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Abstract The CuO/Ceg 6,Zr( 330, catalysts with different Cu loading were pre-
pared by incipient wetness impregnation. The amount of Cu was 2, 4, 10 wt%. The
samples were characterized by X-ray diffraction, scanning electron microscopy
(SEM/EDX), N, adsorption and Raman spectroscopy. The acid and redox properties
of these catalysts were evaluated by isopropyl and z-butyl alcohol conversion. The
isopropyl alcohol conversion showed that all Cu/CZ catalysts possessed higher
activity than pure CuO and unmodified CZ support in dehydrogenation to acetone.
The strong interaction of the active phase with the support is responsible for this rise
of activity. Conversion of #-butyl alcohol confirmed the presence of acid centres. It
was found that the increase in the activity of Cu/CZ catalysts compared with the
unmodified CZ support is caused by the CuO active phase.

Keywords CuO/CeZrO, - Acid properties - Redox properties

Introduction

More than 90 % of the industrial production of chemicals is based on catalytic
processes. The most desired catalytic systems are those with multifunctional active
sites enabling efficient conversion of the reactants into expected products.
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Bifunctional catalysts with both acid-base and redox properties have been
successfully used in various industrial processes such as: reforming, partial
oxidation of light hydrocarbons and deNOx reactions [1-5]. The crucial parameters
influencing the catalytic activity of these systems are acid—base and redox properties
of their active sites. Therefore, the evaluation of acid—base and redox surface
properties of the catalysts has a key role in determination of the reaction mechanism
and elaboration of new catalytic systems with most suitable parameters.

There are many different methods to determine the acid—base or redox properties
of the catalysts. They can be characterized by spectroscopy, temperature
programmed desorption of species like CO, NHj or test reactions [3, 6-8]. The
most popular catalytic test reactions are conversion of alcohols (isopropanol,
2-butanol), isomerization of alkenes (l-butene) and cracking of hydrocarbons
(neopentane, cumene) [9-12]. The two latter groups of test reactions are often
applied in studies on acid-base catalysts while alcohol conversion is also used for
examination of redox catalysts.

The conversion of isopropyl alcohol is the most common test reaction for the
determination of both acid-base and redox properties of catalysts [8, 13—15]. The
process, in general, consists of three parallel reactions i.e.: dehydration to propene,
dehydrogenation to acetone and intermolecular dehydration to diisopropyl ether.
Dehydration to propene runs over acid or acid-base active sites and can be used to
examine their activity. Dehydrogenation to acetone gives information about activity
of redox and base active sites, while intermolecular dehydration to diisopropyl ether
tests the properties of acid active sites [8, 13—16].

The main product of #-butyl alcohol conversion is isobutene, formed as a result of
dehydration of alcohol molecules. This reaction is an indicator of the activity of the
catalyst acid sites.

In the past few years, ceria-zirconia mixed oxides have often been examined as
the supports or catalysts in various catalytic processes. These oxides are among the
most important components of catalytic systems in the NO, reduction process [17,
18]. The application of ceria-zirconia as the support is due to the oxygen storage/
release capacity, high surface area and good stability [19, 20]. Moreover, ceria-
zirconia has a promotional effect on noble and transition metals (or oxides) caused
by the specific metal-support interaction, which improves stability, enables high
dispersion and upgrades the redox properties of the active phase [21-24]. The
promotional effect of ceria-zirconia on the catalytic properties is also observed for
catalysts consisting of CuO dispersed on CeZrO, [25, 26]. The CuO/CeZrO,
catalytic system, due to its high activity and low price, is an alternative for the noble
metals (Rh, Pt) supported ceria-zirconia catalysts in the deNOx process [26]. The
CuO/CeZrO, catalysts can be applied in the selective catalytic reduction of NO by
hydrocarbons (HC-SCR) [26]. The literature data reveal that the HC-SCR reaction
pathway strongly depends on the catalyst and type of hydrocarbon used as a
reducing agent [27]. The reduction of NO and the activation of hydrocarbons
proceed over redox and acid-base sites respectively [28]. Therefore, catalysts
applied in HC-SCR should have both acid-base and redox active sites on their
surface. In the literature, there are many studies concerning the redox properties of
ceria-zirconia catalysts [17, 25, 26, 29]. Unfortunately, despite the role of acid—base
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sites and their evolution at variable temperature in the HC-SCR catalytic process,
very little data have been published about acid-base properties of CuO/CeZrO,
catalysts.

