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The peculiarities of active surface formation and the effect of Cu modifier on the performance of CrOy/
Al,03 catalysts in a fixed-bed isobutane dehydrogenation into isobutylene are considered using a series
of model Cu-modified alumina supports (0.7-6.5% wt Cu) and CrOy catalysts on the basis thereof. The
samples are characterized using a complex of physical-chemical methods, including low-temperature

N, adsorption, STA, XRF, XRD, UV-vis DR, Raman spectroscopy and H,-TPR. The modification of the
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alumina-chromia catalysts by a proper amount of copper is shown to enhance the catalyst activity.
The catalyst with 2.6% wt Cu shows high conversion and selectivity towards isobutylene. The role of
Cu modifier is connected with stabilizing of the active component mostly as monomeric and dimeric
Cr(VI) species that can be reduced into the most active mononuclear and dimeric Cr>" sites.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Isobutylene is among the most in-demand products of chemical
industry and serves as a building block in manufacturing of various
value-added products that include, but are not limited to, gasoline
oxygenates (e.g., MTBE, ETBE, etc.), isooctane actively used as
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functional additives to fuels, a number of polymers (e.g., poly-
isobutylene, butyl rubber, etc.) used in manufacturing of tyres for
vehicles as well as anti-oxidants, lubricants, adhesives, etc.
(Geilen et al., 2014).

An increasing demand in isobutylene promotes new research
focused on the development and intensification of catalytic
technologies for its production. Various catalysts compositions
were proposed for dehydrogenation of light alkanes (Sattler
et al., 2014; Nawaz, 2015), including industrially implemented
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composites based on Cr (Otroshchenko et al., 2017; Fridman and
Xing, 2017a, 2017b; Fridman, 2010; Lamberov et al., 2017;
Bugrova et al., 2015; Wang et al.,, 2018) and Pt-Sn (Dong et al.,
2017; Liu et al., 2018; Tasbihi et al., 2007; Zhang et al., 2012) as
well as the materials based on ZrO, (Zhang et al., 2018; Bugrova
and Mamontov, 2018), Zn (Liu et al., 2018), Ga (Wang et al,,
2016), Ni-Sn (Wang et al., 2016), Fe-Zn (Cheng et al., 2019), V
(Rodemerck et al., 2017; Wang et al., 2018; Tian et al., 2016;
Kharlamova et al., 2016), etc. Among the industrial catalysts for
isobutane dehydrogenation, the CrO4/Al,03 catalysts have found
wide applications, since they are cost-effective, and allow achiev-
ing high isobutylene yields, while keeping high selectivity and sta-
bility during several years (Fridman and Xing, 2017a). Industrial
exploitation of alumina-chromia catalysts is carried out under hard
process conditions comprising high process temperature (500-
650 °C), repeated cycles of oxidative regeneration and reduction,
local overheating, etc. (Pat, 2004). Given this, the catalyst should
possess high thermal stability, high activity and selectivity at ele-
vated temperatures.

To increase the effectiveness and productivity it is essential to
develop the catalysts with improved exploitation characteristics.
Various additives have been introduced into the composition of
CrO,/Al,03 catalysts as modifiers or promoters. In most cases,
alkali and alkali-earth metals are used to stabilize the structure
of alumina support and provide the opportunity to control the acid
properties of the catalyst surface by decreasing the concentration
of Lewis acid sites (AI**) and/or increasing the amount of active
Cr species (Sattler et al., 2014; Pat, 2004; Rombi et al., 2003; Pat.
RU 2287366; Neri et al., 2004; Pat. RU 2349378) that exist as
mononuclear redox Cr species and those chemically bound to alu-
mina (Fridman and Xing, 2017b), non-redox and redox Cr(III) spe-
cies that can be oxidized into Cr(V) and Cr(VI) during the
regeneration stage, amorphous and crystalline Cr,O3 clusters
(Fridman et al., 2016; Cavani et al., 1996; Vuurman et al., 1993),
and Cr?* species (Sattler et al., 2014). The modifiers that increase
thermal stability include those based on boron, silicon (Pat. RU
2349378; Pat. RU 2350594; Bekmukhamedov, 2016), and tin
(Pat. RU 2287366). Moreover, Zr, Fe and Si oxides allow stabilizing
the phase composition and increasing the strength properties of
the catalysts (Neri et al., 2004; Cabrera et al., 2008). The com-
pounds that contain potassium (Rombi et al., 2003), calcium
(Neri et al., 2004), nickel (Beccari and Romano, 2006), etc., are used
to increase the catalytic activity and selectivity.

