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KEYWORDS Abstract The development of catalysts for dehydrogenation of light paraffin hydrocarbons in a
CrO,/ALLO; catalysts; fixed bed reactor is of great importance for the world petrochemical industry. The preparation of
Vacuum impregnation; granules (~3 mm in diameter) of CrO,/Al,O; catalysts is hindered by such problems as homoge-
Isobutane dehydrogenation; neous distribution of active component and modifiers, high strength of granules, etc. In this paper,
Fixed bed reactor; the alumina support dissolution in the impregnating solution containing chromic acid and the
Catalyst granules, Hierarchi- opportunity to apply vacuum impregnation to minimize this effect in the preparation of CrOy/
cal structure Al,Oj catalysts are discussed. A series of catalysts is synthesized at different impregnation pressures

(1, 0.85, and 0.7 atm), characterized by a complex of physical-chemical methods (low-temperature
N, adsorption, SEM, XRD, TPR-H,), and tested in isobutane dehydrogenation. The use of vacuum
impregnation is shown to lead to the reduction of the specific surface area of the catalysts from to 91
to 56 m?/g and the growth of content of CrOy phases that decreases the catalytic activity in dehy-
drogenation. The isobutylene yield at 610 °C decreases from 68% to 54% for the catalyst prepared
at P = 0.7 atm as compared with the one prepared at atmospheric pressure. The high activity and
stability are connected with the hierarchical structure of the alumina support and homogeneous
chromia distribution on its surface.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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dehydrogenation of hydrocarbons (STAR, Oleflex, BASF-
Linde process, Catofin, FDB by Snamprogetti and Yarsintez)
are among the priority processes in the petrochemical industry
(Sattler et al., 2014), with the dehydrogenation of light paraf-
fins with the oxidants (oxygen or carbon dioxide) over various
catalysts being widely discussed in the literature (Fattahi et al.,
2013, 2011; Darvishi et al., 2016; Bugrova et al., 2019).

Various catalysts have been proposed for the dehydrogena-
tion of light paraffins, including conventional catalysts based
on deposited precious metals, primarily platinum (Long
et al., 2014; Li et al., 2017; Zhou et al., 2017), chromium
(Stoczynski et al., 2011; Li et al., 2016; Cheng et al., 2015),
and vanadium (Rodemerck et al., 2016, 2017; Tian et al.,
2016) oxides, and also the catalysts based on ordered meso-
porous materials (Xu et al., 2013; Shee and Sayari, 2010),
metal-organic frameworks (Zhao et al., 2013), activated car-
bon (Xu et al., 2014; Li et al., 2015), zirconia (Otroshchenko
et al., 2015, 2016) and even bare alumina (Rodemerck et al.,
2016). The y-Al,Oz-supported chromium oxide catalysts are
widely used in industry (Ruettinger et al., 2010; Busygin
et al., 2013) in the processes with fluidized bed of microspher-
ical catalysts (Kataev et al., 2015; Gilmanov et al., 2015) and
with fixed bed of palletized catalysts (Catofin). According to
the patent (Fridman, 2012), the isobutane conversion of
~56% with the selectivity towards isobutylene of 92% may
by achieved at ~540 °C when fresh CrO,/Al,O; catalyst is used.
The aged catalyst is characterized by the isobutane conversion
of 48% and selectivity of 87.6% at ~565 °C.

There are a number of drawbacks of fluidized-bed paraffin
dehydrogenation process such as high toxicity of microspheri-
cal Cr-containing catalysts, equipment deterioration, high cat-
alyst consumptionn, and relatively low alkene yields. Thus, the
global tendency is connected with the dehydrogenation of
paraffins in the fixed-bed reactor or reactors with the moving
bed of catalyst as more effective and eco-friendly processes.
The synthesis of such catalysts is complicated by the need to
prepare the catalyst granules with high porosity, strength
and homogeneous distribution of supported active
components.

