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Abstract

Chromium catalysts (2—3 wt% Cr) supported op®4 and ZrGQ/Al O3, prepared with Cr(N@)3 - 9H,0 or K,CrO4, were characterized
and studied in the isobutane dehydrogenation. Depending on the chromium salt and the suppoEr£§) and KyCrO,4 species were
observed in the calcined samples, and amorphog®£remained after reduction with4 The preparation of Zrgy Al ,03 support yields
zirconia dispersed on the surface of alumina. In thgZ8D,/Al,03 calcined catalysts, the chromium sites were distributed on the ZrO
and AbOj3 surfaces. The ©@chemisorption and the activity and selectivity to isobutene were also affected by the chromium species distrib-
ution. The addition of potassium decreased thecBemisorption. In the isobutane dehydrogenation, the turnover number and selectivity to
isobutene increased for the catalysts prepared wBrk,.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction vacancies linked to an ©ion of the support [5], obtained
from the reduction of Crt species [18-20]. On the con-
Chromium catalysts supported on alumina or on silica trary, other authors reported that the>Cractive sites are
are used industrially in dehydrogenation and polymeriza- derived from the & species [3,6,11]. Cavani et al. [3]
tion reactions, respectively [1,2]. Among the applications suggested that @t species, formed after calcination of the
of Cr/Al,03 catalysts, isobutane dehydrogenation yielding Cr/Al,Os catalyst, are more active sites thar*Cspecies
isobutene, intermediary in the production of mettit- obtained from the reduction of Er. Besides, the activity
butyl ether (MTBE), is noteworthy [3-11]. About 25% of of the C#* site has also been reported [5], although Weck-
the world production of MTBE is obtained by this route [1]. huysen et al. [10] reported that Er sites are more active
MTBE is added to gasoline to improve the octane number, than the C#* sites. The characterization of theXtrspecies
yielding cleaner burning fuel [12], but the contamination of in chromium catalysts is carried out by, ©hemisorption at
drinking water and groundwater by MTBE is causing its low temperature [21-24]. Recently, we usegl éemisorp-
elimination as a gasoline additive [13]. However, an im- tion in association with the dehydrogenation reaction [25].
portant amount of isobutene is used to produce butyl rub- We also showed that£{rhemisorption at low temperature is
ber, polyisobutylene, and other specialities [14]. Besides, appropriate for characterizing the amorphou%Gspecies.
oxidative and nonoxidative isobutane dehydrogenation with  Dopants (e.g., potassium) are used in order to increase the
chromium catalysts still deserves a interest in the literature activity and selectivity to isobutene. The addition of potas-
as a model reaction [15-17]. sium changes the behavior of chromium catalysts for the
The active site for isobutane dehydrogenation is reportedisobutane dehydrogenation. Cavani et al. [3] observed an in-
to be the mononuclear &r species with two coordinative  crease in the activity of Cr/ADs catalysts with 15.3 wt%
CrOs and less than 1 wt% #O. This result was ascribed
mspon ding author. to the formation of potassium chroma‘Fe at the expenses of
E-mail address. lidia@peq.coppe.ufrj.br (L.C. Dieguez). amorphous C?rF andq-Cr203 in the calcined catglysts. The
1 present address: Escola de Quimica, Universidade Federal do Rio dePromotion with alkali metals is also reported to increase the
Janeiro, CEP 21949-909, Rio de Janeiro, Brazil. selectivity for dehydrogenation reactions due to the reduc-
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tion in the number of acid surface sites [26,27]. The most 2. Experimental

recent studies report the characterization of the chromium

species in the surface of different supports and to relate 2.1. Sample preparation

them with the activity for dehydrogenation [3,4,6,25]. De

Rossi and co-workers [4,5,7,28] studied the dehydrogena- The catalysts were prepared in a rotatory evaporator by
tion reaction with chromium catalysts over different supports wet impregnation of aqueous solutions (15 gqsupport) of

