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Abstract: Catalytic behavior of 6 wt. % of Ga/Al2O3 in isobutane dehydrogenation has been

investigated in a laboratory-scale fixed-bed reactor at atmospheric pressure. Experiments were
performed in the temperature range of 520–580 °C and a short residence time of 0.03–0.30 s,
allowing operation far from equilibrium. Among the major by-products, besides methane and
propene, three butene isomers (1- and 2-butenes) were formed, not generated by isobutene
isomerization according to Gibbs free energy calculations. The observed isobutane transformation
rates and the apparent Arrhenius parameters were determined. An extent of thermal dehydrogenation
reactions, occurring without a catalyst, was limited to 2 mol. % conversion. The overall rate was not
an additive of thermal and catalytic contributions, as presence of catalysts clearly inhibited
formation of radicals. For comparison, a catalyst with a similar content of chromia was investigated
under the same conditions. The apparent activation energy for gallia/alumina catalyst was 191
kJ/mol, which is larger compared to chromia/alumina catalyst, exhibiting 105 kJ/mol, while reaction
orders in isobutane were the same for both catalysts under identical experimental conditions.
Keywords: kinetics, dehydrogenation, isobutane, gallium, chromium.
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1. Introduction
Light alkenes, such as isobutene, are important intermediates for the synthesis of polymers,
motor fuel components and various other petrochemical products. The global isobutene market is
expected to grow at a CAGR of over 4% during 2018–2022, mainly due to the growing demand for
rubber from the automotive industry [1]. The cracking processes, such as fluid catalytic cracking
and steam cracking, cannot match the rising demand for the product; therefore, there is a need for
catalytic dehydrogenation, which is the most selective way to produce alkenes from poorly reactive
and low-cost saturated feedstock.
Catalysts typically used for dehydrogenation of light alkanes contain either the transition
metal oxides of groups IV–VI elements or noble metals. Chromia and platinum have been found to
be the most efficient. However, there are other catalytic systems reported as promising for this
reaction, including gallium, indium and zinc oxides [2].
A search to replace chromia/alumina catalysts for dehydrogenation of alkanes is related to
presence of carcinogenic Cr6+ species in them posing a serious threat to the environment and thus to
a desire of developing of novel dehydrogenation catalysts with a lower content or complete absence
of chromium.
Among various oxides, Ga2O3, either supported [3–6], mixed [7–9] or as a bulk oxide
[10,11] is of great interest for dehydrogenation of ethane and propane into the corresponding
alkenes. In some cases, the presence of a mild oxidant is also favorable [12–14]. Note that Cr2O3,
Fe2O3 display a much lower activity and that Al2O3 and SiO2 are almost inactive for these reactions
[15]. This order of reactivity is in line with H/D exchange reactions [16], for which Ga2O3 together
chromium and zinc oxides were reported as the most active.
At the same time, a very limited number of studies about isobutane and n-butane
dehydrogenation on Ga2O3 catalysts have been published. A short overview is presented below.
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The dehydrogenating ability of gallium oxide was first discovered in the late 1980s when it
was incorporated into ZSM-5 for aromatization reactions [17]. Now it is well established that Ga
species activate both dehydrogenation and cracking reactions, while the zeolite contributes only to
cracking [18]. The reaction rate of dehydrogenation on Ga/H-ZSM-5 prevailed over cracking of nbutane compared to undoped gallium H-ZSM-5 (with the ratio of rates equal to 3.41 and 0.27,
respectively) [19]. Consequently, introduction of Ga into a zeolitic structure has a synergistic effect,
which leads to a significant increase in selectivity to aromatics. A gallosilicalite has afforded 29%
selectivity to aromatics compared to zero selectivity with a simple silicalite [18]. In another study, it
was shown that the isobutene selectivity on Ga-containing MCM-41 corresponded to 32% of the
equilibrium isobutane conversion [20].
Catalysts with extra framework gallium species in zeolites were also reported in the
literature. For hollow Ga2O3/ZSM-5 ﬁbers, the yield of light oleﬁns and aromatics was higher than
that of ZSM-5, ZSM-5 ﬁbers, and Ga2O3/ZSM-5 [21]. Skeletal isomerization efficiency on
Ga2O3/SAPO-11 for the direct transformation of n-butane to isobutene gave an approach to
equilibrium of 72%, wherein undesired cracking and hydrogenolysis were also strongly inhibited
[22].
For bulk Ga2O3, a moderate dehydrogenation activity was observed; in particular, isobutane
conversion and selectivity to isobutene were 43 and 65 wt. % respectively [23]. Compared to neat
Ga2O3 or ZnO, their mechanical mixture, even with a small amount of Ga2O3, had a remarkably
improved catalytic performance. The best results were obtained on ZnO–Ga2O3 catalyst with a
molar ratio of 5:1 leading to 65% isobutane conversion and 84% isobutene selectivity.
Gallium oxide was reported as one of the most attractive dopants after chromia to ZrO2,
prepared by the co-precipitation method, in terms of isobutylene productivity [24], in particular, the
space-time yield of isobutylene on Ga10Zr90O was exceeding 2000 kg/h·m3.
3

One of the most frequently used catalyst support is Al2O3, which for a particular case of pure
gallia is favorable for coordinately unsaturated Ga3+ cations [25,26], acting as dehydrogenation sites.
Increasing gallium oxide content on alumina from 4 to 12 wt. %, gave a minor increase in the yield
of isobutene (27–32 wt. %) with a more prominent increase in isobutane conversion (42–55 wt. %)
[27]. Deposition of gallium oxide on alumina surface has enhanced the overall basicity [28], which
led to a decrease in the selectivity towards isobutene from 65 to 58 wt. %.
In the case of n-butane dehydrogenation to butene, only gallium oxide, among the studied
catalysts based on single metal oxides (Co, Ni, Cr, Mn, Fe, Cu and Zn) supported on γ-alumina, has
formed isobutene via skeletal isomerization of butene [29].
Various promoters for Ga2O3/Al2O3 including Pd and Pt have been studied. A synergy
between Ga (3 wt. %) and Pt (1000 ppm) was observed, resulting in a highly active and stable
catalyst in the case for propane dehydrogenation [30]. Addition of a higher Ga content (0.72 wt. %
compared with the initial value of 0.07 wt. %) to Pd/Al2O3 catalyst for dehydrogenation of n-butane
maintained a very high dehydrogenation selectivity (100%), increased its catalytic activity, and
allowed a relatively stable catalyst performance [31].
A summary of experimental conditions for dehydrogenation of butanes over Ga2O3–
containing catalysts discussed above is given in Table 1.
Table 1. Summary of experimental conditions for dehydrogenation of butanes over Ga2O3–
containing catalysts described in the literature.
Gallium
Feed
Reaction
Space
Conversion Selectivitya
Catalysts
content composition temperature velocity
Ref.
(%)
(%)
–1
(wt. %)
(vol. %)
(ºC)
(h )
N2=45.45,
0.5Ga/SAPO0.5
H2=45.45,
500
ca. 20
ca. 75
[22]
11
n-C4H10=9.1
Ga2O3
74.4
N2=85.7
43
65
i560
210
[23]
ZnO–Ga2O3
11.7
65
84
C4H10=14.3
N2=60
Ga10Zr90Ox
7.8
550
13
80
[24]
i-C4H10=40
6Ga/Al2O3–
6
i-C4H10=100
560
400
26.8(2)–
76.7(2)–
[27]
4