Impregnation technique is mostly used to synthesize the
supported catalysts due to simplicity and effectiveness. The
v-Al,O3 support granules with diameter of ~3 mm (1/8") are
impregnated with an aqueous solution containing the precur-
sors of the active component and modifiers to prepare the
CrO,/Al,O; catalyst (Fridman, 2012; Ruettinger and
Jacubinas, 2016; Salaeva et al., 2020). The CrO; is used as a
precursor of the active component in industry because of its
high solubility (it allows introducing up to ~28 %wt. of
Cr,03 into the alumina support), the minimal amount of
aggressive gases released during the catalyst calcination as well
as the adsorption of chromate ions on the surface of y-Al,O3
leading to the uniform distribution of the active component
and its stabilization in a highly dispersed state (Spanos et al.,
1994). The main disadvantage of CrOj; application is low pH
of the impregnation solution (pH = 0) because of high concen-
tration of H,CrOy therein that requires the use of special acid-
resistant equipment. Aluminum oxide is also known to be dis-
solved in acids that implies additional requirements to the
impregnation conditions.

One of the approaches that makes it possible to shorten the
contact time of the impregnation solution with the alumina
support is the vacuum impregnation-drying method used in

particular to produce microspherical CrO/Al,O; catalysts
(Bekmukhamedov et al., 2016). The reduced pressure inside
the pores of alumina support provides penetration of the
impregnating solution in small pores that leads to more homo-
geneous distribution of the active components in catalyst gran-
ules. The impregnation under moderate vacuum may be taken
into account for catalyst preparation, since it can be imple-
mented in industry.

The aim of this work was to reveal the influence of impreg-
nation conditions (pressure during impregnation) of a molded
alumina support on the properties of the produced alumina
catalysts and their activity in the dehydrogenation of paraffin
hydrocarbons with a fixed bed catalyst. A series of catalysts
were synthesized with different pressures during the impregna-
tion, studied by a complex of physical-chemical methods, and
tested in the fixed-bed isobutane dehydrogenation.

2. Experimental part

The alumina support was prepared using a thermochemically
activated aluminum trihydroxide (TCA THA) that was
extruded with a small amount of nitric acid and 2 wt% of
wood flour as a porogen (Bugrova et al., 2016) into cylindrical
granules with a diameter of ~3 mm and a length of 4-6 mm.
The support granules were dried at 120 °C and calcined at
700 °C for 4 h. The temperatures of drying and calcination
were previously optimized taking into account the phase trans-
formation of alumina hydroxides and boehmite into y-Al,O3
without the transformation into o- or a-Al,O; with lower
specific surface area (Zykova et al., 2015). The conditions were
close to those used to prepare the industrial CrO,/Al,O3 cata-
lysts (Fridman, 2012).

To study the stability of the alumina support towards
impregnating solution, a model impregnating solution with
pH~0 containing 2.29 %wt. of chromium and 0.35 %wt. of
potassium were prepared by dissolving the corresponding
amounts of CrO; (chemically pure, Vekton, Russia) and
KNOj; (chemically pure, Vekton, Russia). The support gran-
ules were placed into the model impregnation solution, then
the probe of solution (~100 pl) was taken every 5-7 min to
determine the content of Cr, K, and Al by atomic emission
spectroscopy (“Agilent 4100” spectrometer with microwave
plasma).

Chromia-containing catalysts were prepared by impregna-
tion using an aqueous solution of precursors of the active com-
ponent (CrO;, chemically pure) and alkaline modifier (KNOs;,
chemically pure). The excess of impregnating solution
(15.2 ml) was prepared by dissolution of CrO; (10.3 g) and
KNO; (1.7 g) in distilled water. The loadings of the compo-
nents in the catalyst were 20 %wt. Cr,O5; and 2 %wt. K,O,
which was close to those in industrial catalysts (Li et al.,
2015; Otroshchenko et al., 2016; Fridman and Urbancic,
2015). The alumina support granules were dried at 150 °C
overnight to remove the moisture. Then the granules (10 g)
were put into the three-neck flask equipped with the vacuum
pump and dropping funnel with a pressure compensator.
The support granules were degassed at 1.0, 0.85 and
0.70 atm for 20 min, then the excess of the impregnating solu-
tion was added from the dropping funnel at pressures of 1.0,
0.85, and 0.7 atm. After that, the flask was opened accurately,
and the pressure was normalized to the atmospheric one. The
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excess of impregnating solution was drained. The impregnated
granules were immediately dried at 95 °C and calcined at
400 °C for 2 h.

