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Catalyst supports based on ZnO–ZnAl2O4 nano-
composites with enhanced selectivity and coking
resistance in isobutane dehydrogenation†

Anna N. Matveyeva, *a Shamil O. Omarov, a Alexey V. Nashchekin, b

Vadim I. Popkov a and Dmitry Yu. Murzin *c

Development of coking resistant supports and catalysts for hydrocarbons conversion is challenging,

especially when using such acidic materials as alumina. Apparently, this problem can be mitigated by

using spinels that are less acidic, being, however, thermally stable. In this study, a series of ZnO–ZnAl2O4

nanocomposites with different ZnO loading were prepared by urotropine-nitrate combustion synthesis to

be used as supports for isobutane dehydrogenation catalysts. The nanocomposites were characterized by

XRD, SEM, N2-physisorption analysis, EDS, H2-TPR, TPD of NH3 and tested in isobutane dehydrogenation.

Spinels with small amounts of ZnO displayed higher acidity and specific surface areas than samples with a

higher ZnO content (30–40 mol%). At the same time, the maximum activity and the lowest selectivity to

by-products (CH4 and C3H6) after 10 min of the reaction were observed for the nanocomposite contain-

ing 20 mol% of ZnO. The obtained nanocomposites have demonstrated better resistance to coking com-

pared to commercial alumina.

1. Introduction

Olefins are one of the key building blocks of modern society
with a multitude of daily-use products coming from their
transformations.1 Among them, isobutene is used for the pro-
duction of isooctane, methacrolein, synthetic resins, etc. In the
recent years, there has been a drift away from the traditional
cracking based on naphtha and heavy oil to processes relying
on light alkanes due to emergence of a large number of
sources of light alkanes, including the shale gas.2

Subsequently abundant sources of light alkanes, coupled with
the growing global demand for light alkenes,2d have pushed
forward the use of alternative technologies for the production
of light alkenes, namely direct conversion of alkanes to
alkenes through environmentally friendly, economical, and
efficient dehydrogenation.3

In industrial settings the catalysts, commonly used for
dehydrogenation of alkanes, are mainly Pt and CrOx supported
on alumina.2d However, because of the high prices and low
availability of platinum, and toxicity of CrVI species,4 develop-
ment of alternative, low cost, and environmentally friendly cat-
alysts is of great importance. In this respect, other catalysts
based on gallia,5 nickel,6 cobalt,7 zinc oxide,8 etc. are currently
being actively investigated for dehydrogenation of isobutane to
isobutene.

Dehydrogenation requires a relatively high temperature
(above 500 °C) to obtain a high yield of alkenes. Under these
harsh reaction conditions, catalyst deactivation due to particle
sintering and coke formation is inevitable.2a

Catalyst supports, their specific surface area, acid–base pro-
perties and thermal stability play an important role in catalytic
performance and coke formation. In the recent years, many
researchers have undertaken numerous attempts to use such
materials as SiO2,

6 ZrO2,
9 and zeolites10 for isobutane dehydro-

genation, instead of the traditionally applied alumina, which
is even considered to be a dehydrogenation catalyst per se.11

In the case of zinc oxide, catalytic behaviour depends on
the state of this oxide: bulk ZnO, dispersed (supported) Zn2+,
or complex oxides containing Zn2+, for example, spinel-type
oxides or Zn-modified zeolites. Bulk ZnO is considered to be
almost inactive in dehydrogenation.12 At the same time, cata-
lysts with active Zn sites (Zn2+) are promising candidates con-
sidering their low costs and generally low toxicity of Zn.8a,13
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A particular attention is paid to nanocrystalline materials,
such as various spinels, which are of great interest for catalysis
due to their low surface acidity, high thermal stability and
mechanical resistance, and sufficient ability to disperse
metals.14 The first characteristic is very important in alkane
dehydrogenation because low acidity of the spinel support
allows minimizing the undesirable side reactions (such as
cracking and coke formation).14a The latter characteristic
explains a rather widespread utilization of spinels for Pt and
Pd catalysts. Dispersion of platinum, as well as the mean par-
ticle size and particle size distribution of metal nanoparticles,
are often critical for catalytic activity and selectivity.14d

Subsequently, it is clearly of relevance to explore the pro-
perties of zinc-aluminum spinels having an excess of zinc
oxide. In such a composite, active Zn2+ particles can be
present both in the spinel and bulk ZnO, and some synergy
effect between Zn2+ and Al3+ can be anticipated.14e

A low surface area, which is a disadvantage of spinel
materials for catalytic applications, can be improved by choos-
ing an appropriate synthesis method. For example, ZnAl2O4

can be synthesized by the solid-state reaction or the ceramic
method;14l,15 wet chemical routes such as the sol–gel tech-
nique,16 precipitation or coprecipitation;17 and other tech-
niques, such as hydrothermal methods,18 mechano-chemical
methods,14g solution combustion synthesis (SCS),19 including
microwave-initialized SCS;20 molten salts synthesis,21

vibrational milling method,22 etc.
Combustion synthesis is one of the most efficient, simple

and fast methods for the synthesis of simple and complex
metal oxides, which makes it possible to obtain highly pure
and chemically homogeneous powders with nanosized par-
ticles.23 There are two main initiation modes in SCS: the
volume combustion and the self-propagating combustion
modes.23a The first one is much more commonly used,
because in this case the entire combustion mass is uniformly
heated until ignition. Most often, a heating plate or a muffle
furnace is used to initiate the combustion process. Another
emerging and promising initiation type is to use a microwave
oven. However, the microwave initiation has some limitations,
such as a high cost of the equipment, the low size limit of the
combustion reactor and impossibility to monitor the particle
growth during combustion.