In this work, a series of CuO/CeZrO, catalysts with different Cu loading was
prepared.

The activity of examined catalysts was determined using the conversion of
isopropyl and #-butyl alcohol. The influence of various amounts of Cu in CuO/
CeZrO, on the catalytic activity and physicochemical properties of catalysts were
established. A correlation between the results obtained from the test reactions and
temperature programmed reduction was found.

Experimental

C;H,0H (99.5 %), C4HoOH (99.5 %), Cu(NO3),-3H,O were purchased from
POCH, and Ce ,Zr 330, was provided by RHODIA Electronics & Catalysts, CuO
(98 %) was purchased from AnalaR. All reagents were analytical grade and were
used as received.

Catalyst preparation

A series of CuO/Ce ¢,Zr 330, (named as Cu/CZ) catalysts with different amounts
of copper was prepared by the incipient wetness impregnation of the commercial
support. The CZ support was impregnated with copper(Il) nitrate aqueous solution.
In the next step, the samples were dried in the air at 393 K for 12 h and calcined at
823 K for 2 h. The amount of Cu was 2, 4, 10 wt% (Table 1) and the obtained
catalysts were denoted as Cu(2)/CZ, Cu(4)/CZ and Cu(10)/CZ.

Characterization of the catalysts

The specific surface area (SSA) of the support and Cu/CZ catalysts was determined
using the BET method (Brunauer-Emmet-Teller) by N, adsorption at 77.35 K on
the ASAP 2010 apparatus. Before measurements, the samples were degassed at
378 K until a stable vacuum of ca. 10~ Pa was reached.

The XRD patterns were recorded on a Siemens D5005 (Bruker-AXS, Germany)
apparatus using CuK,, radiation and operating at 30 kV and 50 mA. The data were
collected in the 20 range of 10°-90°.

Scanning electron microscopy (SEM) analysis was performed using SEM
QUANTA 250 FEG (FEI, USA) microscope equipped with EDS detector (type
SDD Apollo 10, EDAX) with resolution 129.11 eV. The measurements of surface
morphology and images of the samples were carried out in high vacuum, under the
acceleration voltage equal to 10 kV using LFD (SED/BSED) detector. The chemical
composition of the examined samples was established by using EDS detector under
the acceleration voltage 30 kV; quantitative and qualitative analysis—under high
vacuum, elemental mapping—under low vacuum. The quantitative measurements
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were performed for 10 points. The arithmetic mean of the values and the standard
deviations for all component elements of the samples were calculated.

Raman spectra were recorded on the Renishaw inVia spectrometer coupled with
a Leica DM 2500 M microscope. The ion-argon laser beam operating with an
excitation wavelength of 514 nm and the maximal laser power of 17 mW was used.
The measurement parameters were as follows: laser power—10 % (1.7 mW),
exposure time—10 s, number of scans—10, acquisition range 150-1500 cm™'.
Raman point by point mapping with a step size of 20 pm in both x and y directions
was performed in the area of 80 um x 80 pm. For each sample, 16 points were
analyzed to obtain an insight into the sample structural heterogeneity.

Catalytic test reaction

The oxidation—reduction and acid properties of the examined catalysts were
determined using the conversion of isopropyl and #-butyl alcohol. The measure-
ments were performed in a glass flow reactor with a fixed catalyst bed. The inner
diameter of the reactor was 18 mm. Isopropyl or #-butyl alcohol was diluted with
nitrogen. The mole fraction of both alcohols in nitrogen was 0.0179. The flow rate
of the mixture was 20 dm>/h. The GHSV was 10,000 h~! in all measurements.
The temperature was measured inside the catalyst bed. In each experiment,
approximately 2 g of the sample was used. The measurements were performed in
the kinetic region of the reaction (conversion below 20 %). In order to preserve
steady state conditions of the experiments, after each increase of temperature,
several samples of the product mixture were analyzed. The main measurements
were performed when there was no further increase in the concentration of the
products. The products were analyzed in situ using the gas chromatograph
(Agilent 7890A) with a flame ionization detector (FID). The products of the
reactions were separated using the capillary column type: DB FFAP with the
diameter 0.32 mm and the length 60 m, the thickness of the film was 0.25 um.
Before the reaction, all catalysts were standardized in the reactor at 400 K for 1 h
in the nitrogen flow.