A number of patents for isobutane dehydrogenation catalysts
(Pat. RU 2349378; Pat. RU 2350594; Pat, 2005) reports the modi-
fiers based on Cu compounds that are widely used in other cat-
alytic processes (Lindstrom et al., 2002; Fridman et al., 2004,
Bahmani et al., 2016; Yashnik et al., 2015), while in the process
under consideration copper is mostly used as a component of
heat-generating material (Pat. US 9725380), and its catalytic prop-
erties are poorly discussed. The heat-generated material comprises
o-Al,O3-supported copper oxides or Ca aluminate that are mixed
with the main alumina-chromia catalyst and promote the heat

Table 1

Characteristics of porous structure of modified supports and alumina-chromia catalysts.

release due to redox reactions of copper. The contact of the heat-
generated material with the catalysts and high process tempera-
ture accompanied by the redox transitions of copper may lead to
copper migration from the heat-generated material to the catalyst.
Thus, the key question concerns a positive or negative effect of
copper on the catalytic properties of CrO,/Al,03 catalyst during
its long-time industrial exploitation in the Catofin process.

In our previous work (Merk et al., 2018) a combination of Cu
and Zn modifiers was shown to improve the catalytic performance
of CrO,/Al,03 catalysts for isobutane dehydrogenation into isobu-
tylene independently on the introduction method. In Ref.
(Salaeva et al., 2019) Cu modifier was shown to facilitate the activ-
ity growth of the alumina-chromia catalyst, while the introduction
of Zn led to activity decrease. Contrary, in Ref. (Matveyeva et al.,
2019) the introduction of Cu was shown to reduce the catalyst
activity and increase the activation energy for isobutane dehydro-
genation under kinetic conditions. Thus, the key challenge is to
reveal the mechanism of Cu influence on the state of the active sur-
face of CrO4/Al,05 catalysts, its changing in a series of repeated
oxidative and reductive treatments as well as the nature, amount
and catalytic activity of the active Cr species formed.

The present work is focused on the study of the effect of the
content of Cu modifier on the performance of alumina-supported
CrOy catalysts for a fixed-bed isobutane dehydrogenation into
isobutylene. Special attention is given to studying of textural char-
acteristics and redox properties of the modified supports that con-
tain 0.7-6.5% wt Cu as well as the peculiarities of formation of the
active Cr sites on the catalyst surface.

2. Experimental
2.1. Synthesis of supports and catalysts

The precursor of 7v-Al,0s, the industrial pseudoboehmite
AIO(OH) (CJSC “Industrial catalysts”, Russia), was obtained by pre-
cipitation of sodium aluminate by sulfuric acid (pH = 7-9) followed
by washing from Na ions and drying at 120 °C overnight to remove
physically bonded water. Copper modifier was introduced in the
amount from 0.7 to 6.5% wt calculated per Cu during the wetness
impregnation of the pseudoboehmite from water solution of Cu
(NO3)2-3H,0 (99%, “ACROS organics”). The synthesized samples
were subjected to drying at 120 °C for 12 h and calcination for
6 h in air at 750 °C. To obtain the catalysts with a monolayer dis-
tribution of active component, the modified supports were pre-
pared using wetness impregnation method by water solution of
CrO; (chemically pure, “Vecton”, Russia) and KNOs (chemically
pure, “Vecton”, Russia) calculated per their content in the catalyst
of 4.0 and 0.85% wt of Cr,03 and K,0, respectively. According to
XRF data, the loadings of Cr and K were 3.7-3.8% wt and 0.8-
0.9% wt, respectively, for all catalysts prepared (Table 1). The pre-
pared catalysts were dried at 120 °C for 12 h and calcined in air for
6 h at 750 °C as the industrial catalysts for the Catofin process (Pat.
US 20130072739).

Support SgermM?/g Vpore.CI[g Catalyst Sger,m?/g Vpore,cm[g Composition of elements, % wt
Al 0o Cu K Cr >

Al;03 115 0.41 CrOy/Al,03 86 0.36 53.8 41.1 0 0.9 3.8 99.6
0.7Cu/Al,03 124 0.42 Cr0,/0.7Cu/Al,05 111 0.37 51.8 42.6 0.7 0.9 3.8 99.8
1.3Cu/Al,03 123 0.39 CrO,/1.3Cu/Al,05 111 0.36 50.8 43.2 13 0.9 3.7 99.9
2.6Cu/Al,05 124 0.38 Cr0Oy/2.6Cu/Al,04 103 0.33 50.6 42.2 2.6 0.8 3.7 100
3.2Cu/Al;03 113 0.37 Cr0,/3.2Cu/Al,05 102 0.32 50.3 41.7 3.2 0.9 3.7 99.8
6.5Cu/Al,03 95 0.31 Cr0,/6.5Cu/Al,03 88 0.30 49.5 394 6.5 0.8 3.5 99.7




A.A. Salaeva et al./Chemical Engineering Science 215 (2020) 115462 3

2.2. Characterization of supports and catalysts

Porous structure of the synthesized samples was studied using
low-temperature N, adsorption (—196 °C) on an automatic gas-
adsorption analyzer “TriStar 3020” (“Micrometritics”, USA). To
determine the specific surface area (Sggr), the isotherms of N,
adsorption were aligned in the range of relative pressures P/Pg
from 0.05 to 0.30 using the multi-point BET method. The curves
of pore size distribution were calculated using the BJH-
Adsorption with analysis of adsorption branch of adsorption-
desorption N, isotherms. All measurements were carried out over
the samples with a mass of 100-120 mg preliminary degassed in
vacuum for 2 h at 200 °C.