700 ºC
580

28.5(36)
32.8(1)–
31.8(58)

75.7(36)
68.4(1)–
68.5(58)

N2=80
550
17
57
[29]
n-C4H10=20
0.72Ga–
H2=90,
0.72
500
100
[31]
0.66Pd/Al2O3
n-C4H10=10
Note: aselectivity to the main dehydrogenation product; first value is obtained at the start of the
cycle, second at the end.
All values of conversion and selectivity are presented in those units (wt. or mol. %) in which they
were given in the literature.
10Ga/Al2O3
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It can be thus concluded that systematic studies on the catalytic properties of Ga2O3/Al2O3
allowing a fair comparison with industrial counterparts based on chromia and lacking in the
literature. Moreover, no kinetic investigations on dehydrogenation of isobutane or butane over
gallia/alumina catalysts have been previously reported. Therefore, the main objectives of the present
work were generation of kinetic data for gallia/alumina catalysts, analysis of kinetic regularities,
comparison with chromia based materials and finally exploring potential synergy between gallia and
chromia in dehydrogenation of isobutane.

2. Experimental part
2.1. Reactants
Isobutane was acquired from KINEF refinery (Russia). Its purity, tested by gas
chromatography, was 99.5 mol. %, the remaining part being 0.3% isobutene and 0.2% n-butane.
Ethane, propane, butenes, as well as larger hydrocarbons were present in trace amounts. Helium was
of very high purity (>99.999%)

2.2. Catalysts
2.2.1. Chemicals. Powdered hydroxide-oxide of aluminum supplied by FOR-ALUMINA
(Russia) had the following properties: specific surface area, Ssp. = 295 m2/g (according to multi
5

BET); total pore volume, ∑Vp. = 0.21 cm3/g; average pore diameter, dp. = 2.4 nm (according to
DFT); the particle size, 40–100 µm. This material, containing boehmite (ca. 17 wt. %), an
amorphous phase and χ-Al2O3, was obtained via centrifugal thermal activation technology of
gibbsite derived from bauxite (Bayer process). More details on the preparation and properties of the
activated gibbsite can be found in [32–35]. CrO3 and Ga(NO3)3·8H2O were of reagent grade
certified quality.
2.2.2. Preparation. Alumina precursor was first calcined in a muffle oven at 700 ºC under
static air during 2 h. After calcination, the textural properties were: Ssp = 141 m2/g, Vp = 0.26 cm3/g,
dp = 6 nm and bulk density 1.1 g/cm3.
Catalysts employed in this work were Ga2O3, Cr2O3, or Ga2O3+Cr2O3 supported on alumina
with the loading of 6 wt. % based on the metal, hereafter referred to as 6Ga/Al2O3, 6Cr/Al2O3, 6Ga–
6Cr/Al2O3. The properties of these catalysts have also been described previously in [27].
Preparation of the catalysts was done using capillary impregnation of calcined alumina by a
slow dropwise addition of aqueous solutions of Ga(NO3)3·8H2O, CrO3, or CrO3+Ga(NO3)3·8H2O,
depending of the catalyst, under vigorous stirring in a flask, drying the impregnated solid at 90–
110°C for 2 h and then calcining at 700 °C for 4 h in static air.

2.3. Characterization
2.3.1. N2-physisorption. This analysis was performed on Autosorb-6iSA (Quantachrome
Instruments, USA). The samples were degassed at 250 °C under vacuum up to residual pressure 12
Pa for 1 h.
2.3.2. X-ray diffraction. XRD-6100 (Shimadzu, Japan) at the following conditions was
applied: CuKα-radiation (Ni-filter), 40 kV voltage, 30 mA current, 2°/min scan speed, 0.02° step
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width, 3.6 s exposition, 20–55° 2θ scan range; divergence (D), scattering (S) and receiving (R) slits
– D:S:R = 1:1:0.3.
2.3.3. Temperature programmed reduction (TPR). TPR was performed on Chemosorb
(SOLO, Russia) equipped with a thermal conductivity detector (TCD). The sample (ca. 100 mg) was
pretreated in argon flow at 400 °C for 30 min, then heated to 1000 °C at a ramp rate of 10 °C/min
under a gas flow (20 ml/min) of H2 (10 vol. %) and Ar (90 vol. %). CuO was used as a reference for
the calibration of hydrogen consumption. Isopropanol frozen in the liquid nitrogen was used as a
water trap.
2.3.4. Scanning electron microscopy (SEM). SEM micrographs were obtained in BSE
mode using a VEGA 3 SBH microscope (Tescan, Czech Republic). Energy dispersed X-ray analysis
(EDX) was performed in the same microscope using Oxford instruments INCAx–act.

2.4. Reactor set-up
Kinetic tests were performed in a laboratory-scale fixed-bed reactor at atmospheric pressure
(Figure 1). The reactor was a cylindrical quartz tube, 370 mm in length, 15 mm in inner diameter, in
which the catalyst was placed on a heat-resistant porous filter made of SiO2. This reactor was heated
by electrical resistance, placed inside the fluidized-bed sand furnace. Temperature was controlled by
means of an electronic regulating device (Thermodat, Russia), connected with two Cr-Al
thermocouples, the first one was placed in a 5 mm outer diameter quartz thermowell of reactor,
while the second was located inside the furnace. Temperature was controlled within ±2 ºC precision.
Mass flow controllers (Eltochpribor, Russia) were used to regulate all streams.
All runs were conducted with the fresh catalyst as follows: the weighted quantity of the
catalyst (0.24–2.20 g) had been introduced into the reactor and heated to the required reaction
temperature (520–580 °C) under a helium flow to eliminate oxygen. When the desired temperature
7

was reached, isobutane per se or diluted with helium was fed to the reactor for 10 min at a total gas
flow of 150 ml/min and isobutane : helium ratio of 9:1 ÷ 1:9. After dehydrogenation, the reactor was

6-way
valve

Gas flow
controller

Reactor

Air

Dryer

Helium

C4H10

purged by helium, followed by catalyst regeneration at 625 °C with air for 15–20 min.

Fig. 1. The laboratory-scale set-up and its schematic diagram.
Some preliminary runs were carried out without any catalyst replacing it by an equal amount
of quartz with the same particle diameter (<150 µm) or in an empty reactor keeping otherwise the
same dehydrogenation experimental procedure.
One part of the experiments was performed to investigate kinetic regularities following
conversion, selectivity and product distribution far from equilibrium at different temperatures and
residence time (0.03–0.30 s). The second part of the experiments concerned determination of the
reaction order and the rate constant upon dilution of isobutane with helium at various temperatures
and residence time.