and with the addition of potassium. Comparing the supports Cr(NOgz)s - 9H,O (Acros) or KCrO4 (Acros) in y-Al,03
Al203, SIOp, and ZrQ, the influence on the activity is at-  (Engelhard), Zr@, and ZrQ/Al,03. The ZrQ /Al 203 sup-
tributed to the control of the Gt concentration, the sta-  port was also prepared in a rotatory evaporator by wet im-
bilization of the CPt species formed after reduction, and pregnation of an aqueous solution (15/mly-Al,03) of

the supply of the oxygen bond to the active site. The dehy- the zirconium acetate hydroxide (Z({8302)1.4 - (OH)2.6,
drogenation activity was found to be substantially higher for Aldrich) andy-Al20g, followed by calcination under dry air
chromium catalysts supported on Zr@an on AbO3 or on flow at 823 K for 1 h. The ZrQwas prepared by calcination
SiO,. The addition of potassium in Cr/ZgCratalysts was  of the zirconium acetate hydroxide in a furnace at 1123 K
reported to reduce the activity, a fact ascribed to the reactionfor 4 h with dry air flow (30 cm/min). The catalysts pre-
between the © surface sites of the support in the vicinity of  pared with this support were used as reference materials for
the amorphous Gr species with potassium ions, reducing the characterization analyses. After impregnation, the cata-
the number of active sites [5]. However, despite presenting lysts were dried at 393 K for 18 h and calcined at 773 K
larger thermal stability and smaller acidity [3], the zirconia for 1 h; the resulting chromium contents were in the range
presents smaller specific surface, typically about 50gn 2—-3 wt% Cr and potassium in the range 3-4 wt% K for the
than the usual supports, a8k and SiQ (100-600 M/g). samples prepared with potassium chromate. Physical mix-
Many efforts have been made to produce ZsDpports with tures of Cr@, Cr203, and KCrO4 (3 wt% Cr) with Al,O3
higher surface area [29,30]. were also prepared by careful grinding both components

The preparation and characterization of Zf@l 03 sys- in an agate mortar. The samples were designated as CrXY,
tems have been studied [31-33]. Damyanova et al. [31] re-where X represents the precursor salt (N, nitrate, or C, chro-
ported that the monolayer of zirconia over alumina is formed mate) and Y represents the support (Zr, Zr@al, Al ,0s;
in the range 13-17 wt% Zr ZrO,/Al,03 supports have  and ZrAl, ZrQ, /Al 2,03).
been prepared and characterized in our laboratory. Souza
et al. [34-36] prepared PZrO,/Al,03 catalysts with 1— 2.2. Characterization
20 wt% ZrQ and observed that surface coverage of zirconia
on alumina increased to 10 wt% of Zs(falling above this The elemental analysis of zirconium in the Zy@l,03
concentration, due to the nucleation of zirconia crystallites. support was performed by X-ray fluorescence (FRX) and
The introduction of ZrQ in the AlLO3 surface occurs due the determination of chromium and potassium in the cata-
to the formation of Zr—O-Al bonds the strength of which lysts was accomplished by atomic absorption spectroscopy
decreases with the ZgCcontent. The stronger Lewis acid  (AAS).
sites decrease relative to the weak ones when increasing the The specific surface areas, pore volume (PV), and average
ZrOy content. The lower acidic character of Zr@dcreases  pore diameter (PD), calculated ag ASgeT, were measured
the activity to dehydration and dehydrogenation reactions with a Micromeritcs Model ASAP 2000 equipment, using
due to the reduction of cracking and coking side reactions Ny at 77 K. The samples were outgassed for 18 h at 573 K
[5,31,32]. before the measurement oplddsorption.