The effect of the modifier on phase transition of pseu-
doboehmite in modified and unmodified supports was studied
using the simultaneous thermal analysis method on the STA 449
F1 Jupiter equipped with mass-spectrometer QMS 403D Aéolos
(Netzsch, Germany). The samples with the mass of 5-10 mg were
heated with a rate of 10 °C/min in air in the temperature range of
30-800 °C.

Phase composition of supports and catalysts was studied using
X-ray diffraction analysis on the Miniflex 600 (“Rigaku Corpora-
tion”, Japan) with a CuKo radiation (y = 1.5418 A) equipped with
monochromator. The analysis of the results was carried out on
the basis of literature data and PCPDFWIN database. Chemical
composition of the catalysts was determined by X-ray fluorescent
analysis on the XRF-1800 spectrometer (“Shimadzu”, Japan).

The studies of chemical state of copper and active component
were carried out using diffuse reflection electron microscopy on
the Evolution 600 spectrometer (“Thermo Scientific”, USA) with a
basic line of the spectrum of freshly precipitated BaSO4 as well
as the Raman spectroscopy under conditions of the environment
using confocal Raman microscope inVia (Renishaw, UK) with an
excitation line at 525 nm.

The study of the reductive ability of the synthesized supports
and catalysts was carried out using the temperature-
programmed reduction with hydrogen (H,-TPR). The analysis
was carried out using the chemisorption analyzer ChemiSorb
2750 (“Micromeritics”, USA) with the thermal conductivity detec-
tor (TCD signal). The heating rate and the flow rate of the Ag-H,
mixture (10 %vol. H,) were 10 °C/min and 20 ml/min, respectively.

2.3. Testing of catalytic properties of the samples

Catalytic testing of the synthesized catalysts in isobutane dehy-
drogenation was carried out in a kinetic mode at 540 °C with a low
contact time (0.3 s) to keep isothermal mode and conversion below
the thermodynamic equilibrium (Salaeva et al., 2019) that allowed
suppressing the carbon deposition and minimizing the catalyst
deactivation. The flow unit with a quartz reactor (i.d. = 15 mm)
and a fixed catalyst bed was used. The catalyst sample with a
volume of 0.75 ml and a mass of 0.49-0.56 g was mixed with
quartz (~1.2 ml). The experiment was carried out during 4 h in a
cyclic mode. Reaction mixture 15% i-C4Hqo (pure: 99.9, LLC “Pure
gases”, Novosibirsk) in N, (LLC “Pure gases”, Novosibirsk) with a
rate of 9 L/h (1.35 i-C4H;¢ /7.65 Ny; GHSV = 2700 h™!) was passed
through the fixed catalyst bed with the particle diameter of 0.1-
0.25 mm to avoid the diffusion limitations. The catalysts were sub-
jected to regeneration in air at 540 °C for 20 min and reduction in
H, + N, (15% H,) mixture at the same temperature for 3 min.
Analysis of the products was carried out using the online gas chro-
matograph Chromatec-Crystall 5000.2 with a thermal conductivity
detector (TCD), two flame ionization detectors (FID) on the
capillary column Varian CP-Al,03/Na;SO4 (50 m, 130 °C). The
following reaction products were analyzed: methane, ethane, ethy-
lene, propane, propylene, i-butane, n-butane, trans-butene-2,

butane-1, i-butene, and cis-2-butene. The material balance for
carbon was above 97% in all experiments. The conversion and
selectivity values were calculated as follows:

X= (] -G. butane(out)/ci - butane(in)) * 100% (1)

S= (Ci - isobutylene/ (Ci - butane(in) — Ci - butane(out))) x* 100% (2)

where Ciputane(iny iS the isobutane concentration before reactor,
Ci-butane(out) aNd Ci_putylene(out) aré concentrations of isobutane and
isobutylene, respectively, after reactor.

3. Results and discussion
3.1. Characterization of supports and catalysts

The porous structure of the supports and catalysts on the basis
thereof was studied using low-temperature N, adsorption. Fig. 1
shows the isotherms of N, adsorption-desorption and pore size
distributions for the synthesized supports (Fig. 1a,c) and catalysts
(Fig. 1b,d). The presence of a hysteresis loop on the isotherms of
N, adsorption-desorption in the range of relative pressures from
0.5 to 1.0 for all synthesized samples evidences their mesoporous
structure. Pore size distributions show that all samples are charac-
terized by the presence of mesopores with a width of 3-20 nm.