2.5. Analysis of products
The reaction products were analyzed using gas chromatography (Shimadzu GC-2010 Plus,
Japan) 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(dimethyl siloxane), carrier:
8

helium, 26.2 cm/s, make-up gas: helium, 30 cm3/min), the temperature program was 35–55 °C with
a heating rate of 1 °C/min.
A gas chromatograph equipped with a mass spectrometer (GCMS-QP2010 Ultra, Japan) was
used as an auxiliary equipment for peak identification. Processing of chromatograms was performed
by Dragon DHA software.
The applied column did not allow reliable separation of isobutene, butene-1 and butadiene.
However, based on the previous results of the authors with similar catalysts using another GC
column [27], tformation of butadiene could be neglected. The content of 1-butene was calculated
based on the equilibrium composition of the mixture comprising 1-butene and trans-2-butene, which
was previously obtained in [27] and given in [36]. The ratio of 1-butene to trans-2-butene at 580 °C
is 0.95:1.
The content of hydrogen was not taken into account. The coke content was calculated by the
amounts of CO and CO2 released during regeneration, which were recorded by a TEST gas analyzer
(BonAir Ltd, Russia) having an optical-absorption infrared sensor.

2.6. Definitions
The reaction proceeds with a change in the gas volume and the use of molar concentrations
for calculating conversion, yields and selectivity is not appropriate, especially at low conversion
levels, therefore a correction factor (α) was introduced defined as:
𝛼 = 1−

𝐶𝐶𝐻4 ,𝑜𝑢𝑡 +𝐶𝐶3 𝐻6 ,𝑜𝑢𝑡
2

, (1),

where 𝐶𝐶𝐻4 ,𝑜𝑢𝑡 and 𝐶𝐶3 𝐻6 ,𝑜𝑢𝑡 are the outlet molar fractions of methane and propene, respectively.
Isobutane conversion X (mol. %) and isobutene yield Y (mol. %) were calculated as:
𝑋 = 100% ∙

𝐶𝑖𝐶4 𝐻10 ,𝑖𝑛 −

𝐶𝑖𝐶 𝐻 ,𝑜𝑢𝑡
4 10
𝛼

𝐶𝑖𝐶4 𝐻10 ,𝑖𝑛

, (2),
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𝑌 = 100% ∙

𝐶𝑖𝐶 𝐻 ,𝑜𝑢𝑡
4 8
−𝐶𝑖𝐶4 𝐻8 ,𝑖𝑛
𝛼

𝐶𝑖𝐶4 𝐻10 ,𝑖𝑛

, (3),

where 𝐶𝑖𝐶4 𝐻10 ,𝑖𝑛 and 𝐶𝑖𝐶4 𝐻8 ,𝑖𝑛 are the inlet molar concentrations of isobutane and isobutene,
𝐶𝑖𝐶4 𝐻10 ,𝑜𝑢𝑡 and 𝐶𝑖𝐶4 𝐻8 ,𝑜𝑢𝑡 – the outlet molar concentrations, respectively, mol. %.
Integral selectivity to isobutene S (mol. %) was calculated as the isobutene yield divided by
isobutane conversion:
𝑌

𝑆 = 100% ∙ 𝑋, (4).
The residence time τ (s) was calculated by dividing the catalyst volume by the gas space
velocity at atmospheric pressure and the reaction temperature.
The observed reaction rate robs (mol/min) was first assumed to contain contributions of
thermal non-catalytic rt (mol/min·l) and catalytic (rcat)’ (mol/min·g) reactions:
𝑟 𝑜𝑏𝑠 = 𝐶𝑖𝐶4 𝐻10 ,𝑖𝑛 ∙ ∑ 𝑁𝑖𝑛 ∙ 𝑥 𝑜𝑏𝑠 = (𝑟 𝑐𝑎𝑡 )′ ∙ 𝑚𝑐𝑎𝑡 + 𝑟 𝑡 ∙ 𝑉 ′ , (5),
where ∑Nin – total inlet molar flow, mol/min; xobs – total molar conversion; mcat – weight of the
catalyst, g; 𝑉 ′ = 𝑉𝑅 − 𝑉𝑐𝑎𝑡 , l; VR – volume of the reactor, l; Vcat – volume of the catalyst, l.
The rate of thermal non-catalytic reactions determined in the absence of any catalyst for
isobutane conversion was calculated by the following equation:
𝑟𝑡 =

𝐶𝑖𝐶4 𝐻10 ,𝑖𝑛 ∙∑ 𝑁𝑖𝑛 ∙𝑥 𝑡
𝑉𝑅

, (6),

where xt – molar conversion of thermal non-catalytic reactions.
As a consequence the catalytic reaction rate for isobutane dehydrogenation, corrected for a
potential contribution of thermal reactions, was determined as:
(𝑟 𝑐𝑎𝑡 )′ =

𝐶𝑖𝐶4 𝐻10 ,𝑖𝑛 ∙∑ 𝑁𝑖𝑛 ∙𝑥 𝑜𝑏𝑠 −𝑟 𝑡 ∙𝑉 ′
𝑚𝑐𝑎𝑡

, (7).
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An alternative approach considering dumping of radicals in the presence of catalysts and thus
neglecting the thermal contribution was also used. In this case, the catalytic reaction rate is simply
equal to the observed reaction rate.
Equilibrium calculations were performed by Aspen HYSYS software, which uses
minimization of the Gibbs free energy approach by adjusting the composition of the equilibrium
mixture. The constrain was fulfillment of the carbon and hydrogen mass balance, defined through
isobutane introduced as the feed. The Gibbs free energy of the equilibrium mixture at a specified
temperature and pressure was calculated using the Peng-Robinson equation of state. The enthalpy
and entropy calculations were performed using well-known thermodynamic equations. The PengRobinson thermodynamic package was used to determine the equilibrium composition at an overall
constant pressure of 100 kPa in the temperature range 200–600 °C.

3. Results and Discussion
3.1. Catalyst characterization
Table 2 summarizes the textural properties of the support and catalysts. When gallia was
added to the support or supported chromia catalyst, the specific surface area of the support (Ssp.2) has
increased slightly. On the contrary, chromia has adversely affected the specific surface area of the
support, even if overall, changes in the textural properties were not significant.
Table 2. Textural properties of the support and catalysts.
Nominal
Calcination
Ssp.1
Ssp.2
∑Vp.
dp.
Sample
loading of
2
temperature (ºC)
(m /g) (m2/g)
(cm3/g)
(nm)
Me2O3 (wt. %)
Al2O3
141
0.26
5.9
6Ga/Al2O3
8.1
138
150
0.22
5.7
700
6Cr/Al2O3
8.8
112
123
0.21
6.1
6Ga–6Cr/Al2O3*
16.9
115
138
0.19
6.1
1
Note: *with addition of 1 wt. % ZrO2; Ssp. – specific surface area of catalyst (multi BET); specific
surface area of the support: Ssp.2 = Ssp.1∙100/content (wt. %) of Al2O3 (100% – content of Ga2O3
and/or Cr2O3); ∑Vp. – total pore volume; dp. – average pore diameter (DFT method).
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According to SEM, Cr2O3 particles are invisible, which indicates that they were well
dispersed on the surface of alumina (Fig. 2b). Light areas are clearly visible on dark gallia/alumina
catalyst particles (Fig. 2c), which correspond to Ga2O3 particles, according to EDX analysis (Table
3). Moreover, not all gallia was located on these light areas and a certain amount of it was also
present in the bulk of alumina particles.
b)

a)

c)