Chemical analysis of the samples was carried out by dis-
solving them in a mixture of sulfuric and nitric acids and ana-
lyzing the resulting solution by atomic emission spectroscopy
(AES) using the “Agilent 4100” spectrometer with microwave
plasma. The porous structure of the samples was carried out
by low-temperature (77 K) nitrogen adsorption using the
”Tristar 3020” analyzer (Micromeritics, USA). The determina-
tion of the specific surface area (Sggt) was carried out using
the multipoint BET method to straighten the nitrogen adsorp-
tion isotherm in the range of relative pressures p/p, from 0.05
to 0.30. The pore size distribution was obtained using the BJH-
desorption method analyzing the desorption branch of nitro-
gen adsorption—desorption isotherm. The Hg intrusion
porosimetry measurements were carried out using the
Poremaster-33 (Quantachrome, USA).

The phase composition of the synthesized catalysts was
studied by powder X-ray diffraction (XRD) using the Shi-
madzu XRD 6000 diffractometer with CuKa radiation and a
Ni-filter. The diffraction peaks of the crystalline phases were
processed using the POWDER CELL 2.4 software and com-
pared with those peaks of standard compounds from the
PCPDFWIN database. The sizes of the crystallites of the metal
oxides were calculated using the Scherrer equation. The scan-
ning electron microscopy (SEM) was used to characterize the
broken granules. The SEM 515 (Philips) microscope with the
accelerating voltage of 30 kV was used. The features of the
sample reduction were studied by the temperature-
programmed reduction (TPR-H,). The experiments were car-
ried out on the chemisorption analyzer ChemiSorb 2750
(Micromeritics, USA) for as-prepared samples using a 10%
H,/Ar gas mixture at a flow rate of 20 ml/min and a heating
rate of 10 deg/min.

Catalytic properties of the samples were studied through
the isobutane dehydrogenation. The experiments were carried
out on the “Katakon” flow catalytic unit (Katakon, Russia) in
a tubular metal reactor with a stationary catalyst bed at tem-
peratures of 570, 590, 610 °C. A reaction mixture of 15% i-
C4Hy and the balance of Ar was fed through a catalyst bed
(10 cm® of catalyst pellets, 8.5-9.0 g) at a rate of 25.2 1/h.
The experiment was carried out in a cyclic mode: reduction
(H»/Ar mixture, 3 min), dehydrogenation (isobutene, 9 min),
regeneration (atmosphere-air, 9 min). The Ar flow (3 min)
was fed through the catalysts between each step. The gas probe
for analysis was taken at 7th min of the dehydrogenation step.
Analysis of the reaction mixture and reaction products was
carried out using the gas chromatograph “Khromos GKh-
1000” (Khromos, Russia) with a flame ionization detector
and two microcatharometers. The products were separated at
50 °C using the quartz capillary column with poly(trimethylsi-
Iyl)propene (PTMSP), a packed column with Chromosorb 106
(60/80 mesh) and a packed column with NaX molecular sieves
(45/60 mesh). The quantitative calculation of the volume frac-
tion of the components of the gas mixture was determined
using the Khromos software 2.16.43. Before the catalytic test,
the experiment with quartz balls was carried out. The isobu-
tane conversion was 3-5% at 570-610 °C that indicates the
negligible insignificant influence of the inert balls, reactor walls
and homogeneous reaction on the catalytic results.

3. Results and discussion

3.1. Study of the stability of alumina granules to solution of
chromia precursor

To study the stability of the alumina support in contact with
the impregnating solution, the support granules (particles with
sizes of 0.5-1 mm) were placed in a model impregnating solu-
tion containing 2.35 %wt. of chromium (as CrO3~ ions) and
0.35 %wt. of potassium (as K™ ions) with pH ~ 0. Fig. la
shows the concentration dependences for chromium, potas-
sium and aluminum in the solution as a function of contact
time of alumina granules with the solution. The Cr concentra-
tion in the solution drops sharply during the first five minutes
of impregnation from 2.29 %wt. to ~1.7 %wt. indicating the
sorption of negatively charged chromate ions (CrO3 ") on the
alumina support surface positively charged at pH ~ 0. During
the next 40 min, the Cr concentration in the solution changes
insignificantly indicating the achievement of the adsorption—
desorption equilibrium. The K concentration in the impregnat-
ing solution does not change indicating the absence of adsorp-
tion of positively charged potassium ions on the positively
charged alumina surface.