After initialization the combustion reaction is self-sustain-
ing allowing a very fast attainment of temperatures required
for crystallization and the phase formation. The metal precur-
sors (often metal nitrates) and the so-called fuels (mainly
organic compounds such as urea, citric acid, glycine) are
mixed in an appropriate stoichiometric ratio. This controls
combustion following the principles of propellant chemistry,
causing a very rapid and exothermic chemical reaction to
form the oxide powder. In addition, nanocomposites of
different compositions can be easily prepared using the com-
bustion method by varying the reagents in the initial reaction
solution.

In this study, ZnAl2O4 spinels with an excess of ZnO, pre-
pared by solution combustion synthesis, were used for the first

time in isobutane dehydrogenation, allowing to obtain high
selectivity and resistance to coking.

2. Experimental
2.1. Synthetic procedures

Al(NO3)3·9H2O (97%), Zn(NO3)2·6H2O (98%), and urotropine
((CH2)6N4, 99.5%) were purchased from Lenreactiv (Russia).

An appropriate amount of urotropine and the corres-
ponding nitrates were dissolved in ca. 200 ml of bidistilled
water for the preparation of Al2O3, ZnO and xZnO–yZnAl2O4

(where x is the molar fraction of ZnO, y is the molar fraction of
ZnAl2O4). The weight of the reagents was taken to ensure syn-
thesis of 4 g of a sample. One batch of each material was
made. Balancing the reaction was done through an online bal-
ancer (WebQC.org). For example, for the synthesis of a sample
containing 30 mol% ZnO, the reaction will be presented as:
1800Al(NO3)3·9H2O + 1170Zn(NO3)2·6H2O + 1075C6H12N4 = 9
(ZnAl2O4)100·(ZnO)30 + 6020N2 + 6450CO2 + 29670H2O.

The obtained solution was heated to boiling on an electric
plate (1 kW) and, after complete evaporation of water, was
burned in a glow combustion mode with the formation of a
solid. This substance was crushed and heated in a muffle to
700 °C with a heating rate of 5 °C min−1, and kept at this
temperature for 2 h.

2.2. Characterization

XRD analysis was done using XRD-6100 diffractometer
(Shimadzu) with CuKα radiation (λ1 = 1.54056 Å) and Ni-filter
at 40 kV, 30 mA, scan speed of 1° min−1, step width of 0.02°,
exposition of 1.2 s and D (divergence) : S (scatter) : R (receiving)
= 1 : 1 : 0.3. The diffraction data were analyzed by the Rietveld’s
powder diffraction profile-fitting technique to determine the
crystal structural parameters and phase composition.24

FullProf software was used for the refinement.25 The structural
parameters for ZnAl2O4 with the space group Fd3̄m and ZnO
with the space group P63mc were taken from the
Crystallography Open Database (CIF No. 9013642 and No.
2300450, respectively). The Pseudo-Voigt function was used for
the simulation of the peak shape. The mean crystallite size
was calculated using the Scherrer equation.

N2-Physisorption analysis was performed on ASAP 2020
(Micromeritics). The specific surface area, the total pore
volume and the pore size distribution were determined
from N2 adsorption isotherms applying the BET equation and
a standard NLDFT analysis. The samples were degassed
at 200 °C under vacuum up to the residual pressure 30 Pa
for 4 h.

SEM micrographs were obtained in SE and BSE modes
using JSM-7001F microscope (JEOL) equipped with Oxford
instruments INCA PentaFETx for energy dispersed X-ray spec-
troscopy (EDS). EDS was also performed on VEGA 3 SBH
microscope (Tescan) using Oxford instruments INCAx-act.

NH3-TPD and H2-TPR were performed on Chemosorb
(SOLO, Russia) with a thermal conductivity detector. For NH3-
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TPD a sample calcined at 700 °C (ca. 160 mg) was pretreated in
a flow of He (99.9999 vol% purity) at 700 °C for 40 min, then
cooled to 110 °C. The sample saturated with ammonia from a
flow of 5 vol% NH3/He mixture (20 ml min−1) at 110 °C for
30 min was thereafter purged with a He flow (20 ml min−1) for
30 min. Ammonia desorption was carried out by heating the
sample to 700 °C at a rate of 10° min−1 in He flow (20 ml
min−1).

For H2-TPR a sample (ca. 100 mg) was pretreated in Ar
(99.998 vol% purity) at 300 °C for 30 min and heated there-
after to 900 °C at a ramp rate of 10° min−1 under 10 vol%
H2/Ar mixture (18 ml min−1 Ar and 2 ml min−1 H2).
Isopropanol, cooled in liquid nitrogen to the temperature
at which it began to crystallize, was used as a water trap.
CuO was used as a reference for calibration of hydrogen
consumption.

Thermogravimetry and DTA analysis were done using
DTG-60A (Shimadzu) by heating 30–60 mg of a sample in air
to 700 °C at a rate of 10 °C min−1. The error of weight measure-
ments was 1% for TGA and 1 μV for DTA.

2.3. Reactor set-up and catalytic tests

The experiments were performed in a fixed-bed reactor at 1
atm. The reactor was a cylindrical quartz tube, 370 mm in
length, 15 mm in inner diameter, in which the sample was
placed on a diffuser grid made of SiO2. A thermocouple
pocket with a diameter of 5 mm was located in the center of
the tube. The gases were fed into the reactor from top to
bottom.

Approximately 200 mg of the powder sample (the fraction
below 50 μm) was initially heated in the air flow (100 ml
min−1) to 550 °C. At this temperature, it was kept for 1 hour
and then flushed with He (30 ml min−1) for 15 min. Hereafter,
40 vol% iso-C4H10 (99.5 mol% purity, KINEF refinery (Russia))
in He (99.999 vol% purity) was fed with a total flow of 50 ml
min−1. After dehydrogenation, the reactor was purged by
helium, followed by regeneration at 650 °C in the air for
30 min.