Fig. 2. SEM images of a) calcined support b) 6Cr/Al2O3 c) 9Ga/Al2O3.
Table 3. EDX results for different areas of 6Ga/Al2O3 catalyst.
wt. %
O
Al
Ga
6Ga/Al2O3 dark area 47.6 46.1 6.3
6Ga/Al2O3 light area 37.9 25.6 36.6
Such small amounts of gallia and chromia on alumina are not visible in XRD-patterns. The
clearest reflections correspond to gamma alumina (Fig. 3). However, for 6Ga–6Cr/Al2O3 catalyst,
two low-intensity reflections were observed in the XRD-pattern at 24.6º and 33.9° 2θ. Comparison
with reference patterns showed that these reflections can correspond either to α-Cr2O3 (R-3c space
group, PDF-2 No. 00-038-1479), α-Ga2O3 (R-3c space group, PDF-2 No. 00-006-0503), or CrGaO3
(R-3c space group, PDF-2 No. 00-064-0307). Reflections indicating formation of α-Cr2O3 were not
detected in the 6Cr/Al2O3 pattern and appearance of this phase is expected at a higher Cr2O3 content
(> 7 wt. % Cr [37]).
12

For 15Ga/Al2O3 weak reflections corresponding only to β-Ga2O3 phase were visible.
Therefore, formation of α-Ga2O3 or CrGaO3 phases is most likely. However, because existence of
CrGaO3 was verified only in few reports [38,39], presence of α-Ga2O3 is more probable.

Fig. 3. XRD patterns of supported gallia and chromia catalysts (● – CrGaO3/α-Cr2O3/α-Ga2O3; ■ –
β-Ga2O3).
According to TPR, only a certain fraction from the total chromium content was reduced by
hydrogen (Fig. 4). In contrast to the supported chromia catalysts, no reduction peaks were observed
for 6Ga/Al2O3. The ratio of consumed hydrogen to the total amount of chromium (mole/mole) was
0.07 for 6Cr/Al2O3 and 0.39 for 6Ga–6Cr/Al2O3. When CrO3 is reduced to Cr2O3, this ratio should
be 1.5 based on the stoichiometry. It follows that in the latter case only 4.8% of chromium from the
total amount was reduced, whereas in the second case this amount reached 26.2%. Thus, the content
of CrO3 content in 6Cr/Al2O3 and for 6Ga–6Cr/Al2O3 was 0.6 wt. % and 3.0 wt. %, respectively. In
general, such results can be understood by stabilization of chromates on alumina in the presence of
certain oxides, such as K2O and ZrO2 [40].
13

Fig. 4. TPR-profiles of catalysts and support.
3.2. Catalyst behavior and product distribution
1) 6Ga/Al2O3
The catalytic behavior and stability of gallium oxide supported on alumina in
dehydrogenation of isobutane depending on the gallium loading and calcination temperature were
investigated earlier [27]. Previous experiments confirmed that the catalyst was stable, not showing
any signs of deactivation for many consecutive cycles, that allowed measuring activity in the current
work from the first cycle.
Conversion of isobutane increased with temperature (Fig. 5, left), as expected, because
dehydrogenation of hydrocarbons is favorable at higher temperatures from the viewpoint of both
kinetics and thermodynamics (Fig. 6). At the same time, higher temperatures also facilitated thermal
and secondary reactions of isobutane, leading to a decrease in selectivity to isobutene (as well as to
the rest of butenes). Subsequently, selectivity to C1–C3 hydrocarbons was higher at 580 °C that at
520 ºC (Table 4).
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Fig. 5. Inﬂuence of temperature (T) and residence time (τ) on: (left) isobutane conversion (X) and
(right) integral selectivity to isobutene for 6Ga/Al2O3 (minor variations of the residence time are
related to different gas expansion at different reaction temperature).
Increasing residence time also had a positive effect on isobutane conversion and changed
selectivity to isobutene in a way not typical for an intermediate in consecutive reactions. In the range
of low conversion, it was increasing somewhat levelling off at higher values of conversion (Fig. 5,
right), and thereafter decreasing to a very minor extent due to secondary cracking reactions of
isobutene. Consequently, selectivity was not decreasing until high conversions (close to equilibrium)
are achieved (Fig. 6).
Observed selectivity behavior is rather unusual. It should be noted that contrary to many
studies reported in the literature, a rather low contact time from 0.03 to 0.30 s was used in the
current. One hypothesis, which can explain such behavior and will be explored below, is to assume
that at low residence time there was a significant contribution of a non-catalytic (i.e. thermal)
contribution, which might not be selective in dehydrogenation to isobutane. Upon increase of the
residence time the contribution of the thermal reactions can becoming less prominent improving
selectivity. This hypothesis will be explored in Section 3.3.1.
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Fig. 6. Equilibrium and experimentally observed isobutane conversion in dehydrogenation. In Aspen
HYSYS calculations, the total pressure was 100 kPa while the partial pressure of isobutane was in
the range of 97.5‒16.6 kPa. The partial pressure of formed isobutene and hydrogen was in the range
of 1.2‒41.7 depending on temperature (300–600°C).
Besides isobutene, the main products were methane, propene and C4-isomers. Since the ratio
of C3H6 to CH4 was close to unity, it can be assumed that they were formed by selective cracking of
terminal C-C bond. A more detailed analysis shows that methane is in a slight excess compared to
propene with the difference reaching ca. 10% at the highest investigated temperature and residence
time, which indicates further cracking, polymerization, etc. of the formed propene.
The observed distribution of butenes did not follow the one expected from thermodynamics
[36]. Usually, equilibrium between four C4-isomers is considered: 1-butene, cis-2-butene, trans-2butene and isobutene. However, it should be borne in mind that in the case of alumina a mixture of
only three normal isomers is formed, which is also characteristic for Ga/Al2O3 catalyst (Table 4).
The amount of formed 1-butene and 2-butenes was larger than the amount of converted nbutane implying an additional route for these products generation. The transformation of isobutene
to linear compounds is thermodynamically limited (ΔG0r,298–900K>0, Fig. 7). On the contrary, high
temperatures favor isomerization of isobutane to n-butane (ΔG0r,298>0, ΔG0r,700–900K<0).
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1
2
3
4
5
6
7

T (K)
298 800
–13.2 –6.9
–7.6 –6.5
–4.9 –4.0
–8.3 –2.9
–2.9 –2.4
–5.4 –1.6
3.7 –3.4

900
–5.6
–6.4
–3.9
–1.6
–2.5
0.8
–4.7

Fig. 7. Thermodynamics of isomerization reactions at room and elevated temperatures. Calculations
of the Gibbs energies were done by the Temkin and Shvartsman method [41].
Table 4. Product distribution in dehydrogenation over supported gallia and chromia.
Residence
Product distribution (mol. %)
Conversion (mol. %)
T (ºC)
time (s)
CH4 C2H4 C2H6 C3H6 C3H8 i-C4H8 1-C4H8 t-2-C4H8 c-2-C4H8
i-C4H10
0.033
0.031
0.131
0.125
0.300
0.280