The porous structure of the unmodified Al,05 support (Fig. 1c),
prepared by pseudoboehmite calcination at 750 °C, is characterized
by the bimodal pore size distribution: narrow mesopores with a
width of 2-8 nm and larger mesopores with a width of 5-20 nm.
For the Cu-modified supports, the shape of the hysteresis loop in
the isotherms changes as compared to the one for Al,03 and is
accompanied by the shifting of the loop towards lower relative
pressures and a decreasing of the loop width in the range of 0.9-
1.0. The pore size distributions for 0.7Cu/Al;,03 and 1.3Cu/Al,03
supports differ from the one for Al,05 due to a shifting of the large
pores with sizes of 7-25 nm to smaller pore sizes, while retaining
the amount of narrow mesopores with sizes of 2-5 nm. The mod-
ified supports with Cu loading of 2.6-6.5% wt are characterized by
monomodal pore size distribution due to a significant shift of lar-
ger pores to smaller sizes. Thus, Cu modifier facilitates the forma-
tion of more narrow mesopores. For Cu-modified supports, the Sggr
increases up to 123-124 m?/g (Table 1) as compared with the
unmodified alumina support (115 m?/g). However, the subsequent
increase of Cu content up to 6.5% wt results in a decrease of the Sger
to up to 95 m?/g and a narrowing of the pore volume to up to
0.30 cm?/g that can be connected with the filling of the pores with
an excess of Cu compounds.

For all catalysts (Fig. 1b), a slight shift of the hysteresis loop
towards higher relative pressures (0.65-1.0) in the N,
adsorption-desorption isotherms and corresponding insignificant
increase of the size of mesopores are observed (Fig. 1d). A decrease
of Sger and pore volume for the catalysts (Table 1) as compared to
supports indicates a distribution of active component inside the
pores of the support. Changing of the porous structure of the cata-
lysts as compared to the supports (mainly, widening of the pores)
is a result of peptization of alumina support by chromic acid in the
impregnation solution. It is noteworthy that the largest changing
of pore size distribution and the highest decrease of Sggr is
observed for the catalysts based on unmodified alumina support,
while the changing of porous structure of the Cu-modified samples
is lower that indicates an additional stabilization of the structure of
alumina support by the Cu modifier.

The peculiarities of structure formation for the supports and the
effect of Cu modifier on the transformation of pseudoboehmite into
v-Al,03 phase was studied by TG-DSC analysis. Fig. 2 shows the
results of thermal analysis for initial pseudoboehmite and the
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Fig. 1. Low-temperature N, adsorption-desorption isotherms (a,b) and the corresponding pore size distributions (c,d) for supports and alumina-chromia catalysts.
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Fig. 2. TG-DSC curves for dried supports.

one after impregnation with an aqueous solution of copper nitrate
(the samples with Cu contents of 2.6 and 6.5% wt dried at 120 °C
for 12 h). The mass loss at 89-98 °C indicates desorption of phys-
ically bound water. The absence of the expressed peaks in the
range of 200-300 °C indicates the absence or low content of alu-
minum trihydroxides (gibbsite, bayerite) in pseudoboehmite struc-
ture (Zykova et al., 2016; Redaoui et al., 2017; Mukhamed’yarova
et al., 2019). The mass loss in the range from 300 to 500 °C with

a wide endothermic peak at 406-421 °C evidences the pseu-
doboehmite transformation into y-Al,03 (Zykova et al.,, 2016). It
is noteworthy that the introduction of Cu leads to a shifting of
the pseudoboehmite-to-y-Al,05 phase transition towards lower
temperatures. Thus, the introduction of Cu into the alumina pre-
cursor results in the formation of y-Al,03 phase at lower tempera-
tures. This may result in the formation of more narrow pores in the
modified supports as compared to the unmodified one.

Phase composition of the catalysts, states of the alumina-
supported active component and modifier were studied using
XRD, UV-vis, and Raman spectroscopy methods. Fig. 3 shows the
X-ray patterns for the Al,O3; and 6.5Cu/Al,O3 supports as well as
the alumina-chromia catalysts. All samples are characterized by
the presence of a number of reflections attributed to y-Al,03 phase
(card No. 00-050-0741). The absence of reflections of o-Cr,03 (card
No. 01-078-5434) and CuO (card No. 000-45-0937) phases evi-
dences the stabilization of Cu and Cr compounds in a highly dis-
persed X-ray amorphous state.

It is noteworthy that there are differences in the intensity and
width of reflections at the 26 values of 36.7°, 45.9° and 66.8° in
the X-ray patterns for the unmodified and Cu-modified alumina-
chromia catalysts. According to PCPDFWIN database and the
results by Kim et al. (2001), the presence of reflections in this range
can be assigned to the formation of phases of aluminum-copper
spinels (CuAl,04 (card No. 33-0448)). However, the low intensity
of the reflections and their close positions as compared to those
of the y-Al,03 phase does not allow making a univocal conclusion
on the presence of individual phase of the aluminum-copper spi-
nel. Along with that, an increase of the cubic cell lattice parameter,
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Fig. 3. X-ray patterns of Al,0s3, 6.5Cu/Al,0s; supports and alumina-chromia
catalysts.