To our knowledge, there are no studies concerning the The decomposition behavior of the Zid302)1.4 -
isobutane dehydrogenation on/ZrO,/Al,03 catalysts in (OH)2.6 and the ZrQ@/Al 03 support was accomplished by
the literature. In a previous work, CAl,O3 and CrySiO, DTA/TGA analysis using a Rigaku Thermal Analysis Sta-
catalysts, prepared with different chromium salts, were char- tion TAS100 equipment. The samples (4 mg approx) were
acterized and submitted to isobutane dehydrogenation [25].heated from room temperature to 900 K (rate 1@rkn) un-

The Cr/SiO, catalysts showed a decrease of both activ- der 17% Q/N» (60 cn?/min) mixture flow. Alumina was
ity and selectivity due to the interaction between potassium used as a reference material.

and the & groups in the neighborhood of the &ractive X-ray diffraction (XRD) measurements were carried out
site. However, the potassium chromate catalyst supported orwith the calcined samples and supports, employing a Rigaku
Al20O3 showed an increase of the activity and selectivity to Miniflex difractometer (voltage, 30 kV, and current, 15 mA),
isobutene [25]. In the present work, chromium catalysts sup- equipped with a copper tube & 1.5417 A) and a graphite
ported on ZrQ@/Al,03 were prepared with Cr(N§)s - 9H,0 monochromator, operated in the step-scan mode°(265
and K CrO4 seeking to conjugate the properties of the zir- per step and counting for 2 s per step.

conia in a support of higher area. Finally, the catalysts were  Temperature-programmed reduction (TPR) of Was
submitted to the isobutane dehydrogenation, correlating theperformed in a Pyrex U-tube reactor with an on-line ther-
chromium species with the activity and selectivity. mal conductivity detector (TCD). The catalysts (0.5 g) were
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dried at 773 K for 1 h with argon flow (AGA, 99.99%) and Table 1
reduced from 298 to 1023 K (10#nin) with 1.6% H/Ar Textural characteristics of the supports

flow (30 cn?/min). The TCD, connected to a PC computer, support SBET (M?/g) PV (cn?/g) PD (&)
allowed study of the reduction profiles obvith the tem- y-Al,03 212 0.46 118
perature. Zr0y/Al,04 214 0.46 80

Diffuse reflectance spectroscopy (DRS) analyses were
done on a Varian Cary 5 UV-VIS-NIR spectrophotometer

equipped.with a Praying Mantis Qiffuse reﬂgction device of ZrO, over the AbO3 support caused no reduction in the

fromh Harrick. Sfp8e(():(t)ra2v8/gre taken mdthe calgmed catt_]aly;ts, surface area of the ZrpAl ,O3 support in comparison with

Itn tteé::gpggrsa . dnszmt'or e(r: to E éegle t % 5" the alumina. The Zrey Al,03 support presented 6.8 wt%

inc /Cr°" species distribution. Crg) Ko or 4, an ZrO, from the X-ray fluorescence (XRF) analysis.

o-Crz03 physical mixtures with alumina (3 wt% Cr) were The XRD diffractograms of the supports are presented

usc;d as rel;]ertenclest. i YPS) of th o in Fig. 1. The alumina presented the crystallineAl 03
ray photoelectron spectroscopy ( ) of the Zf structure. The Zr@ prepared by calcination of the zirco-

Al,03 support was carried out in a PHI Model 1257 spec- . . . .
) e nium acetate hydroxide, presented the major peaks ascribed
trometer using Mg-l§ radiation (1253.6 eV). The pressure to the monoclinic Zr@ (m-zr0y), thermally stable phase