Separate experiments were performed in neat isobutane
(20 ml min−1) with a sample weight of 1 g.

2.4. Analysis of reaction products and calculations

The reaction products were analyzed using gas chromato-
graphy GC-2010 Plus (Shimadzu) equipped with a FID and a
capillary column (Supelco Petrocol DH (ID: 24160, 100 m ×
0.25 mm, film thickness 0.5 μm, stationary phase: nonpolar
bonded poly(dimethylsiloxane)). Helium was used as the
carrier gas (100 ml min−1). Analysis was performed at the
column temperature of 35 °C for 15 min followed by
heating to 55 °C at a rate of 1 °C min−1. Processing of
chromatograms was performed by Dragon DHA software,
which calculates the composition of hydrocarbons in mol,
vol and wt%. The molar fraction of hydrogen was considered
to be equal to the sum of C4-alkenes according to the
stoichiometry of dehydrogenation. Then the gas mixture was
normalized to 100%.

Isobutane conversion X (%), the yield of isobutene
Y (mol%) and selectivity to isobutene S (mol%) were calcu-
lated as:

X ¼ niC4H10;in � niC4H10;out

niC4H10 ;in
� 100; ð1Þ

Y ¼ niC4H8;out � niC4H8;in

niC4H10;in
� 100; ð2Þ

S ¼ Y
X
� 100; ð3Þ

where niC4H10,in and niC4H8,in are the inlet molar flow of iso-
butane and isobutene, niC4H10,out and niC4H8,out – the outlet
molar flow, respectively, mol s−1.

The yields of methane and propene were calculated
similarly, only dividing them by two, since one molecule
of isobutane gives two molecules: methane and propene.

To calculate the amount of coke deposited on the sample,
the volume of COx gases released during regeneration was
recorded with a TEST gas analyzer (BonAir Ltd, Russia)
equipped with an infrared sensor. The carbon mass balance
closure was 99.5–100%.

2.5. Accelerated coking

A schematic representation of the experimental technique is
shown in Fig. 1. An industrial chromia–alumina catalyst (2 g)
was loaded in the main part of the reactor to obtain a large
amount of isobutene for accelerated coking. A mixture of
quartz with the test sample (0.5 g) was placed downstream the
diffuser grid.

The reactor was heated to 550 °C in a flow of air and kept at
this temperature for 1 hour. After purging with an inert gas,
neat isobutane was fed to the inlet at a volumetric flow rate of
20 ml min−1. The duration of the process was 50 min at a
temperature in the layer of a chromia–alumina catalyst of
550 °C. Presence of this made it possible to subject the test
sample to a mixture of isobutane with isobutene because
selectivity to isobutene is high and the fraction of by-products
is insignificant.

Fig. 1 Schematic representation of the reactor with two catalytic layers
for accelerated coking.
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3. Results and discussion
3.1. Characterization

3.1.1. Phase and elemental composition. Fig. 2 displaying
XRD data confirms the presence of two phases: ZnAl2O4 with a
centered cubic structure (JCPDS card no. 290967) and ZnO
with a hexagonal wurtzite structure (JCPDS card no. 193696),
thereby reflecting successful synthesis of ZnO–ZnAl2O4 nano-
composites. XRD patterns of Al2O3 and ZnO synthesized by the
same method are also shown in Fig. 2, while the phase compo-
sition and the mean crystallite size (D) of the composites are
presented in Table 1.

Zinc oxide reflections are visible in XRD patterns for all
materials except ZnAl2O4. Therefore, in the latter case, it was
not possible to apply the Rietveld refinement. In general, con-
sidering the errors of the method, a good agreement between
the expected and the measured phase composition was
achieved. The data on the crystallinity of ZnAl2O4 are in agree-

ment with the literature, reporting that ZnAl2O4 obtained by
the solvothermal method and calcined at the same tempera-
ture, has the mean crystallite size of ca. 11 nm.14h Most likely,
the mean size of the spinel crystallites does not change with
increasing ZnO content, and the value obtained at 20 mol% of
ZnO is an outlier.

Regarding the mean size of ZnO crystallites, the obtained
data are in some contradiction with the data given in ref. 26,
where with an increase of ZnO content from 20 to 40 mol% in
the ZnO–ZnAl2O4 nanocomposites (prepared by SCS assisted
with microwaves), the mean nanocrystallite size increases from
ca. 22 to 28 nm. In this study, a decrease in the size of the ZnO
crystallites can be a result of another fuel applied during syn-
thesis by SCS, as the fuel type plays an important role.23a From
the physical point of view, the difference between the used
fuels is the standard enthalpy of combustion,27 resulting in
variations of the heat supply during their combustion and sub-
sequently in the particle size of the synthesized materials.
Moreover, a very high calcination temperature (1000 °C) can be
a reason for the difference in the mean crystallite size, as in
the case of ref. 26.

EDS analysis was performed to determine the elemental
composition of the obtained nanocomposites with the results
presented in Table 2. According to these data, the Zn/Al
atomic ratios are slightly higher than the expected ones, which
can be explained by a low depth of microanalysis (0.5–1 µm)

Fig. 2 XRD patterns of synthesized materials calcined at 700 °C (where
○ – ZnAl2O4 JCPDS card no. 290967; * – ZnO JCPDS card no. 193696).