It is noteworthy that the Al concentration in the model
impregnating solution grows rapidly enough indicating the dis-
solution of alumina support in acidic conditions under the
action of a chemically aggressive impregnating solution. At
50 min of granule contact with the solution, the Al concentra-
tion in the solution increases up to 0.274 %wt., which
corresponds to ~0.8 % support dissolution. The support disso-
lution in the impregnating solution is a negative effect leading
to the formation of mixed chromium-aluminum oxides inac-
tive in the dehydrogenation reaction (Nemykina et al., 2010),
decreased specific surface area (Bugrova and Mamontov,
2016), etc. The aluminum presence in excess of the impregnat-
ing solution limits the reuse of the latter for impregnating the
next support batch under industrial conditions (Mamontov
et al., 2017).

Thus, the contact of the impregnating solution containing
chromic acid with the alumina support granules was shown
to lead to rather rapid alumina dissolution. Reducing of
impregnation time is essential to minimize this negative effect.
On the other hand, time of alumina granule impregnation
should be enough for the impregnating solution to penetrate
inside the granules providing homogeneous distribution of
active component and alkali modifier. Fig. 1b shows the intact
and broken granules of alumina-chromia catalysts prepared by
impregnation at atmospheric pressure during 5 and 15 min.
The gradient of color from dark-green to yellow and white
across the breaks of granules (“egg-shell” structure) is
observed after 5 min of alumina support contact with the
impregnating solution. This means that 5 min is not enough
for homogeneous distribution of active component in the cat-
alyst granules. Impregnation of alumina support during
15 min leads to more homogeneous distribution of active com-
ponent across the granule diameter (absence of color gradient
at the granule break, “whole-egg” structure). Thus, the
impregnation time should be optimized to achieve both intro-
duction of active component and minimize the support dissolv-
ing. The granule impregnation at reduced pressure may be
used to increase the solution penetration rate inside the sup-
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Fig. 1

Concentration dependences for chromium, potassium and aluminum in the model impregnating solution on the contact time of

alumina support with solution (a) and photos of alumina-chromia catalysts prepared by impregnation at 1 atm during 5 and 15 min (b).

port pores and minimize the contact time with the solution.
This technique may be implemented in industry only in the
case of insignificant pressure reduction to 0.5-0.7 atm (Ertl
et al., 2008).

3.2. Pressure effect during the impregnation on the activity of
alumina-chromia catalysts

Three alumina-chromia catalysts were prepared by varying the
pressure during the impregnation (1, 0.85 and 0.7 atm). Table |
shows the chemical analysis data and textural characteristics of
the prepared catalysts. The contents of potassium and chro-
mium oxides in all catalysts are close to the given values (2
%wt. and 20 %wt., respectively). The observed overestimation
of the chromium oxide content by about 1%wt. (the nominal
loading of 20 wt%) may be a consequence of the Cr precursor
sorption on the support during the impregnation from the
excess of the impregnating solution. The Cr sorption is
observed during the alumina support contact with the model
impregnating solution (Fig. 1a). Thus, from the data obtained,
it can be concluded that the pressure change during the
impregnation does not significantly influence on the catalyst
chemical composition.

Fig. 2 shows the SEM images of the catalyst granules (bro-
ken immediately before the SEM studies). It can be seen from
the SEM images that catalyst structure feature roughness that
results from the packing of alumina powder particles during
the extrusion. Wide pores with sizes of 10-50 um and pores
with size of from few hundreds nm to few micrometers are
observed.

The presence of these pores is important for both the pen-
etration of the impregnating solution during the catalyst
preparation and for effective reagent transport during the high
temperature catalytic process. The size of primary alumina
particles constituting the catalyst structure ranges from several
micrometers to ~20 pm (Fig. 2b). The space between these pri-
mary particles provides high volume of macropores, and some
of them cannot be detected by the SEM.

Fig. 3 shows the N, adsorption—desorption isotherms and
pore size distributions for alumina support and the catalysts
on the basis thereof. The support is characterized by a meso-
porous structure that is evidenced by the presence of a hystere-
sis loop in the region of relative pressures of 0.5-1.0 on the N,
adsorption—desorption isotherms. The pore size distribution
resides in the region from 2 to 20 nm with the distribution
maximum at ~5 nm. The support specific surface area and
the pore volume are 139 m?/g and 0.350 cm®/g, respectively
(Table 1). The strength of alumina support granules is calcu-
lated as P = F/D*h, where F is a force of granule breaking,
D is a granule diameter, and / is a granule length. The mea-
surement for 30 granules show the strength of 8.7 + 0.5 MPa
that is sufficient for industrial catalysts. Thus, the presence of
macropores shown by SEM does not decrease the granule
strength.