The experimental data were used to determine the selectivities, the apparent
activation energies and the rates of reactions. The results are presented in the form
of Arrhenius plots of log(r) versus 1/T [30]. This simplification is justified by the
fact that the rate constant is directly proportional to the rate in this case. The linear
character of all Arrhenius plots is preserved in the examined temperature range. The
form of the rate equation of isopropyl alcohol conversion was elaborated previously
[31] and is as follows: r = k-pg;., where r is the reaction rate, Kk is the rate constant,
Palc 18 the partial pressure of isopropyl alcohol n is the reaction order.

The rates of the reactions are calculated per unit surface area of catalysts and per
number of Cu®" active sites. The number n of Cu®" active sites per unit mass of the
catalyst was calculated from the equation:

_ 2-Scuojcz
S
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where S,, is the mean surface area of the face in the unit cell in m%, Scuo/cy is the
surface of CuO phase in the catalysts in m*/g, 2 is the average number of Cu*"
cations on the face of the unit cell.

Scuorcz was calculated by multiplying SSA of the catalyst and the fraction of
surface of the support occupied by CuO. S;, was calculated from the following
equation:

g _2iUiPi
" ZiUi

where P; is the surface of the face i in m2, U; is the contribution of the face i in the
unit cell.

The calculations of P and U were performed for the faces with low Miller indices
assuming that the faces (and their contributions) are proportional to the period in the
direction perpendicular to the given face. The parameters of CuO unit cell taken into
account in the calculations were those of tenorite structure: a = 4.6837 A,
b = 3.4226 A, c = 5.1288 A, B = 99.54°.

Results and discussion
X-ray diffraction

Fig. 1 presents XRD diffractograms of the support and Cu/CZ catalysts. The XRD
diffractograms of the unmodified support and Cu/CZ catalysts show reflections
typical for the fluorite cubic structure of the ceria-zirconia (JCPDS 01-078-0694).
The detailed interpretation of the ceria-zirconia solid-solution XRD spectrum was
presented in our previous work [25]. The XRD diffractogram of Cu(10)/CZ shows
reflections characteristic for CuO tenorite structure (JCPDS 04-009-2287). These
reflections are only observed for the catalyst with the highest Cu loading. For
catalysts with 2 and 4 wt% of Cu, there were no reflections characteristic of the
CuO phase. It suggests that in the catalysts Cu(2)/CZ and Cu(4)/CZ, the particles of
copper oxide may be either amorphous or too small to be detected. Additionally, a
certain amount of CuO may be partially integrated into CeO, of the support. It is
manifested by the decrease of lattice parameters of the support, because the ionic
radius of Cu®* (25 = 0.73 A) is smaller than the ionic radius of Ce**
(r&E = 0.97 A). [32-35]. The analysis of the values of lattice parameters collected
in Table 1 shows the decrease of lattice parameters for all catalyst related to
unmodified support. On the basis of these results, we can conclude that the CuO
phase of Cu/CZ catalysts can be either amorphous (for lower loading) or crystalline
with different crystallite size and different dispersion or can be partially
incorporated in the ceria-zirconia surface—subsurface layers. The average size of
crystallites of the CuO active phase and the CZ support calculated from the Scherrer
equation is presented in Table 1. The values of crystallites size for pure and
modified CZ support are the same. It indicates that during Cu/CZ preparation there
is no sintering or augmentation of crystallites size of ceria zirconia mixed oxides.
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Fig. 1 XRD patterns of the
support CZ (a) and catalysts: L4
Cu(2)/CZ (b), Cu(4)/CZ (c),
Cu(10)/CZ (d)

Intensity (a.u.)

20 30 40 50 60 70 80 90
20 (deg)

The crystallite size of CuO in Cu(10)/CZ is almost 8 times higher than for the CZ
support and is equal to 56.8 nm, which suggests the agglomeration effect of CuO in
this sample. For the catalysts with lower loading, the size of CuO crystallites was
probably much lower than in Cu(10)/CZ, and presumably even lower than in the CZ
support.