Table 1 Data on the phase composition and crystallinity of the synthesized materials (calcined at 700 °C)

N Sample

Phase composition
(Rietveld refinement),
mol%

D (ZnAl2O4), nm D (ZnO), nm
Reliability factorsc

(Rwp/Re)ZnO ZnAl2O4

1 ZnAl2O4 no. 2
a 0.0 100.0 11.3 — 1.5

2 ZnAl2O4 no. 1
b 3.5 96.5 11.2 29.0 1.8

3 10ZnO–90ZnAl2O4 9.2 90.8 11.5 22.3 1.7
4 20ZnO–80ZnAl2O4 18.2 81.8 12.5 18.5 1.6
5 30ZnO–70ZnAl2O4 23.5 76.5 11.1 15.9 1.6
6 40ZnO–60ZnAl2O4 35.5 64.5 11.0 18.3 1.6

aHereinafter referred as ZnAl2O4.
bHereinafter referred as 3.5ZnO–96.5ZnAl2O4.

c The ratio of the weighted (Rwp) and expected (Re) R-factors
characterizes goodness of fit, if the value is equal to one or constant the refinement procedure is complete.

Table 2 Elemental composition for the samples calcined at 700 °C

N Sample

Element composition
(according to EDS
analysis)a, at%

Zn/Al atomic ratioAl O Zn

1 ZnAl2O4 24.38 60.92 14.71 1 : 1.66
2 3.5ZnO–96.5ZnAl2O4 23.97 63.11 12.91 1 : 1.86
3 5ZnO–95ZnAl2O4 24.91 59.31 15.78 1 : 1.58
4 10ZnO–90ZnAl2O4 24.08 59.80 16.13 1 : 1.49
5 20ZnO–80ZnAl2O4 23.04 62.11 14.85 1 : 1.55
6 30ZnO–70ZnAl2O4 22.62 59.24 18.14 1 : 1.25

aData were obtained using Tescan microscope.
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and a large difference in the atomic masses of the elements.
EDS mapping analysis displayed in Fig. 3 indicates a uniform
distribution of Zn and Al across the surface.

3.1.2. Morphology and textural characteristics.
Micrographs of ZnAl2O4 and samples with the different
content of ZnO are shown in Fig. 4. It is clearly seen that the
samples have a coated surface topography, but the contrast
between the phases is relatively poor (Fig. 4a and b). The use
of a backscattered electron (BSE) detector made it possible to
obtain a more distinguishable topographic contrast, which
revealed agglomeration of spherical nanoparticles on the
smooth surface of ZnAl2O4 (Fig. 4d and e). Because there is a
clear phase boundary (Fig. 4g and h), the spherical particles
on the surface can correspond to zinc oxide. This assumption
is supported by a more uniform coating of the composite con-
taining 20 mol% ZnO than that of ZnAl2O4, which is character-
ized by the presence of small islands of agglomerates, not pre-
viously detected by XRD. With increasing the content of ZnO
up to 40 mol%, the surface is completely filled with zinc oxide
(Fig. 4c, f and i), and the nanoparticles are agglomerated with
the least uniform distribution (Fig. 4f). The obtained images
of the materials are representative with additional SEM images
shown in Fig. S1.†

According to SEM data, some of the randomly selected
spherical ZnO particles of ZnAl2O4 are ca. 10 nm, which
tended to agglomerate to diminish the total surface free
energy and form a stable system.28 Similar data on the mor-
phology of ZnO–ZnAl2O4 nanocomposites prepared by the
same method were obtained in ref. 28, namely ZnO nanopow-
ders exhibited clusters of ultrafine particles, while flakes and
plates of fine particles were present for ZnAl2O4 nanopowders.
In addition, as in the current study, with increasing ZnO
loading up to 30 mol%, zinc oxide particles are distributed
across the nanocomposite more uniformly compared to a case
with a lower ZnO content (20 mol%).

Based on the temperature profiles obtained in ref. 29, the
combustion temperature during synthesis of ZnO–ZnAl2O4

nanocomposites should not exceed 1000 °C. The currently
accepted phase diagram for the ZnO–Al2O3 binary mixture
indicates that the phase separation at the ZnO excess and
1000 °C leads to solid phases of zinc aluminate and zincite.
The reason for formation of ZnO on the spinel surface may be
that it is lighter than ZnAl2O4. After the spinel formation,
residual gases from fuel decomposition and water vapor could
push the oxide to the surface. Compared to other material
preparation methods, it is unlikely that impregnation of the
spinel with such large amounts of ZnO is feasible or that zinc
oxide particles can be formed on the surface by
coprecipitation.

Textural characteristics for the obtained samples summar-
ized in Table 3 illustrate that with an increase in the ZnO
content, a decrease in the specific surface area and the total
pore volume was observed. The maxima of specific surface
area (Ssp.) and the total pore volume are ca. 60 m2 g−1 and
0.2 cm3 g−1, respectively. In general, these values exceed the
data obtained for samples prepared by traditional methods.

Fig. 3 Energy-dispersive X-ray spectroscopy elemental maps (Zn, Al
and O) for 30ZnO–70ZnAl2O4.

Fig. 4 SEM images of the synthesized materials. Top images (a–c): secondary electron analysis – topography; rest images (d–i): backscattered
electron analysis – composition.
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For example, ZnAl2O4 obtained by coprecipitation had 40 m2

g−1 and 0.12 cm3 g−1,14g while Ssp. is 50 m2 g−1 for ZnAl2O4

obtained by the sol–gel method.14l On the other hand, it is
possible to achieve a very high specific surface area for
ZnAl2O4 reaching 150 m2 g−1 by solvothermal synthesis at
700 °C.30 However, this method is characterized by extremely
difficult synthesis conditions (pressure of 25 bar) and high
costs of the reagents.

The adsorption isotherms obtained at the temperature of
liquid nitrogen (77 K) and the pore size distribution for
these samples are displayed in Fig. 5. According to the IUPAC
classification, nitrogen adsorption–desorption isotherms
for the nanocomposites are unambiguously classified as type
IVa, which is characteristic of materials with a mesoporous
pore size.