The catalysts are characterized by the decreased specific
surface area (56-91 m?/g) and pore volume (0.166—
0.225 cm?/g). It is clearly seen from Table 1 and Fig. 3a that
the pressure decreasing during the impregnation leads to con-
sistently reduced pore volume and specific surface area without
significant changes of chemical composition (Table 1). A

Table 1 Textural characteristics and chemical composition of alumina support and catalysts.
Sample Impregnation pressure, atm SpeT, M%/g Viores cm’/g Content of component, % wt.

A1203 Kzo CI‘203 >
ALO3 - 139 0.350 98.88 - - 98.88
CrO,/ALO5-1 1.0 91 0.225 75.47 1.83 20.89 98.19
CrO,/Al,05-0.85 0.85 74 0.184 77.13 2.04 21.15 100.32
CrO4/A1,03-0.7 0.7 56 0.166 76.93 1.92 21.04 99.89
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Fig. 2 The SEM images of break of catalyst granules prepared at P = 1 atm.
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Fig. 3  Nitrogen adsorption—desorption isotherms (a) and pore size distributions (b) for alumina support and prepared catalysts, pore
size distribution for Cr/Al,Os-1.0 catalyst according to Hg intrusion porosimetry (c).

decreased pore volume throughout the pore size range for the
catalysts (Fig. 3b) indicates the active component distribution
in the support pores. The shifting of the pore size distribution
maximum for Cr/Al,03-0.7 catalyst towards smaller sizes can
be caused by coarsening of the CrOy particles in mesopores
with sizes of 5-20 nm. The pore size distribution in the range
of 2-3.5 nm for all samples is practically the same, which
may indicate the difficulties in the active component penetra-
tion into the fine support pores, even if vacuum impregnation
is used.

To study the porosity, the Hg intrusion porosimetry was
applied for Cr/Al,05-1.0 catalyst. The differential pore size
distribution (Fig. 3c) features two types of pores, namely,
mesopores with diameter from few nm to ~40 nm and wide
macropores with sizes of from 50 nm to ~8 um with a maxi-
mum at ~200 nm. The presence of macropores may be caused
by using the wood flour as a porogen during the granule extru-
sion. These results are consistent with the SEM data. Thus, the
catalyst granules are characterized by the hierarchical porous
structure (meso- and macropores).

The XRD patterns for the catalysts and the results of qual-
itative and quantitative analysis of XRD are shown in Fig. 4
and Table 2, respectively. All catalysts feature high content
of amorphous phase (68.1-71.5%). The support constitutes

Cr/Al203-0.7

r/Al203-0.85

|,‘,Ih|,|‘,
0 50 60 7
20

Fig. 4 Powder XRD patterns for prepared catalysts.

—
10 20 30 4

the y-Al,O; and amorphous phases. The active component
(CrO,) exists in the amorphous state, with a small part com-
prising a-Cr,O; phase. The content of the a-Cr,O; phase
increases from 3.4 %wt. to 5.3 %wt. with a pressure decrease
during the impregnation from 1.0 to 0.7 atm. The a-Cr,0O5 par-



Influence of impregnation conditions on the activity of CrO,/Al,O5 catalysts in dehydrogenation 9135

Table 2 XRD data for synthesized catalysts.

Catalyst Phases The phase Particle
content,% wt. size, nm
CrO,/Al,05-1 v-AlL,O3 25.1 7.0
a-Cr,03 3.4 7.0
Amorphous phase 71.5 -
CrOX/A1203—0.85 "{-A1203 24.7 7.1
a-Cr,03 4.2 15.3
Amorphous phase 71.1 -
CrO4/ALLO3-0.7  y-AlLO5 26.6 6.7
a-Cr,03 5.3 20.4
Amorphous phase 68.1 -

ticle size (coherent scattering region) increases from 7.0 to 15.3
and 20.4 nm for pressure of impregnation of 1.0, 0.85 and
0.7 atm, respectively. This may explain the decreased specific
surface area of the catalysts obtained under reduced pressure
due to the partial blocking of the alumina support pores by
chromia particles.