Specific surface area and scanning electron microscopy

The values of specific surface area and pore volume for unmodified CZ, Cu/CZ
samples and pure CuO are collected in Table 1. The specific surface area (SSA) of
unmodified CZ is 138 m?g~'. After impregnation, the value of SSA decreases with
the increase of CuO loading. The values of SSA for catalysts Cu(2)/CZ, Cu(4)/CZ
and Cu(10)/CZ are: 113, 109 and 101 m?g~". The drop of SSA for Cu(10)/CZ is
significant. This effect confirms the existence of less dispersed and bigger
agglomerates of CuO on the surface of the support. For Cu(2)/CZ and Cu(4)/CZ
the SSA values are higher than for Cu(10)/CZ, which suggests better dispersion and
lower crystallite size of the CuO active phase. Pore volumes of Cu(2)/CZ, Cu(4)/
CZ, Cu(10)/CZ samples are practically identical. Additionally, it is also visible that
in comparison with unmodified CZ support, the pore volumes of the Cu/CZ systems
decrease. This effect is similar for all Cu/CZ samples irrespective of the amount of
CuO. In all catalysts, during impregnation, smaller grains of CuO block pores of the
CZ support.

@ Springer



748 Reac Kinet Mech Cat (2015) 115:741-758

In order to confirm information about the structure and dispersion of the CuO
active phase on the surface of the CZ support, SEM/EDX analysis with elemental
mapping was performed. SEM images of all catalysts reveal that the size of grains
of the support is between 5 and 50 um and the shape of bigger grains is spherical. It
is clearly seen that these surfaces are more exposed for the deposition of CuO, than
the smaller grains of the support. Fig. 2 shows SEM mapping images of Cu(2)/CZ,
Cu(4)/CZ, Cu(10)/CZ. For better visualization of the dispersion of copper oxide on
the surface of ceria-zirconia mixed oxide, light color represents CuO and the
support is depicted in dark color. The SEM images mapping of Cu/CZ catalysts
show that better dispersion of CuO crystal phase is characteristic for samples with
lower loading of Cu i.e.: Cu(2)/CZ, Cu(4)/CZ (Figs. 2a and b). When the amount of
Cu is 10 wt % we can observe the formation of CuO agglomerates (marked with
arrows) on the surface of the support (Fig. 2c).

Raman spectroscopy

The XRD and SEM analysis of composition of Cu/CZ catalysts is well
complemented by Raman spectroscopy. For all catalysts, Raman point by point
mapping was performed to prove the existence of all phases on the surface of Cu(2)/
CZ, Cu(4)/CZ, Cu(10)/CZ samples. From 16 spectra registered for each sample, two
or three representative were chosen.

In the spectrum of pure CZ support three peaks are observed. According to the
literature, the most intensive peak around 475 cm™' corresponds to a cubic fluorite
structure [36]. The presence of weak bands at ca. 302, 624 cm™' is assigned to a
tetragonal displacement of oxygen atoms from their ideal fluorite lattice positions
[37]. In the crystalline pure CuO sample, three Raman bands centered at ca. 297,
345 and 627 cm™ " are observed [38]. Fig. 3 shows three sets of spectra of Cu/CZ
catalysts. Spectrum a corresponds to the component copper oxide phase of the
Cu(10)/CZ catalyst. Spectrum b proves the presence of a mixture of CuO (bands
centered at 297, 344 and 627 cm™ ') and CZ phase (band centered at 475 cm ™).
Spectrum ¢ may be attributed to the CZ support with the most intensive band at
475 em™"'. Two residual peaks at 295 and 625 cm™' can be assigned to the CuO
additive. There is no evidence of pure support on the surface of Cu(10)/CZ catalyst.
It indicates that in this catalyst, the significant coverage of the support with the
active phase is achieved. Additionally, in some areas agglomerates of copper oxide
are present (pure phase of CuO was also registered). Spectra d, e and f correspond to
the CuO component phase (bands centered at 297, 343 and 630 cm_l), Cu/CZ
mixture phase (bands centered at 297, 345 474 cm™ ', and 629 cmfl) and CZ
(bands centered at 302, 475 and 625 cm™! ]) phase of Cu(4)/CZ catalyst. Contrary to
the sample Cu(10)/CZ, the Raman spectra of Cu(4)/CZ show the presence of the
pure CZ phase. The smaller amount of CuO deposited on the surface of the support
entails uncovered areas of the CZ phase. The spectra of Cu/CZ mixture (bands
centered at 297, 344, 475 and 627 cm ™', Fig. 3f) and CZ support (bands centered at
302, 475 and 624 cm™', Fig. 3g) were registered for sample Cu(2)/CZ. There is no
trace of CuO pure phase in this catalyst. It may be due to the homogenous dispersion
of copper oxide on the surface of ceria-zirconia and the lack of agglomeration effect
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Cu(10)CZ (a)