The isotherm hysteresis loops can be attributed to the H1
type for porous materials consisting of well-defined cylindri-
cal-like pore channels or agglomerates of approximately
uniform spheres. All obtained composites exhibit a broad
monomodal pore distribution predominantly in the meso-
porous range (inset in Fig. 5), while the pore size distribution
for ZnAl2O4 is somewhat closer to the bimodal one with
maxima at ca. 10 and 15 nm. It is possible that the sample par-
ticles per se are non-porous, while small volumes of mesopores
are formed due to secondary porosity, namely, aggregation of
small crystalline particles. According to the t-plot analysis, the
samples do not contain micropores.

3.1.3. Acidity. The effect of the amount of zinc oxide on
acidic properties of the obtained composites was elucidated by
NH3-TPD (Fig. 6a). For all studied samples, NH3 desorption
was observed in a broad temperature range between 100 and
700 °C; thus, proving the presence of acidic sites of different
strength. Broad NH3-TPD peaks can be visually divided into
areas related to weak (below 400 °C), medium (400–550 °C),
and strong (above 550 °C) acid sites. As can be seen from
Fig. 6a ZnAl2O4 has the highest acidity compared to compo-
sites containing 10–40 mol% ZnO, in which there is a clear
decrease in the amount of acid sites of weak and medium
strength. These results are generally in agreement with the lit-
erature data, which showed that there are much fewer acid
sites in ZnO31 than in the spinel itself,32 and as the proportion
of ZnO in the nanocomposite increases, the total acidity
decreases. In addition, it was found that there are no inter-
actions between the ZnO and ZnAl2O4 phases in nano-
composites, is confirmed by a linear dependence of the total
acidity on the ZnO content (Fig. 6b).

Total acidity of ZnAl2O4 in µmol g−1 obtained in this study
is somewhat lower than that of zinc aluminate prepared by the
hydrothermal method.32 Such acidity difference could be
caused by the presence of small amounts of ZnO (according to
SEM data) and a higher calcination temperature compared to
the prior work.32

With increasing ZnO loading, an increase in the acid site
density is also observed (Fig. 6c), which is associated with a
faster decrease in the specific surface area compared to the
total acidity (in percentage from the initial value). A correlation

Table 3 Textural characteristics of the materials calcined at 700 °C

N Sample
BET surface area,
m2 g−1

Pore volume,
cm3/g

Pore size,
nm

1 ZnAl2O4 59 0.18 12.4
2 5ZnO–95ZnAl2O4 55 0.20 14.2
3 10ZnO–90ZnAl2O4 46 0.17 14.6
4 20ZnO–80ZnAl2O4 45 0.19 17.3
5 30ZnO–70ZnAl2O4 40 0.12 11.9
6 40ZnO–60ZnAl2O4 37 0.12 12.6

Fig. 5 N2 adsorption–desorption isotherms and particle size distri-
bution for the samples calcined at 700 °C.

Fig. 6 NH3-TPD profiles for the samples calcined at 700 °C (a) and acidity dependence on the ZnO content (b and c). The acid site density was cal-
culated as the acidity in µmol g−1 divided by the specific surface area from Table 3. The specific surface area of spinel was calculated as 59 × (mol%
of ZnAl2O4 in ZnO–ZnAl2O4)/100.
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analysis of the obtained dependences showed that zinc oxide,
being itself acidic, gradually fills the surface of the spinel
(Fig. 6c, blue dots). On the other hand, when considering the
entire surface of the sample, it was found that acidity reaches
a constant level for 30–40 mol% of ZnO (Fig. 6c, red dots),
which means that there is a layering of zinc oxide particles on
top of each other.

In order to quantify acid sites of varying strength, the TPD
profiles were fitted with four Gaussian peaks (Fig. S2†). A more
detailed analysis of the changes in the acid sites shows that
the amount of weak sites decreases until reaching 20 mol%
ZnO, not changing thereafter (Table 4 and Fig. S3a†). Medium
acid sites, on the contrary, do not change at a low content of
ZnO starting to decrease at 30 mol% of zinc oxide. The depen-
dence of strong acid sites on the zinc oxide content is not very
clear; and it is even possible that their amounts does not
change. Regarding the acid sites density, it is challenging to
single out any features, because there is a trend of its increase
for all types of sites (Fig. S3b†). Although it can be noted that a
high density of weak Lewis acid sites on the surface of the cata-
lyst is beneficial for dehydrogenation reaction and could sup-
press cracking avoiding thereby carbon deposition.

3.1.4. Reducibility. According to TPR, all samples exhibited
a high-temperature broad peak above 300 °C, which should be
related to the reduction of surface Zn2+ cations (Fig. 7, top).
During high-temperature reduction, zero-valent zinc is formed
with recovery of surface hydroxyls.13d Absence of negative peaks
in the TPR profiles indicates that the reduction occurred
without formation of zinc hydrides, which are prone to without
formation of zinc hydrides, which are prone to destruction
upon further heating. Only a certain fraction from the total
ZnO content was reduced by hydrogen (Fig. 7, bottom) decreas-
ing with increasing ZnO loading, which can be explained by a
decrease in the reactivity of agglomerated ZnO particles.

The assumption about reduction of zinc oxide to zero-
valent zinc is confirmed by a decrease in the zinc content in
the samples after TPR, in particular, for 20ZnO–ZnAl2O4 it
decreased by ca. 21 at% compared to a freshly prepared
sample. This means that a significant part of Zn0 left the
sample at high temperatures due to zinc volatility.

3.2. Activity in isobutane dehydrogenation

Dependence of the isobutane conversion on the ZnO content
is shown in Fig. 8 and S4.† Conversion values can be repro-
duced with minor deviations after 50 min of the reaction and
regeneration of samples under air (Fig. S4a†). These deviations
are related to precision of gas sampling and fluctuations in the
gas flow. Fig. S4b† shows a slight difference in the volume frac-
tion of hydrogen during isobutane dehydrogenation in the
first and second cycles.