Fig. 5 shows the TPR results for the obtained samples. All
catalysts are characterized by the hydrogen consumption in the
temperature range from 200 °C to 450 °C associated with the
Cr(VI) reduction to Cr(III) (Bugrova et al., 2019). Two peaks
of hydrogen consumption are observed for Cr/Al,05-1 catalyst
indicating coexistence of two Cr(VI) states. The first peak with
a maximum at 320 °C can be attributed to the reduction of
monomeric and/or oligomeric forms of Cr (VI) (Fridman
et al., 2016). In our previous work (Salaeva et al., 2020), using
Raman spectroscopy, we showed the key roles of monomeric
and dimeric chromia species in isobutane dehydrogenation.
A high-temperature peak at 420 °C may be attributed to reduc-
tion of small particles of Cr (VI) oxide or potassium chromates
(Neri et al., 2004; Rombi et al., 2003). The shifting of TPR
peak from 320 °C to 360 °C may be caused by an increase in
the particle size of the chromium (VI) compounds or increased
interaction of chromia species with alumina, which both lead
to the decreasing of the catalytic activity (Salaeva et al., 2019).

Thus, from the TPR results it can be concluded that aside
from o-Cr,0O3 detected by XRD, the catalysts contain the Cr
(VI) species that are reduced at 200450 °C. The reductive pre-

1 3 [—— CrOv/A203-1
QS N
0,12 A CrOx/Al1203-0.85
d . 1\ |- = - - CrOyA103-0.7
\
— 0,10 20,314
1
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Fig. 5 TPR H; profiles for prepared catalysts.

treatment of the catalysts before the catalytic experiments
leads to Cr(VI) reduction into Cr(III) sites (Bugrova and
Mamontov, 2018). The real state of the active catalyst surfaces
during the dehydrogenation is presented by two types of Cr
(IIT) species: the first one is Cr(II) found in the as-prepared
catalysts (including a-Cr,O; detected by XRD) and Cr(III)
formed due to the Cr(VI) species reduction. The activity of
these species depends on both their dispersion and distribution
on the catalysts surface. According to N, physisorption and
TPR results, the chromia species distribution is more homoge-
neous for the catalyst prepared at atmospheric pressure. Thus,
the use of vacuum impregnation allows obtaining the catalysts
with high content of Cr(VI) species, but with the decreased dis-
persion of these species. Consequently, the decreased Cr(VI)
dispersion may be the reason for reduced catalytic activity.

The catalytic properties of the prepared catalysts were stud-
ied in isobutane dehydrogenation in a fixed-bed reactor
(Fig. 6). The real catalyst granules were tested under condi-
tions close to the industrial ones to show the real opportunity
for catalyst application in the process. The isobutane conver-
sion growth is observed for all catalyst as the temperature
increases from 570 °C to 610 °C with the corresponding
decreasing of isobutylene selectivity. The conversion growth
in this temperature region indicates the minimal diffusion lim-
itations that are attributed to the presence of macropores in
the catalyst granules shown by the SEM. The catalyst synthe-
sized by the impregnation at atmospheric pressure is character-
ized by higher catalytic activity. Thus, the isobutylene yield is
~70% (71.4% conversion and 95.6% selectivity) at 610 °C
under the process conditions (15% i-C4H;y in Ar). These
results are close to the performance of industrial CrO,/Al,O5
catalysts tested under similar conditions (Xing and Fridman,
2019).

The conversion for the Cr/Al,05;-0.7 catalyst synthesized
by vacuum impregnation at 0.7 atm. is lower by 11-21 %
mol. compared to the sample impregnated at 1.0 atm. The iso-
butylene selectivity for Cr/Al,O3-0.7 is also slightly lower by
0.2-1.3 %. Thus, a regular decreasing in conversion and selec-
tivity is observed for a number of catalysts prepared by
impregnation at 1.0, 0.85 and 0.7 atm.