Cu(10)CZ (b)
Cu(10)CZ (c)

Cu(4)CZ (d)
Cu(4)CZ (e)
Cu(4)CZ (f)

Cu(2)CZ (g)
Cu(2)CZ (h)
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Fig. 3 Raman spectra of samples: Cu(10)/CZ (a—c), Cu(4)/CZ (d-f), Cu(2)/CZ (g, h)

confirmed by SEM images mapping. The values of Raman shifts for CuO
component phase in all Cu/CZ catalysts are similar to those of pure copper oxide. It
may indicate that on the surface of the catalysts the bigger grains of CuO are more
exposed.

Kinetic measurements of isopropyl alcohol conversion

The conversion of isopropyl alcohol may lead to three main products: acetone,
propene and diisopropyl ether. Acetone is produced over redox and/or base surface
active sites, whereas propene and diisopropyl ether are formed over acid-base
active centeres of oxide catalysts [8, 15, 16, 39]. In the case of oxides with one
stable oxidation state, the dehydrogenation proceeds over basic Lewis active sites.
For metal oxides in various oxidation states (e.g.: Ce*t and Cu** ions), the
dehydration and dehydrogenation take place over redox active sites, because
according to the literature, redox sites (metal cations M"") reveal both redox
properties and Lewis type acidity at higher temperature [8, 15].

The results of kinetic measurements of dehydrogenation of isopropyl alcohol to
acetone over Cu/CZ catalysts, pure CuO and unmodified CZ support are displayed
in Fig. 4 in the form of Arrhenius plots (the reaction rate is calculated with respect
to the unit surface area of the catalyst). Dehydrogenation to acetone starts in the
lower temperature range for Cu/CZ than for pure CuO and CZ support. All Cu/CZ
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Fig. 4 Arrhenius plots for the dehydrogenation of isopropyl alcohol to acetone over catalysts: Cu(2)/CZ,
Cu(4)/CZ, Cu(10)/CZ, CZ and CuO, the reaction rate in mol/(s m>)

catalysts are more active than the unmodified support and reveal similar activity to
the pure copper oxide. It indicates that for Cu/CZ, dehydrogenation runs over active
sites situated on the active phase (deposited CuO) of the catalyst. It also shows the
promotional effect of the support, because contrary to the pure CuO, in Cu/CZ
catalysts, only a fraction of the surface is active in dehydrogenation, whereas the
reaction rate is calculated with respect to the entire specific surface area of the
catalyst.

The activity of Cu/CZ is hardly susceptible for the changes in the amount of
deposited CuO. It is only slightly higher after increasing the amount of copper
oxide. Two major aspects are crucial in understanding of such behavior. The first
one is the number of active sites. On one hand, deposition of the higher amount of
the active phase should create more active sites. On the other hand, the
agglomeration effect occurs (confirmed by SEM images mapping analysis and
XRD). As a result, the higher amount of deposited copper oxide causes only the
growth of bigger crystallites and does not create additional active sites. The second
aspect is the influence of the support on the active phase of the catalyst. The higher
the dispersion of the CuO phase (smaller size of crystallites) on the surface of CZ
support, the better the interaction between copper oxide and CZ. Active sites located
on bigger crystallites may act like these of pure CuO, because they are isolated from
the support.

Better visualization of the influence of the effects discussed above is achieved
when comparing the activity of the examined catalysts by taking into account the
reaction rate calculated with respect to the amount of Cu**active sites (Fig. 5). All
Cu/CZ catalysts are more active than pure CuQO. The increase in activity of
supported samples confirms the promotional effect of ceria zirconia mixed oxides
on the activity of the CuO phase. The features of the CZ support such as easy
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Fig. 5 Arrhenius plots for the dehydrogenation of isopropyl alcohol to acetone over catalysts: Cu(2)/CZ,
Cu(4)/CZ, Cu(10)/CZ, CuO, the reaction rate in mol/(s n2%), n-the number of Cu®* active sites