n the. analysis chamber was kept at"20Torr. A hemi- [38]. However, the diffractogram also showed a peak at
spheric analyzer PHI Model 10-360 was used to select the .
I . 20 ~ 30° attributed to the tetragonal phase (t-2§Q39].
energy of the electrons (46.95 eV). The binding energies of : :
The residual fraction of the tetragonal phase was calculated
O 1s, Al 2p, and Zr 3 were referenced to the G peak, N
. . . . as reported by Evans et al. [40], yielding 17% of t-Zr@c-
established at 284.6 eV [37]. The XPS intensity ratios be- cording to the literature [41]. The crystalline phase of ZrO
tween Zr 3 and Al 2p and between Osland (Zr 3/ + Al gt dentified in the Z .AI o Y . P bablv d
2p) were determined by multiplying the relative area by the \tNa§ not! e? ' Ite 6'2 t?’/ r% 23 suppotr ,Iprgla g ue d
sensitivity factors in order to obtain the normalized intensity 0 210, conten 68w (.))' amyanova e al. [31] observe
of the related bands. the formation of crystallites of Zr@with contents around
— 0, i -
The chemisorption analysis of,Gn the chromium cata- 13 %}7 V\ém’ ZrQin y A|2f03r'] . hvdlroxid
lysts was carried out in a Micromeritcs ASAP 2000-C equip- ,T e ecomposmon of the zirconium acetate hydroxide
with 17 wt% /N2 mixture was monitored by TG/ADTA

ment at 193 K, after reduction of the samples with puge H ) ; e
at 773 K for 1 h. The chemisorption temperature was kept by n2lysis and is presented in Fig. 2. The DTA curve showed
a single exothermal peak occurring at 624 K. The weight

using a mixture of isopropilic alcohol with liquid NA de- X :
tailed description of this analysis was reported in a previous 0SS, reported in the TGA curve in the temperature range

373-673 K, was about 43%, ascribed to the complete de-
paper [25]. - o

composition of the zirconium precursor to Zr@ the used
2.3. Activity measurements conditions. The TGADTA analysis of the ZrQ/Al 203 sup-

port after calcination showed a unique weight loss, about
The isobutane dehydrogenation was carried out at 773 K © Wt%, observed around 373 K and assigned to the loss of

in a flow apparatus with a mixture of 5% isobutane in ni- Physisorbed water. Thus, the calcination at 823 K of the
trogen (AGA). Each catalyst (0.5 g) was placed in a Pyrex £r02/Al203 support allowed complete conversion of the
U-tube reactor, dried with pure\at 473 K for 30 min, and ~ Zirconium acetate hydroxide to the oxide.
reduced at 773 K with pure Hor 1 h prior to the reaction The ZrG/Al203 support was also submitted to XPS
tests. A Varian 3400 chromatograph with flame ionization analysis. The binding energies (BE) of Zds3, and Al 2p
detector and a KQA|203 column (Chrompack_SO mand were observed at 182+ 0.2and 744+0.2 eV, respectively.
0.53 mm) was used in order to test the gas composition after The BE of the Zr 3s5 is in agreement with the literature
reaction. The experimental conditions were adjusted to reachfor Zr** in pure zirconia [42]. The zirconia concentration
isobutane conversions lower than 10%, in order to calculate (6.8 Wt%) in the ZrQ/Al,03 support was not sufficient to
reaction rates assuming differential conditions. shift the BE of Zr 35,2, indicating weak interaction between

the Zr and the Al atoms. The ZAl atomic ratio obtained by

XPS (0.35) was greater than the/At bulk ratio (0.03), sug-

3. Resultsand discussion gesting that the zirconium oxide was preferentially dispersed
in the surface of the alumina. These values are in agreement
3.1. Characterization of the supports with the study of Damyanova et al. [31], that reported the

formation of a monolayer of Zr@over the AbOs support.
Table 1 presents the results of the BET analysis of the The O/(Al + Zr) atomic ratio obtained by XPS was 2.03,
supports, the pore volume, and average pore diameter. Thegreater than the @Al + Zr) bulk ratio, 1.51, showing the
ZrO, presented the lowest surface area (%) @), compat- contribution of the surface hydroxyls of alumina in the XPS
ible with that reported by other authors [5,34]. The addition analysis.
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Fig. 2. TDA/TGA analysis of the zirconium acetate.