To study the stability, the Cr/Al,03-1.0 catalyst was tested
during 25 catalytic cycles including oxidative regeneration and
reductive activation between the dehydrogenation. It can be
seen from Fig. 6b that relatively high stability is observed.
The isobutane conversion is kept at 52-62% at 590 °C at a
selectivity of 96-98%. This indicates the stability of active cat-
alyst surface during the high-temperature oxidative-reductive
treatments and relatively low amount of coke formed. The
amount of coke was measured by TGA-DSC for Cr/Al,O5-
1.0 catalysts after 3 catalytic cycles and cooling in inert atmo-
sphere. The amount of coke was 1.26 %wt. after the cycle at
610 °C. This value is not high and the coke formation is an
important process in the isobutane dehydrogenation in a
fixed-bed reactor. The coke burning during the oxidative treat-
ment leads to the catalyst bed overheating and this heat is used
in the endothermic dehydrogenation process.

Thus, the analysis of results of catalytic and physical-chem-
ical studies shows that for the catalysts prepared at 1.0, 0.85,
and 0.7 atm, the following regularities are observed:

— a decreasing of specific surface area and pore volume due to
partial blocking of pores by chromia,
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— an increased amount of a-Cr,O3 with the growth of the par-
ticle size for this phase that is undesirable because the a-
Cr,0; phase is characterized by very low dehydrogenation
activity,

— an increased temperature of Cr(VI) reduction indicating the
Cr(VI) species agglomeration or enhanced chromia-support
interaction that is also undesirable and leads to the
decreased activity of chromia species,

— the decreased activity in a row Cr/Al,03-1.0 > Cr/Al,O5-
0.85 > CI'/A1203-0.7.

Thus, the preparation of CrO,/Al,Oj3 catalysts is accompa-
nied by many challenges: dissolving of alumina support in
acidic impregnating solution, limited penetration of the
impregnating solution inside the alumina support granules,
etc. The decrease in the pressure during the impregnation of
the granules of alumina support is a promising way to decrease
the time of contact of support granules with the impregnating
solution and enhance the penetration of impregnating solution
inside the granules because of pressure change. However, the
impregnation under vacuum leads to blocking of the support
pores by chromia that is confirmed by the decreased Sggr
and pore volume. A reduced catalytic activity may be a result
of both reduction of active catalyst surface and increased
amount of inactive a-Cr,O3 phase.

It is known that the dehydrogenation of light paraffins at
570-610 °C may be hindered by the internal diffusion of
reagent to the active site and product elimination from the cat-
alyst pores (Barghi et al., 2012,2014). A porous structure of the
catalyst plays an important role in high-temperature processes
(Lee and Kim, 2013). Wide mesopores and macropores pro-
vide isobutane diffusion towards active sites on the catalysts
surface. Therewith the reaction products (isobutene and
hydrogen) should be released from the active surface to pre-
vent the hydrogenation reaction. Wide mesopores provide pro-
duct transport from the catalyst granules. Blocking of the
mesopores by chromia nanoparticles may be a reason for addi-
tional diffusion limitation and decreased activity of the cata-
lysts prepared by vacuum impregnation. Besides, the Cr/
Al,O5-1.0 catalyst prepared at atmospheric pressure is charac-
terized by both relatively high surface area and the presence of
macropores that was demonstrated by SEM and Hg intrusion

porosimetry. Thus, the combination of macropores and rela-
tively high surface area for this catalyst is favorable for rela-
tively homogeneous distribution of the active component
inside the alumina granules (“whole-egg” structure, Fig. 1b),
high activity and stability in the isobutane dehydrogenation.

4. Conclusions

Thus, it was shown that the production of alumina-chromia
catalysts is significantly limited by dissolution of the alumina
support by impregnating solution containing chromic acid.
Optimization of the impregnation conditions is required to
synthesize highly active CrO,/Al,O3 catalysts for dehydro-
genation of light paraffins in a fixed-bed reactor. On the one
hand, the time of impregnation should be minimized to pre-
vent the alumina support dissolution by the impregnating solu-
tion containing chromic acid. On the other hand, the time and
pressure of impregnation should provide penetration of the
impregnating solution inside the alumina granules with a
diameter of ~3 mm for the homogeneous distribution of active
component and modifiers on the catalysts surface. The vacuum
impregnation allowed us to introduce the impregnating solu-
tion rapidly, but it led to the decreased catalyst porosity as well
as decreased activity in isobutane dehydrogenation. The role of
macropores in the active component distribution during the
impregnation and the role of macropores in minimization of
diffusion limitations was demonstrated.
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