change of oxidation state of ceria from Ce*™ to Ce** and extraordinary mobility of
lattice oxygen/oxygen vacancies from the bulk to the surface, induce promotional
effect on the redox properties of the active phase/CZ support catalytic systems [19,
20, 24, 25]. It has been found in the literature that there is a very strong interaction
between Cu and Ce atoms. When the reduction of Cu®* to Cu* or Cu’ occurs, the
Ce*" jons from the support act as oxidizing agents for Cu?*/Cu™ particles
(Cu™ 4 Ce*" = Ce’ 4+ Cu?™). The equilibrium between copper and ceria cations
is achieved and it stabilizes copper cations on the surface of the support, even in
strongly reducing atmosphere [34, 39]. In Cu/CZ catalysts, the interaction between
the active phase and the support is strong enough to induce the most effective
regeneration of the active phase surface, which leads to the rise in the reaction rate
while increasing the temperature. This is confirmed by the values of activation
energy of dehydrogenation to acetone (Table 2). The values of activation energies
for all Cu/CZ catalysts are much higher than for pure CuO. It shows the influence of
the CZ support on the catalytic activity of deposited CuO. The value of activation
energy is very sensitive to changes in the number of active sites of the catalyst [15].

Table 2 Activation energy of

isopropyl alcohol conversion to Catalyst E, (kJ/mol) Dehydrogenation to acetone
acetone cz 407 £10

Cu(2)/CZ 1184 £ 6.3

Cu(4)/CZ 1250 £ 4.4

Cu(10)/CZ 107.8 £ 4.8

CuO 833 £ 6.7
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Table 3 Selectivity of

ate Q 1vi 0
isopropyl alcohol conversion to Catalyst Selectivity (%)
acetone and propene 390 K 410 K
Propene Acetone Propene Acetone

CZ 0.1 99.9 0.3 99.7
Cu(2)/CZ 0.3 99.7 0.1 99.9
Cu4)/CZ 0.2 99.8 0.2 99.8
Cu(10)/CZ 0.1 99.9 0.3 99.7
CuO 0.2 99.8 0.1 99.9

When the reaction runs over active sites, which are deactivated during the process,
the value of activation energy decreases. When the creation of new active sites
occurs during the process the activation energy increases. If the number of active
sites remains the same, the value of activation energy depends mainly on the
properties of active sites. In Cu/CZ catalysts, where the type of the active phase is
the same for all samples, the differences in activation energy values are due to the
efficient interaction between the active phase and the support. Higher values of
activation energy for Cu/CZ samples than for pure CZ support indicate that the
obtained catalysts exhibit better redox properties. It is also confirmed by the
measurement of temperature programmed reduction of the catalysts by hydrogen
(H,-TPR) shown in our previous work [25]. The consumption of H, is higher for
Cu/CZ catalysts than for the CZ support. The reduction is shifted to the lower
temperature range. It shows that Cu/CZ catalysts are more susceptible for reduction
than the pure support.

The values of selectivity of isopropyl alcohol conversion are collected in Table 3.
All examined catalysts, pure CuO and unmodified support are active mainly in the
dehydrogenation to acetone. Only traces of dehydration products (propene,
diisopropyl ether) are detected. The low activity in dehydration is due to the weak
acid properties of Lewis active sites of the catalysts. These sites are activated at
higher temperatures, which is clear from the data obtained for the pure support.
Because of the lower activity of CZ, the kinetic measurements were performed at
higher temperatures than for Cu/CZ samples. For pure CZ, the rates of conversion to
propene and to acetone become equal at the temperature ca. 515 K. For Cu/CZ
catalysts, the kinetic measurements were performed at lower temperatures
(340410 K) because of their higher activity. Under these conditions, Lewis acid
sites are barely active. The creation of diisopropyl ether is only observed for the
pure support at temperatures above 480 K.