Table 2

Results of XRD analysis of the synthesized supports and alumina-chromia catalysts.
Sample Particle size (CSR*), nm a, A

36.7°(311) 459°(400) 66.8°(440)

Al,05 34 5.1 6.4 7.9058
6.5Cu/Al,03 2.7 6.7 7.0 7.9347
CrO,/Al,04 3.5 5.3 6.5 7.9062
Cr0,/0.7Cu/Al,05 3.5 5.4 6.3 7.9067
CrO4/1.3Cu/Al,0; 2.9 5.5 6.4 7.9115
Cr0,/2.6Cu/Al,0; 3.8 5.8 6.8 7.9298
Cr0,/3.2Cu/ALL,O; 3.9 6.1 7.0 7.9306
Cr0,/6.5Cu/Al,05; 4.0 6.9 7.4 7.9384

" CSRis a coherent scattering region for y-Al,05 calculated according to Sherrer’s
equation.

a, for y-Al,05 phase (Table 2) from 7.9058 to up to 7.9384 A occurs
at an increase of Cu content that does not indicate the formation of
a new phase, but rather distortion of the structure of y-Al,03; phase
as a result of incorporation of copper cations. Additionally, the
increased values of crystallite sizes (Table 2) for Cu-modified cata-
lysts confirm the influence of copper on the formation of the y-
Al,03 structure during the pseudoboehmite transformation. Thus,
according to XRD data, Cu ions are incorporated into the structure
of alumina support, while it is not possible to reliably identify the
stoichiometry of the surface phase formed, since the reflections are
poorly resolved.

The UV-vis method was used to describe in more details the
surface states of active component and modifier in the supports
and catalysts (Fig. 4). Practically no absorption is observed for pure
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Fig. 4. UV-vis spectra of the supports (a) and catalysts (b).

Al,05 in the range of 200-900 nm. For Cu-modified supports
(Fig. 4a), an intensive absorption band is observed in the range of
240 nm, and the intensity of this band increases as the amount
of the introduced Cu grows. This absorption can be assigned to
0 — Cu?" charge transfer in octahedral environment (Yashnik
et al,, 2015; Yamamoto et al., 2002). For the supports containing
from 2.6 to 6.5% wt Cu, a shoulder is observed in the range of
344 nm. According to Ref. (Yamamoto et al., 2002), this evidences
the presence of CuAl,04 phase with the ligand-to-metal charge
transfer for tetrahedrally coordinated Cu?*. A weak absorption
band in the range of 700-800 nm indicates the d-d transition of
isolated Cu?* ions with the tetragonally distorted octahedral envi-
ronment (Yashnik et al., 2015). This band is more characteristic for
the support with 6.5% wt Cu that indicates the formation of Cu (II)
oxide in the sample.

Two main absorption bands with the maxima at 270 and
370 nm are observed in the UV-vis spectra of the as-prepared CrOy
catalysts (Fig. 4b) and characterize the presence of monochromate
species and the O — Cr%" electronic transition with a tetrahedrally
coordinated Cr(VI) (Cavani et al., 1996; Merk et al., 2018; Martino
et al., 2018). An increase in the intensity of the absorption bands at
270 nm for the modified catalysts is connected with both the con-
tribution of the absorption band at 240 nm (O — Cu?*) and the
increase in the amount of Cr(VI) species. A significant increase in
the intensity of the absorption band at 370 nm for all Cu-
modified catalysts as compared to unmodified CrO,/Al,05 catalysts
indicates the increase in the share of Cr(VI) species. However, the
intensities of the bands at 270 and 370 nm decrease for CrO,/3.2-
Cu/Al,03 and CrO,/6.5Cu/Al,03 catalysts (subtraction spectra are
not shown for clarity). According to the data in Refs. (Cavani
et al., 1996; Weckhuysen et al., 1997; Cutrufello et al., 2005), a
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shoulder at 445 nm is connected with the presence of dichromate
species.

A doublet at 445 and 600 nm is observed for all catalysts and
evidences the d-d transition of Cr>* in the octahedral environment
(Bugrova et al., 2015; Shee and Sayari, 2010). More resolved
absorption of these bands is observed for CrO,/6.5Cu/Al,O3 that
indicates the increase in the share of Cr(Ill) in the catalyst. An
intensity growth for absorption band in the range of 700-800 nm
for the catalysts with the copper content of 2.6-6.5% wt, is proba-
bly caused by the presence of Cu?' ions in these samples. An
increase in the intensity of these bands as compared to those over
the corresponding Cu-modified supports indicates a redistribution
of Cu when the active component is introduced, i.e. partial leaching
of Cu modifier in the acidic impregnating solution.

Fig. 5 shows the Raman spectra for the studied catalysts. The
Al;05 and Cu-modified supports do not show high absorption in
the range considered (the corresponding spectra are not shown),
while the catalysts are characterized by an intensive absorption
of various Cr species in the range of 700-1050 cm™ .