524
578
522
579
520
578

13.5
21.0
8.8
11.5
3.7
8.8

0.3
0.4
0.3
0.3
0.2
0.4

0.1
0.1
0.2
0.1
0.0
0.1

12.6
19.2
8.7
10.0
3.7
7.8

0.033
0.031
0.135
0.125

520
581
521
582

4.8
14.7
1.5
8.0

0.1
0.2
0.0
0.1

0.1
0.1
0.1
0.2

3.9
11.8
1.0
5.1

0.136

517

1.7

0.1

0.0

1.0

580

28.3

0.4

0.1

25.4

579

28.7

0.4

0.1

26.5

0.248

6Ga/Al 2 O 3
0.0 60.2
3.8
0.6 56.9
0.5
0.8 69.9
3.1
0.7 75.3
0.7
0.1 87.9
1.4
0.5 78.2
1.2
6Cr/Al 2 O 3
1.1 86.0
1.4
1.6 70.6
0.3
0.3 95.8
0.5
2.1 83.6
0.2
6Ga – 6Cr/Al 2 O 3
0.2 95.5
0.5
Empty reactor
0.7 40.0
4.8
Quartz
0.6 41.2
0.8

4.0
0.6
3.2
0.7
1.5
1.2

3.2
0.5
2.5
0.5
1.2
1.0

0.4
3.5
1.0
7.7
2.5
17.5

1.5
0.3
0.5
0.3

1.1
0.3
0.4
0.2

1.3
6.5
7.7
23.5

0.5

0.4

7.6

0.1

0.1

1.9

0.8

0.7

1.8

Decomposition of isobutane was also accompanied by formation of small amounts of
propane, which did not change systematically. In the case of thermal non-catalytic reactions, this
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was explained by participation of radicals, namely interactions of isopropyl radicals with isobutane
[42–44]:

*
С3H7 + i-C4H10

*
*
С3H8 + CH2CH(CH3)2 → С3H8 + С3H6 + CH3
* → С H + i-С H + H;
*
С3H8 + (CH3)3C
3 8
4 8

or alternatively as a result of recombination of radicals:

*
* H +H
С
→ С3H8.
3 7
A similar explanation can be also used for catalytic reactions, assuming participation of the
corresponding adsorbed species (e.g. H, C3H7, etc.).
The remaining products, such as ethene, ethane, were present in minor quantities, indicating
a minor cracking of n-butane to C2-products. The content of coke and other products (propyne, C5,
C6) was insignificant and was not taken into account in the mass balance calculations.

2) 6Cr/Al2O3
Similar features as described above for gallia on alumina were also observed in case of the
supported chromia, however, there were several differences as specified below.
The latter catalyst is more active and already at a low residence time ca. 0.03 s has
approached a conversion level observed for gallia catalyst at ca. 0.13 s in the same temperature
range of 520–580 °C. Selectivity to i-C4H8 in the former case was still higher.
It should be noted that supported chromia catalyst in the current study did not have any
promoters and the experiments were performed without any pretreatment, such as for example
catalyst reduction. As a result, there could some deviations from the performance reported in the
literature where such pretreatment has been performed or the catalyst contained also promoters.
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A significantly lower ratio of propene to methane was observed on supported chromia
compared to Ga2O3/Al2O3 reaching 0.6–0.8 at ca. 0.03–0.13 s of residence time and 580 ºC. At the
same conversion level (residence time ca. 0.13 s for Ga2O3/Al2O3 and ca. 0.03 s for Cr2O3/Al2O3)
this ratio was above 0.9 for the supported gallia.
Larger amounts of propane were also formed on Cr2O3/Al2O3 compared to Ga2O3/Al2O3.

3) 6Ga–6Cr/Al2O3
The same data were obtained for 6Ga–6Cr as for 6Cr on alumina (Table 4), pointing out on
the absence of any synergy between gallium and chromium oxides. One possible explanation is that
because of higher affinity of the reactants to chromium oxide there is a preferential adsorption on it,
while gallium oxide is merely a spectator. An alternative explanation implies some chemical
interactions between oxides, namely formation of an additional phase that should be chemically
inert or possesses low dehydrogenation activity. To test the latter hypothesis it is instructive to
analyze XRD and TPR data. The presence of α-Ga2O3 exhibits a lower dehydrogenation activity
than β-Ga2O3 [11]. Generation of such phase can explain catalytic results not showing any
synergism between two supported oxides, i.e. gallia and chromia.

3.3. Reaction kinetics
3.3.1. Preliminary runs
To determine the homogeneous contribution to the overall reaction and the catalytic action of
the reactor internal surface, a set of experiments was performed without any catalyst. Thermal
decomposition did not depend on the reactor material and was completely homogeneous.
Preliminary runs showed that the rate and conversion of thermal decomposition in the reactor were
also independent of the reactor loading with quartz. This is consistent with the literature [45–47],
showing that the extent of cracking increases by no more than 1% with a tenfold n increase in the
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surface to volume ratio. Thus, since experiments were performed at a constant feed rate, the rate of
thermal reactions depended on only temperature and isobutane partial pressure. Isobutane
conversion reached 0.05–2.00 mol. % (Fig. 8), while the yield of isobutene was 0.04–1.20% in the
studied temperature range.
In some studies on dehydrogenation reported in the literature, thermal reactions in the
absence of any catalyst were also investigated, but were either not taken into account or considered
negligible. For example, higher isobutene yields (0–3.7%) than in this work were obtained in [48] at
the same temperatures. Such values can be related to the presence of SiC in the reactor in the blank
experiments without any dehydrogenation catalyst. Silicon carbide, despite its low specific surface
area [49], is in fact not inert in n-butane dehydrogenation, being very selective to formation of
butene. In another study [50], no dehydrogenation and cracking of n-butane were observed in an
empty reactor at 550 ° C.
A classical approach to incorporate the homogeneous contribution to the overall reaction
kinetics is to consider contributions as independent on each other [51]:
𝑟 = 𝑟ℎ𝑜𝑚 + 𝑟ℎ𝑒𝑡 , (8),
where r is the overall rate, rhom, rhet are respectively contributions from the thermal and
heterogeneous catalytic reactions.
If the thermal non-catalytic component of the observed reaction rate follows the concept of
separate contributions, more precisely described by eq. 5, then the most significant contribution to
the overall activity from the homogeneous radical reactions should be expected for the supported
gallia catalyst, as can be seen from Fig. 8.
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Fig. 8. Conversion of isobutane as a function of the catalyst weight at the same isobutane feed rate,
where 1 – 6Cr/Al2O3, 2 – 6Ga/Al2O3, 520 and 580 – reaction temperature in °C.
Analysis of experimental data reveals, however, the observed rate of isobutane
transformation (r1obs) is proportional to the catalyst mass (Fig. 9a) as the experimental points are
essentially overlaying, except data for the residence time of ca. 0.03 s. This also implies that the
catalytic rate (r1cat), calculated from eq. 7, does not give a reasonable dependence on the mass (Fig.
9b). Therefore, in isobutane dehydrogenation there is no additive effect of the catalytic and thermal
contributions, in contrast to observed for some liquid phase catalytic reactions with a non-catalytic
contribution [52,53].
For homogeneous reactions, in particular radical reactions, the size, shape of the reactor as
well as the presence of solid surfaces, on which the radicals can recombine, are of crucial
importance. In some instances the radicals can be generated on the solid surface and propagate to the
gas phase [54,55] contributing to the overall activity. Separation of the catalytic residence time by,
for example, dividing the catalyst bed into several zones and adjusting the distance between these
zones can have a significant impact on the catalytic results [56].
Thermal contribution to (oxidative) dehydrogenation of alkanes has been considered in the
literature, confirming that depending on conditions (temperature, nature of alkane, presence of
oxygen) it can be substantial [57–60].
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In the current case, it can be suggested that radicals formed thermally, are efficiently
recombined on the surface of the heterogeneous catalyst, thus completely eliminating the thermal
contribution apart from experimental data obtained at the residence time of ca. 0.03 s. Apparently at
this residence time, the reaction rate calculated per mass of catalyst (Fig. 9c) does not follow the
linear dependence. As a tentative explanation, it can be suggested that such residence time is too
short to have efficient recombination of radicals on the catalyst surface and the measured rate
corresponds at this residence time to thermal reactions.