The initial activities of all studied samples are higher than
after 30 and 50 minutes of dehydrogenation (Fig. 8), clearly
reflecting deactivation. The timing of isobutane test data
namely 10, 30, 50 min was selected to harmonize sampling
with the GC analysis, i.e. the retention times of the reaction
products. As can be seen in the activity vs. time on stream pro-
files (Fig. 8), the activity decline is slowing down still not
reaching the steady state after 50 min.

Fig. 8 Isobutane conversion depending on the ZnO content, obtained
after 10, 30 and 50 min of dehydrogenation in the 1st cycle. Reaction
conditions: 550 °C, 20 ml min−1 of isobutane : He = 40 : 60.

Fig. 7 H2-TPR profiles for the samples calcined at 700 °C (top) and
dependence of the amount of reduced ZnO on the ZnO content
(bottom).

Table 4 Total amounts of weak, medium, and strong acid sites of the
samples calcined at 700 °C

Sample
Weak acid sites
(µmol g−1)

Medium acid sites
(µmol g−1)

Strong acid sites
(µmol g−1)

ZnAl2O4 54.3 57.8 37.8
10ZnO–
90ZnAl2O4

52.1 60.9 30.2

20ZnO–
80ZnAl2O4

43.6 57.9 33.5

30ZnO–
70ZnAl2O4

42.9 46.0 39.9

40ZnO–
60ZnAl2O4

43.8 47.6 28.6

According to NH3-TPD.
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A sample containing 20 mol% ZnO has a more significant
drop in conversion after 30 min. Obviously, for this case the
deactivation constant (kd), determined by fitting isobutane
conversion dependence on TOS in accordance with the
equation:

a ¼ aþ aðtÞe�kdtÞ; ð4Þ

is the highest (4.5 × 10−2 min−1). In eq. (4) a is conversion, a is
conversion at complete deactivation and a(t ) is the pre-expo-
nential factor in the time (t ) dependence of conversion. For
other cases the deactivation constant was lower, being i.e. for
ZnAl2O4 and 10ZnO 2.5 × 10−5 min−1 and 1.6 × 10−2 min−1,
respectively).

At the same time, differences in conversion between the
samples are significantly leveled out and no longer depend on
the ZnO content after 50 min. Deactivation, in addition to
coking, can also be associated with a partial reduction of Zn2+

sites.
Contrary to all other samples synthesized by the same

method, composites with 30 and 40% of ZnO exhibited low
isobutane conversion, while neat zinc oxide and alumina (not
shown in Fig. 8 and S4,† initial conversion was ca. 2%) are
practically inactive.

It can be noted that dependence of conversion on the ZnO
loading after 10 min of dehydrogenation passes through a
maximum, being linear below 20 mol% ZnO. A similar
change in the isobutane conversion depending on the ZnO
content was observed for a mixture of ZnO and Ga2O3.

33 With
an increase in the ZnO content, conversion was first elevated
and then decreased when the ZnO/Ga2O3 molar ratio
exceeded 50.

To explain maximum activity depending on ZnO loading, it
is necessary to understand the nature of active sites. The fol-
lowing types of sites are supported to be present on the catalyst
surface: Zn2+ and Al3+ of ZnAl2O4, Zn

2+ from ZnO, according to
ref. 14e. There are also oxygen vacancies, which can affect the
process. According to the SEM results, with an increase in the
ZnO content, the spinel surface is gradually filled up, which
means that with a certain excess of ZnO, the Al3+ sites overlap
resulting in less oxygen vacancies. It has been suggested that
proximity of Zn2+ and Al3+ sites plays an important role, since
the basic Al-bound oxygen is essential for the heterolytic clea-
vage of the C–H bond, according to theoretical
calculations.13c,34 In a recent work,8a it was shown that
ZnAl2O4 with tetrahedral Zn2+ sites located in close proximity
to Al sites gives an increased activity and selectivity in propane
dehydrogenation compared to 30ZnO/SiO2 reference.

Thus, a following explanation can be suggested for the
observed activity dependence on the ZnO loading. Addition of
ZnO to ZnAl2O4 promotes an increase in isobutane dehydro-
genation activity until spinel covering by agglomerated par-
ticles reaches a “critical” value. Moreover, an increase in ZnO
loading increases the weak acid site density positively affecting
dehydrogenation.

On the other hand, a degree of zinc oxide reduction is
decreasing with more ZnO, which can have a negative effect,
contributing less to removal of hydrogen from the reaction
mixture. Although isobutane conversion does not reach equili-
brium values (ca. 52% at 550 °C),35 it can be concluded that
removal of hydrogen from the reaction mixture should
promote the forward reaction and an increase in isobutane
conversion.

A high initial activity may be related to a high initial con-
centration of Zn2+ active sites, which are gradually reduced
under the reaction conditions. According to the TPR data
(Fig. 7, bottom), the largest reduction of ZnO (in absolute
value) occurred in a sample containing 20 mol% zinc oxide,
therefore this catalyst exhibited a faster decrease in conversion.
Because ZnO is only partially reduced, the residual zinc con-
tributes directly to conversion after 50 minutes of the reaction.
A similar effect was also found in ref. 13d, where the authors
noted that catalysts can reach the same isobutane conversion
because the concentration of Zn2+ reaches the same value in
all samples. In this case, the stationary concentration of Zn2+

sites was determined both by disappearance of the existing
Zn2+ sites due to their reduction and formation of new ones
due to interactions of ZnO particles with the support surface.