Kinetic measurements of ¢-butyl alcohol conversion
t-Butyl alcohol conversion was carried out to confirm acid and redox properties of
the active phase in Cu/CZ catalysts. The molecule of #-butyl alcohol is bigger than

the molecule of isopropyl alcohol. The size of the #-butyl alcohol molecule limits
penetration into the CZ support in Cu/CZ samples. In this case, the direct reaction
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Fig. 6 Arrhenius plots for the dehydrogenation of #-butyl alcohol to isobutene over catalysts: Cu(2)/CZ,
Cu(4)/CZ, Cu(10)/CZ, CuO, the reaction rate in mol/(s n%ﬁ), where n-the number of Cu®" active sites

over active sites of the support is no longer possible. Therefore, #-butyl alcohol
conversion is convenient to probe the activity of CuO phase in Cu/CZ systems. This
assumption is well demonstrated by the results of kinetic measurements of
dehydration of #-butyl alcohol to isobutene over Cu/CZ catalysts and pure CuO
(Fig. 6) (the reaction rate is calculated per number of Cu®" active sites). The
activities of Cu(2)/CZ, Cu(4)/CZ, Cu(10)/CZ in the higher and lower range of
temperature are practically the same and overlap the activity of pure CuO. These
data prove similar properties of acid active centers of pure CuO and Cu/CZ samples.

The results of the kinetic measurements of dehydration of #-butyl alcohol to
isobutene over Cu/CZ catalysts, CuO and the support are shown in Fig. 7. The
reaction rate is calculated per unit surface area of the catalyst, which enables the
discussion about the number of sites on the surface of Cu/CZ being active in the
examined reaction. Cu/CZ catalysts and pure copper oxide show higher activity than
the support. Copper oxide exhibits the best acid properties. Therefore, the number of
acid active sites of Cu/CZ catalysts should increase with higher loading of CuO.
This tendency is maintained only at higher temperatures (above 450 K) for Cu/CZ
catalysts. At lower temperatures, the activity increases with higher loading of the
active phase, but only for Cu(2)/CZ and Cu(4)/CZ samples, whereas the activity of
Cu(10)/CZ is similar to the activity of Cu(4)/CZ. This phenomenon can be
associated with the availability of the active sites on the surface of the catalysts
studied. The active sites of catalysts with low loading are more accessible than in
Cu(10)/CZ. The size of crystallites of the active phase and the degree of dispersion
play an important role. For the catalysts with low loading, the active phase is well
dispersed on the surface of the support, which leads to the increase in the number of
active sites and the higher catalytic activity. Therefore, for 2 and 4 wt% CuO
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Fig. 7 Arrhenius plots for the dehydrogenation of #-butyl alcohol to isobutene over catalysts: Cu(2)/CZ,
Cu(4)/CZ, Cu(10)/CZ, CZ and CuO, the reaction rate in mol/(s m?)

Table 4 Activation energy of #-butyl alcohol conversion to isobutene and acetone

Catalyst E, (kJ/mol)
Dehydration to isobutene Dehydration to isobutene Dehydrogenation
(below 450 K) (above 450 K) to acetone
CZ 78.8 £ 1.9 122.7 £ 3.5 89.9 £ 32
Cu(2)/CZ 120.3 £ 4.9 843 £ 1.7 604 + 6.3
Cu(4)/CZ 116.7 £ 5.4 87.6 £3.2 81.6 £ 34
Cu(10)/CZ 1174 £ 45 885+ 1.6 716 £5.2
CuO 1253 £ 4.0 705 +£ 3.3 69.3 £ 4.7

loading, the catalytic activity increases. In the case of Cu(10)/CZ catalyst, the
significant amount of active phase exists in the form of agglomerates, so the access
to acid sites is difficult. As a result, no significant increase in activity is observed for
the highest loading in comparison to other Cu/CZ catalysts. The available literature
data suggest that Ce**/Ce**, Zr*" ions of the support are acid sites [40]. However,
in the case of Cu/CZ catalysts, mainly CuO molecules act as acid sites. This is
confirmed by the values of activation energy of the catalysts studied, which are
similar to the value of CuO rather than CZ (Table 4). Since the molecule of 7-butyl
alcohol is large, its access to Ce*™/Ce*", Zr*™ ions can be difficult, when CuO is
deposited on the support. The accessibility of these ions and their direct
participation in the conversion of #-butyl alcohol can be limited by higher loading
and better dispersion of the active phase on the surface of the support. At higher
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Table 5 Selectivity of #-butyl alcohol conversion to isobutene and acetone

Catalyst Selectivity (%)