Fig. 9. The observed (a) and catalytic (b, c) rates of isobutane transformation for supported gallia at
different temperatures and residence time.
3.3.2. Kinetic regularities
A small size of the catalyst particles below 150 μm and low conversion levels were used to
operate in the differential mode and eliminate the effect of mass transfer on the reaction kinetics.
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The observed rate of isobutane transformation, calculated as the catalytic contribution only, was, as
expected, strongly dependent on the temperature and had a minor dependence on the residence time
apart from the residence time of ca. 0.03 s discussed above (Fig. 9a).
For supported chromia, the observed rate of isobutane transformation was more significant
than for supported gallia being 4 to 2 fold larger at residence time of ca. 0.03 s, and at residence time
of ca. 0.13 s even larger (8 to 3 fold) in the temperature interval of 520–580 °С. Such difference
indicates a lower activation energy for the supported chromia. Indeed, the Arrhenius plots given in
Figure 10 show excellent correlations between the logarithm of the reaction rate and the reciprocal
temperature, which confirms that 6Ga/Al2O3 has larger apparent activation energy.

Fig. 10. Logarithm of the observed reaction rate vs. reciprocal temperature for supported gallia and
chromia.
The values of activation energy are presented in Table 5. Based on the data obtained in [48],
the calculated apparent activation energy for 8.2 wt. % Cr/Al2O3 was 102 kJ/mol (Table 5), which is
close to the value obtained in this work in the same temperature range. In another study, the
apparent activation energy for 6.8 wt. % Cr/Al2O3 was calculated to be 125 kJ/mol [61]. Such
difference compared with the data obtained in this work can be due to small amounts of K and Cu.
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Table 5. Kinetic data of isobutane dehydrogenation for supported gallia and chromia catalysts.
Apparent parameters
Rate constants·104
Catalysts
Activation energy
(mol/min⋅gcat⋅atmn)
(kJ/mol)
520 °C
550 °C
580 °C
a
a
6Ga/Al2O3
191
1.2
4.5
14.4a
a
b
6Cr/Al2O3
105
5.6
10.0
17.2b
8.2Cr/Al2O3 [48]
102
1.7K-0.8Cu-6.8Cr/Al2O3 [61]
125
a
Determined from Fig. 11a.
b
Determined from the Arrhenius expression.
The apparent reaction order (n) with respect to isobutane was lower than unity (Fig. 11) and
slightly increased upon elevation of temperature. Under the same conditions, this order was almost
similar for both supported chromia and gallia (Δn=0.04)

Fig. 11. Logarithm of the observed rate of isobutane transformation vs. isobutane partial pressure for
a) supported gallia and chromia at different temperatures and b) supported gallia at different
residence time.
The apparent reaction order was also increasing with a decrease in the residence time (Fig.
11b). Cracking reactions seem to be dominant at a short residence time giving a slightly higher
reaction order. At 580 °С without any catalyst, the reaction order of 0.97 was close to the order
obtained for 6Ga/Al2O3 at the residence time of 0.031–0.060 s being in line with explanations above
on deviations in the observed rate of isobutane transformation at ca. 0.03 s shown in Fig. 9a.
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4. Conclusions
In this work, the gallia/alimina catalyst with gallium loading of 6 wt. % was investigated in
isobutane dehydrogenation in the temperature range of 520–580 °C and a short residence time of
0.03–0.30 s. The obtained data showed that under these conditions conversion of isobutane did not
reach equilibrium values, which excluded the influence of the backward reaction on kinetics. In the
range of low conversion, selectivity to isobutene was increasing somewhat levelling off at higher
values of conversion, and thereafter showing a decreasing trend. This behavior is associated with a
decrease in the contribution of thermal reactions occurring in the reactor.
The most significant side reaction parallel to dehydrogenation was C-C bond splitting giving
methane and propene. The amount of propene has always been slightly lower than methane, as a
result of further secondary reactions of propene. In addition, a significant concentration of C4
alkenes other than isobutene was detected. Thermodynamic calculations showed that, under these
conditions, only isomerization of isobutane into n-butane is not thermodynamically restricted.
For comparison, a catalyst with a similar content of chromium oxide was investigated under
the same conditions, exhibiting a larger reaction rate and a lower apparent activation energy. At the
same time major risks and concerns related to supported chromia, namely presence of carcinogenic
Cr6+ and catalyst stability, can be mitigated using gallia/alumina catalyst, which is, however, less
active.
Interestingly, mixed supported oxides with 6 wt. % metal loading each, did not result in an
increase in activity with the catalytic performance remaining at the level of the supported chromia.
The data obtained upon dilution with helium allowed determination of the apparent reaction
order with respect to isobutane, which was the same for both gallia and chromia catalysts.

25

References
[1] https://www.technavio.com/report/global-isobutene-market-analysis-share-2018.
[2] J.J.H.B. Sattler, J. Ruiz-Martinez, E. Santillan-Jimenez, B.M. Weckhuysen, Catalytic
dehydrogenation of light alkanes on metals and metal oxides, Chem. Rev. 114 (2014) 10613–10653.
[3] P. Meriaudeau, C. Naccache, The role of Ga2O3 and proton acidity on the
dehydrogenating activity of Ga2O3-HZSM-5 catalysts: Evidence of a bifunctional mechanism, J.
Mol. Catal. 59 (1990) L31–L36.
[4] M. Saito, S. Watanabe, I. Takahara, M. Inaba, K. Murata, Dehydrogenation of propane
over a silica-supported gallium oxide catalyst, Catal. Lett. 213 (2003) 3–4.
[5] B. Xu, B. Zheng, W. Hua, Y. Yue, Z. Gao, Support effect in dehydrogenation of propane
in the presence of CO2 over supported gallium oxide catalysts, J. Catal. 239 (2006) 470–477.
[6] C.-T. Shao, W.-Z. Lang, X. Yana, Y.-J. Guo, Catalytic performance of gallium oxide
based-catalysts for the propane dehydrogenation reaction: effects of support and loading amount,
RSC Adv. 7 (2017) 4710–4723.
[7] M. Chen, J. Xu, F.Z. Su, Y.M. Liu, Y. Cao, H.Y. He, K.N. Fan, Dehydrogenation of
propane over spinel-type gallia–alumina solid solution catalysts, J. Catal. 256 (2008) 293–300.
[8] S. Tan, L.B. Gil, N. Subramanian, D.S. Sholl, S. Nair, C.W. Jones, J. S. Moore, Y. Liu,
R.S. Dixit, J.G. Pendergast, Catalytic propane dehydrogenation over In2O3–Ga2O3 mixed oxides,
Appl. Catal. A-Gen 498 (2015) 167–175.
[9] S. Tan, S.J. Kim, J. S. Moore, Y. Liu, R.S. Dixit, J.G. Pendergast, D.S. Sholl, S. Nair,
C.W. Jones, Propane dehydrogenation over In2O3–Ga2O3–Al2O3 mixed oxides, ChemCatChem 8
(2016) 214–221.
[10] P. Meriaudeau, C. Naccache, Dehydrogenation and dehydrocyclization catalytic
properties of gallium oxide, J. Mol. Catal. 50 (1989) L7–L10.
26