Because zinc tends to volatilize from the sample after
reduction, the zinc content after dehydrogenation was also
measured. According to the data presented in Table 5, it can
be concluded that after 50 min of dehydrogenation, the Zn
content is close to the initial one. However, high-temperature
regeneration with air reduces the zinc content by ca. 10 at%. It
can be hypothesized that lowering the regeneration tempera-
ture can minimize this effect.

3.3. Selectivity and the reaction scheme

Experimentally obtained selectivity to isobutene is quite high,
being ca. 90% for both ZnO-containing composites and
ZnAl2O4, indicating that spinel itself is active for dehydrogena-
tion (Fig. 9a). With an increase of the ZnO content, selectivity
to isobutene, similar to isobutane conversion, first was elev-
ated and then decreased once the ZnO content ratio reached
20 mol%.

Table 5 Comparison of atomic content of elements in 20ZnO–

ZnAl2O4 after dehydrogenation and reduction

N Conditions Areas O k Al k Zn l

Initial — 1 54.0 27.5 18.5
2 54.7 26.5 18.8

1 After 50 min of isobutane
dehydrogenation at 550 °C

1 53.3 28.7 18.0

2 53.8 27.7 18.5
2 After 50 min of isobutane

dehydrogenation at 550 °C and
30 min air regeneration at 650 °C

1 63.8 21.2 15.0

2 61.2 21.8 17.0
3 After H2-TPR 1 52.3 32.4 15.4

2 55.8 30.3 13.9

Data were obtained using JEOL microscope.
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Less significantly than conversion, selectivity, nevertheless,
decreases with increasing time-on-stream, which can be
related to the loss of Zn mentioned above. Only for two
samples containing 30 and 40% ZnO, selectivity was margin-
ally dependent on conversion (Fig. 9b). It should be noted that
the use of fine particles (<50 µm) ensured absence mass and
heat transfer processes limitations. Curves presented in Fig. 9b
are typical for parallel-consecutive reactions, and were reported
earlier for other systems.35,36 However, in contrast to this
work, deactivation was not observed for gallia/alumina cata-
lysts and in the presence of chromia/alumina catalysts selecti-
vity to isobutene only slightly decreased with isobutane conver-
sion from 10 to 40%.36 Selectivity to methane and propene was
changing with isobutane conversion (Fig. 9c) in an opposite
way to isobutene selectivity, which indicates that dehydrogena-
tion and cracking are parallel reactions.

For explaining the obtained regularities over the ZnO–
ZnAl2O4 nanocomposites, a mechanistic scheme of isobutane
dehydrogenation, shown in Fig. 10, was proposed. As noted
above, the combination and proximity of Zn2+ (especially dis-
persed, since it is well reduced by hydrogen) and aluminum
cations improve the course of dehydrogenation (path a in
Fig. 10).

ZnAl2O4 and the samples containing 10 and 20 mol% ZnO
with a relatively high initial isobutane conversion and selecti-
vity to isobutane are also characterized by more enhanced
coke formation (Fig. 11a). Compared to samples with a higher
ZnO content, these samples also have stronger surface acidity,

which favor alkene adsorption, increasing its residence time
and surface concentration.36 As a consequence, adsorbed iso-
butene molecules can interact with each other to form carbon-
aceous deposits. All strong acid sites (created apparently by
aluminum cations) are gradually covered by coke causing a
decrease in conversion (paths c and d in Fig. 10). In addition,
Al3+ sites apparently promote cracking of isobutane to
methane and propene (path b in Fig. 10), since selectivity to
the latter decreases with an increasing ZnO content (Fig. 11b).
In the absence of uncovered Al3+ sites, Zn2+ also promotes iso-
butane cracking.

ZnAl2O4 and the samples containing 10 and 20 mol% ZnO
with a relatively high initial isobutane conversion and selecti-
vity to isobutane are also characterized by more enhanced
coke formation (Fig. 11a). Compared to samples with a higher
ZnO content, these samples also have stronger surface acidity,
which favor alkene adsorption, increasing its residence time

Fig. 9 Selectivity to isobutene depending on the ZnO content, obtained after 10, 30 and 50 min of dehydrogenation in the 1st cycle (a); selectivity
to iso-C4H8 (b) and selectivity to CH4 and C3H6 (c) versus isobutane conversion at different reaction time. Reaction conditions: 550 °C, 20 ml min−1

of isobutane : He = 40 : 60. TOS – time-on-stream.

Fig. 10 A scheme of isobutane dehydrogenation on ZnO–ZnAl2O4

nanocomposites. Unstable compounds are presented in brackets.

Fig. 11 Carbon content on the samples after 50 min of dehydrogena-
tion (a). Selectivity to methane and propene and their ratios (b), depend-
ing on the ZnO content, obtained after 10 min of dehydrogenation in
the 1st cycle. Reaction conditions: 550 °C, 20 ml min−1 of isobutane : He
= 40 : 60.
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and surface concentration.36 As a consequence, adsorbed iso-
butene molecules can interact with each other to form carbon-
aceous deposits. All strong acid sites (created apparently by
aluminum cations) are gradually covered by coke causing a
decrease in conversion (paths c and d in Fig. 10). In addition,
Al3+ sites apparently promote cracking of isobutane to
methane and propene (path b in Fig. 10), since selectivity to
the latter decreases with an increasing ZnO content (Fig. 11b).
In the absence of uncovered Al3+ sites, Zn2+ also promotes iso-
butane cracking.