For CrO,/Al,03 catalysts, the main band at ~860 cm! is
assigned to symmetric vibrations of isolated tetrahedral surface-
chromate species that interact with the alumina support
(Fridman et al., 2016; Ma et al.,, 2011; Hardcastle and Wachs,
1988) and/or dimeric chromium oxide species (Mindru et al.,
2016). For all catalysts, the vibration in the range of ~883 cm™!
indicates the presence of hydrated surface monochromate species
(Fridman et al., 2016). The presence of shoulders at ~784, ~822 and
~931, ~987 cm™! is connected, respectively, with weak vibrations
of Cr-O-Cr groups (Vuurman and Wachs, 1992; Dines and Inglis,
2003), chromates with high polymerization degree (Hardcastle
and Wachs, 1988), terminal CrOs; groups (Salaeva et al., 2019;
Yim and Nam, 2004), and crystalline forms of CrOs; (Vuurman

38 g CrOx/6.5Cu/Al203
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Fig. 5. Raman spectra of the synthesized catalysts.

and Wachs, 1992; Oskam et al., 1990). There are no vibrations at
~537 and ~600 cm™! attributed to crystalline Cr,0; nanoparticles
(Bugrova et al., 2019). The results for the CrO/2.6Cu/Al,03 sample
indicate the increased fraction of mono- and dimeric chromium
oxide species (Yim and Nam, 2004) confirmed by the UV-vis data
(Fig. 4, absorption band at 445 nm). For the CrO,/6.5Cu/Al,03 cat-
alyst, the halo in the range of 600-700 nm is observed and can be
attributed to dispersed copper oxide (Luo et al., 2005).

Thus, the Raman data show that in the studied catalysts Cr pre-
dominantly exists in a hexavalent state. Introduction of 2.6% wt Cu
results in the increase of the fraction of Cr(VI) in the catalysts. The
subsequent increase of the Cu content to up to 6.5% wt results in
the decrease in Cr(VI) content. The hexavalent Cr exists on the cat-
alyst surface predominantly as mono- and dichromate species.

The XRD, UV-vis and Raman data show that the active compo-
nent exists in a poorly crystalline X-ray amorphous state predom-
inantly in the form of mono- and dichromate species (Cr®") with a
small amount of Cr(Ill). Cu modifier, in its turn, is distributed in the
support structure as incorporated Cu®* cations. The sample with
6.5 %wt Cu may contain highly dispersed copper oxides.

The H,-TPR method was used to study the peculiarities of
reduction of modified supports and the catalysts. Fig. 6 and Table 3
show the H,-TPR profiles of synthesized supports and catalysts and
the corresponding amount of hydrogen consumed during the TPR
experiments. The unmodified y-Al,O5 support is characterized by
low H, consumption (83 pmol/g) at temperatures above 500 °C
that is probably connected with a partial reduction of the alumina
surface accompanied by the formation of oxygen vacancies
(Rodemerck et al., 2016).

The supports that contain up to 2.6% wt Cu are characterized by
poorly resolved H, consumption peak in the range of 300-600 °C.
However, the TPR profiles for the samples 2.6Cu/Al,0s, 3.2Cu/
Al,03 and 6.5Cu/Al,05; have better resolved peaks at 300, 282
and 271 °C, respectively, that may evidence a reduction of copper
cations incorporated into the alumina support (Kim et al., 2001;

supports
catalysts
_______ catalysts after cat.

CrOx/6.5Cu/Al203

CrOx/3.2Cu/Al203

CrOx/2.6Cu/Al203

H2 consumption (a.u.)

CrOx/Al203

T T T T T T T -
100 200 300 400 500 600 700
Temperature (°C)

Fig. 6. H,-TPR profiles of synthesized supports and catalysts.
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Table 3
Amount of hydrogen consumed during the H,-TPR experiments by supports and
catalysts.

Sample n Hp, pmol/g
Supports Fresh catalysts AHy(catsup)  After
catalysis

CrOy/Al,03 83 499 416 357
Cr0,/0.7Cu/Al,05 118 535 417 413
Cr0O,/1.3Cu/Al,05 175 590 415 437
CrO4/2.6Cu/Al,04 255 720 465 445
Cr0,/3.2Cu/Al,03 343 722 379 547
Cr0,/6.5Cu/Al,05 550 820 270 631

He et al., 2006) or the presence of a highly dispersed CuAl,04 spinel
(Yashnik et al., 2015). Lower temperature and higher intensity of
the H, consumption peak for the support containing 6.5% wt Cu
may evidence the reduction of dispersed copper oxide CuO
(Yashnik et al., 2015; Luo et al., 2005). With that, for this support
the high-temperature sloping shoulder at ~320 °C also retains that
indicates the presence of Cu?* cations in the structure of alumina
support.

The unmodified CrO,/Al,O3 catalyst is characterized by a single
peak of hydrogen consumption with a maximum at 330 °C that,
according to the literature data (Bugrova and Mamontov, 2018;
He et al., 2006; Hosseini et al., 2014), is attributed to the reduction
of Cr®" to Cr**. Introduction of 0.7% wt Cu insignificantly changes
the temperature profile for the catalyst accompanied by a shifting
of the hydrogen consumption peak from 330 to 351 °C. For other
catalysts containing 1.3-6.5% wt Cu, a significant changing of the
temperature profile occurs and is accompanied by a decreasing
of the reduction temperature of the main peak from 351 to
235 °C. This may evidence the promotion effect of Cu on the
reducibility of highly dispersed surface Cr species or weaker inter-
action between Cu-modified support and CrOy species.