[11] B. Zheng, W. Hua, Y. Yue, Z. Gao, Dehydrogenation of propane to propene over
different polymorphs of gallium oxide, J. Catal. 232 (2005) 143–151.
[12] K. Nakagawa, M. Okamura, N. Ikenaga, T. Suzuki, T. Kobayashi, Dehydrogenation of
ethane over gallium oxide in the presence of carbon dioxide, Chem. Commun. 0 (1998) 1025–1026.
[13] K. Nakagawa, C. Kajita, Y. Ide, M. Okamura, S. Kato, H. Kasuya, N. Ikenaga, T.
Kobayashi, T. Suzuki, Promoting effect of carbon dioxide on the dehydrogenation and aromatization
of ethane over gallium‐loaded catalysts, Catal. Lett. 64 (2000) 215–221.
[14] M.A. Atanga, F. Rezaei, A. Jawad, M. Fitch, A.A. Rownaghi, Oxidative
dehydrogenation of propane to propylene with carbon dioxide, Appl. Catal. B-Env 220 (2018) 429–
445.
[15] P. Michorczyk, J. Ogonowski, Dehydrogenation of propane in the presence of CO2 over
oxide-based catalysts, React. Kinet. Catat. Lett. 78 (2003) 41–47.
[16] C. Coperet, C–H bond activation and organometallic intermediates on isolated metal
centers on oxide surfaces, Chem. Rev. 110 (2010) 656–680.
[17] N.S. Gnep, J.Y. Doyemet, A.M. Seco, F.R. Ribeiro, M. Guisnet, Conversion of light
alkanes to aromatic hydrocarbons: II. Role of gallium species in propane transformation on
GaHZSM5 catalysts. Appl. Catal. 43 (1988), 155–166.
[18] M. Ishaq, M.A. Khana, T. Yashima, Mechanism of Butane Transformation, Journal of
the Chinese Chemical Society 47 (2000) 1137–1143.
[19] M.W. Schreiber, C.P. Plaisance, M. Baumgärtl, K. Reuter, A. Jentys, R. Bermejo-Deval,
J.A. Lercher, Lewis-Brønsted acid pairs in Ga/H-ZSM-5 to catalyze dehydrogenation of light
alkanes, J. Am. Chem. Soc. 140 (2018), 4849–4859.

27

[20] N.S. Nesterenko, O.A. Ponomareva, V.V. Yuschenko, I.I. Ivanova, F. Testa, F. Di
Renzo, F. Fajula, Dehydrogenation of ethylbenzene and isobutane over Ga- and Fe-containing
mesoporous silicas, Appl. Catal. A-Gen 254 (2003) 261–272.
[21] J. Han, G. Jiang, S. Han, J. Liu, Y. Zhang, Y. Liu, R. Wang, Z. Zhao, C. Xu, Y. Wang,
A. Duan, J. Liu, Y. Wei, The fabrication of Ga2O3/ZSM-5 hollow fibers for efficient catalytic
conversion of n-butane into light olefins and aromatics, Catalysts 6 (2016) 13–24.
[22] F.J Machado, C.M. Lopez, Y. Campos, A. Bolivar, S. Yunes, The transformation of nbutane over Ga/SAPO-11: The role of extra-framework gallium species, Appl. Catal. A-Gen 226
(2002) 241–252.
[23] G. Wang, C. Li, H. Shana, Catalytic dehydrogenation of isobutane over a Ga2O3/ZnO
interface: reaction routes and mechanism, Catal. Sci. Technol. 6 (2016) 3128–3136.
[24] T. Otroshchenko, J. Radnik, M. Schneider, U. Rodemerck, D. Linke, E.V. Kondratenko,
Bulk binary ZrO2-based oxides as highly active alternative-type catalysts for non-oxidative
isobutane dehydrogenation, Chem. Commun. 52 (2016) 8164-8167.
[25] Yu.N. Pushkar, A. Sinitsky, O.O. Parenago, A.N. Kharlanov, E.V. Lunina, Structure and
Lewis acid properties of gallia–alumina catalysts, Appl. Surf. Sci. 167 (2000) 69–78.
[26] A.L. Petre, A. Auroux, P. Gélin, M. Caldararu, N.I. Ionescu, Acid–base properties of
supported gallium oxide catalysts, Thermochim. Acta 379 (2001) 177–185.
[27] A.N. Matveyeva, N.A. Zaitseva, P. Mäki-Arvela, A. Aho, A.K. Bachina, S.P. Fedorov,
D.Yu. Murzin, N.A. Pakhomov, Fluidized-bed isobutane dehydrogenation over alumina-supported
Ga2O3 and Ga2O3−Cr2O3 catalysts, Ind. Eng. Chem. Res. 57 (2018) 927–938.
[28] P. Michorczyk, E. Sikora, J. Ogonowski, Study of the acid-base properties of
Ga2O3/Al2O3 by using test reactions, React. Kinet. Catal. Lett. 94 (2008) 243–252.

28

[29] Y. Takiyama, H. Nagata, M. Teshima, M. Kishida, H. Shimada, K. Wakabayashi,
Catalytic conversion of butane into isobutene over γ-alumina-supported gallium(III) oxides, Sekiyu
Gakkaishi 40 (1997) 199–204.
[30] J.J.H.B. Sattler, I.D. González-Jiménez, L. Luo, B.A. Stears, A. Malek, D.G. Barton,
B.A. Kilos, M. P. Kaminsky, M.W.G.M. Verhoeven, E.J. Koers, M. Baldus, B.M. Weckhuysen,
Platinum-promoted Ga/Al2O3 as highly active, selective, and stable catalyst for the dehydrogenation
of propane, Angew. Chem., Int. Ed. 53 (2014), 9251–9256.
[31] L. Rodriguez, D. Romero, D. Rodriguez, J. Sanchez, F. Dominguez, G. Arteaga,
Dehydrogenation of n-butane over Pd-Ga/Al2O3 catalysts, Appl. Catal. A-Gen 373 (2010) 66–70.
[32] V.I. Pinakov, O.I. Stoyanovsky, Yu.Yu. Tanashev, A.A. Pikarevsky, B.E. Grinberg,
V.N. Dryab, K.V. Kulik, V.V. Danilevich, D.V. Kuznetsov, V.N. Parmon, TSEFLAR: The
centrifugal flash reactor for rapid thermal treatment of powdered materials, Chem. Eng. J. 107
(2005) 157−161.
[33] L.A. Isupova, Yu.Yu. Tanashev, I.V. Kharina, E.M. Moroz, G.S. Litvak, N.N.
Boldyreva, E.A. Paukshtis, E.B. Burgina, A.A. Budneva, A.N. Shmakov, N.A. Rudina, V.Yu.
Kruglyakov, V.N. Parmon, Physico-chemical properties of TSEFLAR-treated gibbsite and its
reactivity in the rehydration process under mild conditions, Chem. Eng. J. 107 (2005) 163−169.
[34] Yu.Yu. Tanashev, E.M. Moroz, L.A. Isupova, A.S. Ivanova, G.S. Litvak, Yu.I. Amosov,
N.A. Rudina, A.N. Shmakov, A.G. Stepanov, I.V. Kharina, E.V. Kul’ko, V.V. Danilevich, V.A.
Balashov, V.Yu. Kruglyakov, I.A. Zolotarskii, V.N. Parmon, Synthesis of aluminum oxides from
the products of the rapid thermal decomposition of hydrargillite in a centrifugal flash reactor: II.
Physicochemical properties of the products obtained by the centrifugal thermal activation of
hydrargillite, Kinet. Catal. 48 (2007) 153−161.