At a low conversion, when the concentration of the inter-
mediate product (isobutene) is low, side reactions give the
main contribution to the dependence of selectivity on conver-
sion. This is confirmed by a selectivity increase to methane
and propene, when the ZnO content increases from 20 to
100% ZnO (Fig. 11b). Moreover, the propene to methane ratio
was almost constant below 20 mol% ZnO (Fig. 11b), increasing
with a further increase in the ZnO loading. A high yield of
propene compared to other by-products of isobutane dehydro-
genation was also found for ZnO–ZrO2 systems.12 It can be
assumed that isobutene dimerizes and immediately cracks
with the formation of propene and isoamylene. The latter also
leads to propene during hydrogenolysis in lieu of no strong
acid sites on the surface required for its strong adsorption
(paths e–f in Fig. 10). This assumption is in line with weak
acidity of zinc oxide exhibiting mainly Brønsted acid sites,
which promote isobutene dimerization.37

3.4. Coking tests

In experiments with the dilution presented above, the amount
of coke formed on the sample surface was not large enough;
therefore, additional experiments to explore the coking behav-
iour with a longer contact time (in neat isobutane) were
carried out. Alumina was chosen as a reference for coking
tests, since it is a traditional support for dehydrogenation cata-
lysts, and the obtained composites containing spinel can also
be considered as supports. Moreover, recently it has been

argued that unmodified bulk alumina can be used as a poten-
tial efficient catalyst for dehydrogenation of isobutane11a and
propane.11b Alumina was compared with the sample showing
the best conversion and selectivity – 20ZnO–ZnAl2O4.

Alumina itself did not display high activity (change in
conversion from 10 to 50 min from 5.4 to 3.7%) compared to
20ZnO–ZnAl2O4 with an initial conversion value of 33.6%
(at 10 min), which decreased by 36.6% at 50 min of
time-on-stream. After dehydrogenation of neat isobutane (in
the absence of a chromia-alumina catalyst), it was not poss-
ible to detect an exothermic peak of coke combustion for
alumina (Fig. 12c), although the color of the sample (light
brown) and a weight loss (Fig. 12a and b) indicated its
presence. Such low coke content can be explained by low con-
version and low yields of alkenes, which are the main precur-
sors of coke.

A different situation was seen for the ZnO-containing
sample. This sample has a slightly higher coke content than
alumina (Fig. 12a) implying better resistance to coke formation
taking also into account that a large content of alkenes was
passing through the catalyst bed because of a relatively high
conversion (33.6–12.3%) and high selectivity (86.3–92.2 mol%)
compared to alumina.

To create equal conditions for coking of Zn-containing com-
posites and alumina, a highly active and selective industrial
catalyst based on chromia was introduced in the reactor.
Selectivity to isobutene, as a rule, for the chromia–alumina
system reaches almost 100% (at 550 °C); therefore, it can be
assumed that at conversion of ca. 50%, coking will be carried
out with a 50% isobutane/50% isobutene mixture.

Fig. 12d illustrates that alumina tends to carbonize more
than ZnO–ZnAl2O4 nanocomposites, producing more con-
densed and graphite-like coke. In addition, when the coked
alumina or spinel with a low ZnO content (10 mol%) is heated
to 250 °C, it released a larger amount of easily desorbed reac-
tion products. As can be seen from Fig. 12d, addition of ZnO
reduced the coke deposition on the tested sample.

Fig. 12 Differential thermal and thermogravimetric analysis data of γ-Al2O3 (obtained by calcining pseudo-boehmite (from Catapal) at 700 °C,
specific surface area is 212 m2 g−1) and ZnO–ZnAl2O4 composites (designated as 10ZnO, 20ZnO, 30ZnO), obtained in the absence (a, b and c) and
presence (d, e and f) of industrial chromia–alumina catalyst. Reaction conditions: 550 °C, 20 ml min−1 of isobutane.
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All results from the catalytic and coking tests show that ZnO–
ZnAl2O4 composites can successfully replace alumina supports
for dehydrogenation reactions, because these systems tend to
form isobutene with high selectivity and resist coke formation.

Nevertheless, conversion values obtained for ZnO–ZnAl2O4

systems do not exceed those given in the literature for some
other systems under the same experimental conditions, in par-
ticular Cr10Zr90Ox.

38 In terms of the space time yield (STY) of
isobutene formation, performance of 20ZnO–80ZnAl2O4 is
superior to an industrially relevant reference material – Cr2O3/
Al2O3

39 (Table S1†).

4. Conclusions

In the present study, dehydrogenation of isobutane to isobu-
tene in the presence of nanocomposites based on ZnAl2O4

spinel with an excess of zinc oxide was investigated. Such
materials were synthesized by the urotropin-nitrate solution
combustion synthesis, which has allowed an easy control of
the phase composition.

ZnAl2O4 spinel containing traces of ZnO exhibits moderate
activity in isobutane dehydrogenation. Among the nano-
composites, a sample containing 20 mol% ZnO exhibited
maximum isobutane conversion and selectivity to isobutene.
At this ZnO concentration, Al3+ sites on the surface are still
accessible, as shown by SEM, being necessary for dehydro-
genation to proceed.

An increase in ZnO loading decreases acidity positively
affecting dehydrogenation, diminishing at the same time redu-
cibility of surface zinc oxide, which can have a negative effect,
contributing to a lesser extent to the removal of hydrogen from
the reaction mixture. It is shown that, depending on the ZnO
content, the type of reactions occurring in isobutane dehydro-
genation changes. The predominance of parallel reactions is
replaced by the predominance of consecutive ones with an
increase in the content of zinc oxide up to 40 mol%.

For the sake of a fair comparison of various catalysts in the
kinetic regime differential conditions were used thus the iso-
butane conversion for all tested samples was only ca. 10% at
550 °C. Not surprisingly the conversion per se does not exceed
the dehydrogenation performance of other catalytic systems
described in the literature. Nevertheless, compared with other
materials, such as alumina, which is widely used as a support
for dehydrogenation catalysts, the obtained ZnO–ZnAl2O4

nanocomposites are characterized by high selectivity to isobu-
tene and resistance to coke formation even under severe dehy-
drogenation conditions (at a high contact time).
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