The difference in the amount of H, consumed between the cor-
responding catalyst and support (AHy(catsup), Table 3) for CrOy/
Al,03 and Al,0s, Cr0O,/0.7Cu/Al,05 and 0.7Cu/Al;03, and CrO,/1.3-
Cu/Al,05 and 1.3Cu/Al,O03 pairs has close values. However, an
increase in the amount of the introduced Cu modifier to up to
2.6% wt results in the subsequent shifting of the main TPR peak
towards lower temperatures, a decrease in the peak area, and an
increase in the difference of the H, consumed by the catalyst and
support to up to 465 pmol/g that indicates a significant increase
in the share of the redox Cr®. For the catalysts with Cu content
of 3.2 and 6.5% wt, a decrease of the AHy(car-sup) Value is observed
that indicates a reduction of the share of Cr®". This is consistent
with the UV-vis results (since the absorption of Cr** is observed
in the spectra for these catalysts) and Raman spectroscopy data.

It is noteworthy that for the samples with copper content of 2.6,
3.2 and 6.5% wt, a difference in the TPR profiles between the sup-
ports and catalysts consists in the absence of the main reduction
peak for the support in the profile for the catalyst, and only its
high-temperature region partially retains (e.g., for the sample with
6.5% wt Cu there is no peak at 271 °C in the profile of the catalyst,
while the shoulder at 320 °C retains). This indicates Cu redistribu-
tion during the deposition of the active component, and the prob-
able formation of mixed or contacting phases of Cu and Cr takes
place. The co-reduction of these phases proceeds at lower temper-
atures as compared to the supports and the unmodified CrO,/Al,03
catalyst.

Thus, based on the TPR data it is possible to conclude that Cu
modifier facilitates an easier reduction of Cr®" species (Yashnik
et al., 2015; Yamamoto et al., 2002). The maximal amount of Cr®*
estimated on the basis of AHy(cat-sup) Value, is observed for the sam-
ple with 2.6% wt Cu. The subsequent increase in the amount of Cu
modifier results in a decrease in Cr®" content.

3.2. Catalytic properties in reaction of isobutane dehydrogenation

Catalytic properties of the synthesized catalysts were studied in
the isobutane dehydrogenation in a kinetic mode at the isobutane
conversion of 4.6-19.7% that was below the thermodynamic equi-
librium conversion for dehydrogenation-hydrogenation at 540 °C
(Sanfilippo and Miracca, 2006). The results obtained are repre-
sented as a conversion (X, %) and selectivity (S, %) dependence on
the dehydrogenation time during the six cycles (Fig. 7a), with the
oxidative regeneration and reductive activation being carried out
between the cycles similar to the Catofin process (Pat. WO, 2018).

All catalysts show close and high selectivities (97-99%) that are
determined by relatively low conversion values in the kinetic mode
and the absence or very low impact of the carbon deposition pro-
cesses that was confirmed by the TG-STA data during the study of
the catalysts cooled down in the inert atmosphere after six dehy-
drogenation cycles. For the catalysts with 3.2 and 6.5% wt Cu, the
selectivity gradually decreases from cycle to cycle that indicates
a negative effect of higher amounts of Cu modifier on the formation
of selective dehydrogenation sites in the catalyst.

The reference catalyst CrO,/Al,O3 shows the 10.3% conversion
during the first cycle, however, after the regeneration-reduction
treatment, the conversion increases to up to 13.3-14.0% during
the subsequent five cycles of the dehydrogenation reaction. This
effect indicates the run-in of the catalyst without subsequent deac-
tivation that can be connected with the redistribution of various Cr
species on the catalyst surface under the influence of oxidative and
reductive media.

The modified catalysts with Cu content of 0.7-2.6% wt are more
active during six catalytic dehydrogenation cycles as compared to
the unmodified one. The catalysts CrO,/0.7Cu/Al,05 and CrO,/1.3-
Cu/Al,03 show the conversion values of 15.9-16.5% at the first
cycle that slightly increases after the oxidative regeneration and
reduction and retains at the level of 15.3-17.2% up to the sixth
cycle. The catalyst with Cu content of 2.6% wt is characterized by
the highest conversion values at the first and subsequent cycles
(18-18.4%) that can be caused by the highest fraction of mono-
meric and dimeric Cr(VI) species in the catalyst shown by Raman
spectroscopy (Fig. 5).