29

[35] A.N. Matveyeva, N.A. Pakhomov, D.Yu. Murzin, Recycling of wastes from the
production of alumina-based catalyst carriers, Ind. Eng. Chem. Res. 55 (2016) 9101–9108.
[36] A.V. Lavrenov, N.M. Ostrovskii, Yu.K. Demanov, Thermodynamics of isomerization of
butylenes: equilibrium compositions, Petroleum Chemistry 41 (2001), 126–130.
[37] B.M. Weckhuysen, R.A. Schoonheydt, Alkane dehydrogenation over supported
chromium oxide catalysts. Catal. Today 51 (1999) 223−232
[38] L. Seres, F. Márta, Á. Kiss, The thermal decomposition of isobutane, Berichte der
Bunsengesellschaft für physikalische Chemie 73 (1969) 571–575.
[39] K. Yoshii, A. Nakamura, Rapid communication. Reversal of Magnetization in
La0.5Pr0.5CrO3, Journal of Solid State Chemistry 155 (2000) 447–450.
[40] E.I. Nemykina, N.A. Pakhomov, V.V. Danilevich, V.A. Rogov, V.I. Zaikovskii, T.V.
Larina, V.V. Molchanov, Effect of chromium content on the properties of a microspherical alumina–
chromium catalyst for isobutane dehydrogenation prepared with the use of a centrifugal thermal
activation product of gibbsite, Kinet. Catal. 51 (2010) 898–906.
[41] M.I. Temkin, L.A. Shvartsman, Auxiliary table for chemical-thermodynamic
calculations, Uspekhi Khimii 17 (1948) 259.
[42] R.S. Konar, R.M. Marshall, J.H. Purnell, Initiation of isobutane pyrolysis, Trans.
Faraday Soc. 64 (1968) 405-413.
[43] R.S. Konar, J.H. Purnell, C.P. Quinn, Self-inhibition and mechanism of isobutane
pyrolysis, Trans. Faraday Soc. 64 (1968) 1319–1328.
[44] A.A. Belik, Y. Wei, High-pressure synthesis, crystal chemistry and physics of
perovskites with small cations at the A site, J. Phys.: Condens. Matter 26 (2014) 163201.
[45] R.N. Pease, E.S. Durgan, The kinetics of the thermal dissociation of propane and the
butanes, J. Am. Chem. Soc. 52 (1930), 1262–1267.
30

[46] C.D. Hurd, F.D. Pilgrim, The Pyrolysis of hydrocarbons. Further studies on the butanes,
J. Am. Chem. Soc. 55 (1933) 4902–4907.
[47] R.E. Paul, L.F. Marek, Primary thermal dissociation – Velocity constants for propane, nbutane and isobutane, Ind. Eng. Chem. 26 (1934) 454–457.
[48] S.M.K. Airaksinen, M.E. Harlin, A.O.I. Krause, Kinetic modeling of dehydrogenation of
isobutane on chromia/alumina catalyst, Ind. Eng. Chem. Res. 41 (2002) 5619–5626.
[49] M.E. Harlin, A.O.I. Krause, B. Heinrich, C. Pham-Huu, M.J. Ledoux, Part II.
Dehydrogenation of n-butane over carbon modified MoO3 supported on SiC, Appl. Catal. A:
General 185 (1999) 311–322.
[50] S. Carra, L. Forni, C. Vintani, Kinetics and mechanism in catalytic dehydrogenation of
n-butane over chromia-allumina, J. Catal. 9 (1967) 154–165.
[51] T. Salmi, J. Lehtonen, J. Kaplin, A. Vuori, E. Tirronen, H. Haario, A homogeneous–
heterogeneously catalyzed reaction system in a loop reactor, Catal. Today 48 (1999) 139–145.
[52] F. Saleem, P. Mueller, K. Eränen, J. Wärnå, D.Yu. Murzin, T. Salmi, Kinetics and
modelling of furfural oxidation with hydrogen peroxide over fibrous heterogeneous catalyst: effect
of reaction parameters on yields of succinic acid, J. Chem. Technol. Biotechnol. 92 (2017) 2206–
2220.
[53] M.R. Rönnholm, J. Wärnå, T. Salmi, I. Turunen, M. Luoma, Kinetics of oxidation of
ferrrous sulfate with molecular oxygen, Chem. Eng. Sci. 54 (1999) 4223–4232.
[54] F. Cavani, F. Trifiro, Selective oxidation of light alkanes: interaction between the
catalyst and the gas phase on different classes of catalytic materials, Catal. Today 51 (1999) 561–
580.

31

[55] K. Arve, E.A. Popov, F. Klingstedt, K. Eränen, L.-E. Lindfors, J. Eloranta, D.Yu.
Murzin, HC-SCR of NOx over Ag/alumina: a combination of heterogeneous and homogeneous
radical reactions, Catal. Today 100 (2005) 229–236.
[56] K. Arve, F. Klingstedt, K. Eränen, L.-E. Lindfors, D.Yu. Murzin, Engineering HC-SCR:
improved low temperature performance through a cascade concept, Catal. Lett. 105 (2005) 133–138.
[57] J.A. Toledo, H. Armendariz, E. Lopez-Salinas, Oxidative dehydrogenation of n-butane:
a comparative study of thermal and catalytic reaction using Fe–Zn mixed oxides, Catal. Lett. 66
(2000) 19–24.
[58] B. Delmon, S.R.G. Carrazan, S. Koroli, M.A. Vicente Rodrıguez, Z. Sobalik, Control of
catalyst performance in selective oxidation oflight hydrocarbons: Catalyst design and operational
conditions, Stud. Surf. Sci. Catal. 100 (1996) 1–25.
[59] Z.R. Ismagilov, S.N. Pak, V.K. Yermolaev, Heterogeneous–homogeneous reactions
involving free radicals in processes of total oxidation, J. Catal. 136 (1992) 197–201.
[60] K.T. Nguyen, H.H. Kung, Analysis of the surface-enhanced homogeneous reaction
during oxidative dehydrogenation of propane over vanadium-magnesium-oxygen catalyst, Ind. Eng.
Chem. Res. 30 (1991) 352–361.
[61] G. Sun, Q. Wang, S. Huang, Q. Huang, H. Li, H. Liu, X. Zhang, J. Wang, Intrinsic
kinetics of dehydrogenation of isobutane over K2O-CuO-Cr2O3/Al2O3 catalyst, 5th International
Conference on Advanced Engineering Materials and Technology (2015) 760–767.

32