400 K 420 K 440 K

Isobutene Acetone Isobutene Acetone Isobutene Acetone
czZ 67.4 32.6 85.3 14.7 93.6 6.4
Cu(2)/CZ 40.0 60.0 67.0 33.0 84.6 154
Cu(4)/CZ 48.9 51.1 74.6 25.4 89.0 11.0
Cu(10)/CZ 40.5 59.5 67.5 32.5 85.1 14.9
CuO 52.0 48.0 63.6 36.4 72.9 27.1

temperatures, differences in activity between Cu(4)/CZ and Cu(10)/CZ catalysts are
more noticeable. The activity increases with higher loading of the active phase, but
above 450 K, the increase of the reaction rate is lower than below this temperature
(the slope of plots decreases). It is due to the fact that at higher temperatures Cu®"
ions are reduced to Cu™ and further to Cuo, which induces a decrease in the number
of acid active sites [41]. It is consistent with H,-TPR results reported in [25], where
in the similar temperature range, reduction of CuO and CeO, on the surface was
observed. The reduction of Cu®" also causes the decrease in the activation energy
(Table 4).

Table 5 shows selectivity of r-butyl alcohol conversion. Apart from isobute-
ne, the formation of acetone is also observed. Acetone is probably formed as a result
of destructive oxidation of #-butyl alcohol. The oxidizing agent is the lattice oxygen
of CuO and/or the support (measurements were performed in the absence of gaseous
oxygen). The other possibility is that #-butyl carbocation undergoes oxidation,
before transformation to isobutene [13]. All Cu/CZ catalysts, as well as the support
and pure CuO exhibit activity in the formation of acetone. The results of the kinetic
measurements of acetone formation over Cu/CZ catalysts, CuO and the support are
shown in Fig. 8 (the rate of reaction was calculated with respect to the unit surface
area of the catalyst). The support is the least active in the formation of acetone.
Although it can release the lattice oxygen, it contains weaker active sites over which
the formation of acetone can proceed. CuO exhibits the highest activity in the
formation of acetone. It undergoes gradual reduction during the reaction. At around
430 K a rapid increase in activity is observed, which can be explained by the
reduction of surface layers of CuO. Reduction of CuO to Cu is a topochemical
process accompanied by generation of dislocations and other extended defects in
whose vicinity low-coordinated Cu atoms with enhanced catalytic activity can be
located [42, 43]. Cu/CZ catalysts exhibit lower activity than pure CuO, but are more
active than the pure support. Among Cu/CZ catalysts Cu(2)/CZ is slightly less
active than Cu(4)/CZ and Cu(10)/CZ. Cu(4)/CZ is more active than Cu(2)/CZ which
is caused by the higher number of active redox sites participating in the reaction.
Despite higher loading with the active phase, the activity of Cu(10)/CZ is similar to
other catalysts, which is due to the size and dispersion of CuO crystallites. The
agglomeration effect hinders surface re-oxidation and lowers the number of active
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Fig. 8 Arrhenius plots for the oxidation of #-butyl alcohol to acetone over catalysts: Cu(2)/CZ, Cu(4)/
CZ, Cu(10)/CZ, CZ and CuO, the reaction rate in mol/(s m2)

sites. Cu/CZ catalysts do not show the rapid increase in activity at 430 K, as in the
case of pure CuO (Fig. 8). Above 430 K, the activity of Cu/CZ catalysts starts to
decrease, which is caused by the insufficient amount of lattice oxygen in the active
phase to maintain the reaction.

Conclusions

A series of catalysts Cu/CZ with various amounts of CuO active phase was
synthesized. The composition, morphology, redox and acid properties of the
obtained samples were established. Raman spectroscopy, XRD and SEM-mapping
analysis confirmed good dispersion of the active phase for less loaded catalysts. The
agglomeration effect was observed for the catalyst with the highest amount of CuO.
The conversion of isopropyl alcohol showed that all Cu/CZ catalysts revealed major
activity in dehydrogenation of alcohol to acetone. It indicated that the reaction
mainly ran over redox active centers. Conversion of #-butyl alcohol confirmed the
presence of acid centers. It has been found that the increase in activity of Cu/CZ
catalysts compared with unmodified CZ support is caused by the CuO active phase.
Additionally, it has been shown that catalytic properties of Cu/CZ samples depend
on the dispersion of the active phase on the surface of the support. Good dispersion
implies both better accessibility of redox and acid sites and efficient interaction
between CuO and ceria zirconia mixed oxides. This interaction improves redox
properties and stabilizes the acidity of the surface.
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