.9Zr2P2.9Mo0.1O12
atalysts with selectivity up to 60% at high temperatures.

Carrying out the process in a membrane reactor leads to the
ncrease in the hydrogen yield due to the thermodynamic equilib-
ium shift and increase in the ethanol conversion.
Please cite this article in press as: A.B. Ilin, et al., Catalytic activity of LiZ
in conventional and membrane reactors, Catal. Today (2016), http://d
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