For the catalysts with 3.2 and 6.5% wt Cu, the conversion at the
first catalytic cycle is 15.8 and 10.0%, respectively, while during the
subsequent catalytic cycles, their activity rapidly decreases (up to
11.3% and 4.6%, respectively). A reduction of the activity of these
samples as compared to those with 2.6% wt Cu can be connected
with the decrease of the total amount of Cr(VI) (according to TPR
data) as well as with Cr transition from monomeric species
towards less active dimeric and polymeric ones. For these catalysts,
the oxidative and reductive treatments between the dehydrogena-
tion cycles result in an activity decrease that can be caused by the
presence of poorly crystalline CuO in the samples and the fact that
the treatments can significantly affect the Cr distribution, e.g., due
to the formation of phases that contain both Cu and Cr.

Thus, the catalytic activity of the alumina-chromia catalysts is a
function of the Cu modifier content (Fig. 7b) and increases as the
Cu content grows to up to 2.6% wt The subsequent increase in Cu
content results in a decrease of activity and stability of the cata-
lysts. The activity is mainly determined by the amount and state
of redox Cr(VI) species. The introduction of moderate amounts of
Cu modifier (up to 2.6% wt Cu) increases both the fraction of redox
Cr(VI) species and stabilization of mononuclear and dimeric Cr(VI)
species, and their reduction prior to the catalytic process leads to
the formation of mononuclear and dimeric Cr(Ill) species and to
the corresponding increase of the activity in the isobutane
dehydrogenation.

The study of the catalysts after six catalytic cycles using H,-TPR
method (Fig. 6) allows estimating the fraction of the redox Cr
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Fig. 8. A scheme of active surface formation of preoxidized Cu-modified alumina-
chromia catalysts.

species in the aged catalysts. For CrO,/Al,03, a decrease of H, con-
sumption occurs along with a significant shift (by ~90 °C) towards
the high-temperature region that may be connected both with
increasing dispersion of CrOy species on the alumina surface and
with the formation of mixed chromia-alumina phases. The H,-
TPR profiles show that the introduction of copper results in a lower
shift of the H, consumption peak maximum towards the high-
temperature region that decreases from 35 to 10 °C as the amount
of the introduced Cu grows. It is noteworthy that after six catalytic
cycles, the CrO4/2.6Cu/Al;,05 sample retains a higher amount of
redox Cr(VI) species (Table 3) that is caused by the predominance
of mono- and dimeric Cr species on the surface of as-prepared cat-
alyst (Fig. 5).

Based on the results obtained by a complex of physical-
chemical methods, a scheme of active surface formation of Cu-
modified alumina-chromia catalysts is proposed (Fig. 8). For the
catalysts with Cu content below 2.6% wt, the formation of highly
dispersed Cu and active component in the form of mononuclear
species is observed. The catalyst with 2.6% wt Cu shows the highest

conversion that may be caused by the initiation of formation of
highly dispersed surface spinels and redistribution of active com-
ponent to yield higher fraction of dimeric Cr species.

Further increase in Cu content yields surface CuO phase along
with incorporated Cu and/or highly dispersed CuAl,04 that is con-
firmed by the UV-vis (Fig. 4a) and H,-TPR (Fig. 6) data. Hence, for
Cr0y/3.2Cu/Al,05 and Cr0O,/6.5Cu/Al,03 samples, a decrease of the
fraction of dimeric Cr species (Fig. 5) and the appearance of Cr(III)
species (Fig. 4b) is observed resulting in conversion decrease at the
second catalytic cycle (Fig. 7a).

4. Conclusions

Thus, the introduction of Cu modifier was shown to enhance the
activity of CrO4/Al,O3 catalysts in the fixed-bed isobutane dehy-
drogenation into isobutylene. Introduction of 0.7-6.5% wt Cu leads
to the changing of the distribution of CrOy species on the support
surface, significant growth of the amount of Cr®" species, and a
decrease of the catalyst reduction temperature from 330 to up to
235 °C. Cu modifier was shown to stabilize on the support surface
predominantly as copper cations incorporated into the structure of
alumina support, however, the increase of Cu content to up to 3.2
and 6.5% wt leads to the formation of highly dispersed copper
oxides.

The highest conversion towards isobutylene in the process of
isobutane dehydrogenation into isobutylene has been obtained
over the catalyst containing 2.6% wt Cu. The observed effect can
be explained by the incorporation of Cu into the alumina structure
that results in the stabilization of active component mostly as
monomeric and dimeric Cr(VI) species. The reduction of these spe-
cies prior to the catalytic process leads to the formation of the most
active mononuclear and dimeric Cr?* sites. The results obtained are
of practical importance for enhanced performance of industrial
catalysts for dehydrogenation of light paraffin hydrocarbons.

The increase of Cu content to up to 6.5% wt results in a decrease
in the amount of redox Cr(VI) species that decreases both catalyst
activity and selectivity. Thus, high content of Cu modifier has a
negative influence on the properties of alumina-chromia catalyst
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that may play a key role in the exploitation of alumina-chromia
catalyst along with Cu-containing heat-generating material in the
Catofin process. The addition of Cu onto the catalyst surface may
increase the activity, but high amounts of transferred Cu may lead
to fast catalyst deactivation.
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