Table 2

Chemical analysis and XRD results of the catalysts

Catalyst Precursor salt  Cr (wt%) K (wt%) Crystalline phase
CrNAl Nitrate 2.7 - y-Al,03

CrNZr 2.1 - Z2rQ, a-Crp03
CrNZrAl 2.1 - y-Al»,03

CrCAl Chromate 2.1 2.9 y-Al,03

CrCZzr 2.1 4.2 ZrQ, KoCrOy
CrCzrAl 2.2 3.6 y-Al»03, KoCrOy

analyses. The XRD diffractograms of the calcined catalysts
are presented in Fig. 1. The commercial software JADE v.
5.0 (Materials Data, Inc.) and the data bank ICDD PDF2
were used in order to obtain the assignment of the crystalline
Cr,03 and KoCrOy4 species in the catalysts. The results show
that the support and the precursor salt have influence in
the formation of the chromium crystalline phases. The cata-
lysts prepared with/-Al 2,03 and chromium nitrate (CrNAI)

or potassium chromate (CrCAl) presented only diffraction
peaks ascribed to the support, as shown in Fig. 1A. On
the other hand, both samples prepared with Zp&esented
chromium crystalline phases. The CrNZr catalyst, prepared
with chromium nitrate, presented characteristic peaks-of
Cr03, at 2 ~ 33.6 and 36.3, only detected after process-
ing of the diffractogram by the JADE v. 5.0 software, and
indicated in Fig. 1B. The CrCZr catalyst, prepared with
potassium chromate, showed peaks@at229.9 and 39.5,
ascribed to orthorhombic 4CrO4. The CrNZrAl catalyst
presented only the peaks ascribed/té\l,03, as observed

in the catalysts supported on alumina (Fig. 1C). However,
the CrCZrAl catalyst, prepared with potassium chromate,
presented characteristic peaks of orthorhomhi€iO,. It
suggests that a fraction of the chromium species is supported
directly on ZrQ in the ZrG,/Al 203 support. The formation

of small Zr& islands or crystallites on Zr&)Al 203 support,

Chromium and potassium contents, obtained by atomic even below the loading of 10 wt% Zr, is noted in the litera-
absorption spectroscopy, are presented in Table 2, as wellture [36]. Thus, for the chromium content, these results are
as the crystalline phases of the catalysts, obtained by XRDin agreement with the literature [43,44] that suggests the for-
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N ol (A) Table 3
S ozl DRS of the catalysts and standards
§ Sample Wavelength (nm) Attribution
N CrNA 283 367 429 ctt
500 600 700 300 CrNZr 282 360 438 594 @f*/Cr3+
2 A (nm) CINZrAl 291 367 427 cH
= CrNA creal 279 363 431 &
CrNZrAl crezr 282 369 427 &
CrczrAl 298 362 425 &t
CrNZr CrOs 278 363 Ccr@
K,Croy 261 365 435 Ccrg?
R s p o a-Crp03 272 355 467 610 GO3
A (nm)
| CNZr 636 %
(B) 816
873
CrCZr
= 654
3
£ CrNZrAl A
~ ket 1. 1.
& £ 688
= CI‘CAI E 135 799
8| CrCZrAl 704 —
CrCZrAl = 711
CrNAl
CrCZr CrCAl
200 00 o0 <00 300 400 500 600 700 800 900 1000
A (nm) Temperature (K)
Fig. 3. Diffuse reflectance spectra of the catalysts. Fig. 4. TPR profiles of the catalysts.

mation of a crystallinex-Cr,O3 phase starting from 6 wt% 1T, (1, — 2e), respectively [3,4,10,45,46]. These catalysts
Cr on alumina using a support with textural characteristics presented also a shoulder at about 430 nm, which can be re-
similar to those studied in this work. The formation of the lated to CP* transition'A; — 1T, (1t; — 2e). This band is
crystallinea-Cr,O3 phase is reported to begin at 0.17 wt% ascribed in the literature to a chromate structure, under dehy-
Cr on zirconia [4]. This species was hardly visible in the dration conditions, anchored to sites of the support[3,45,48].
diffractogram of the CrNZr catalyst, and was only detected  The catalyst prepared with chromium nitrate on zirco-
with the JADE v. 5.0 software. nia (CrNZr) presented, besides the bands at 280, 360, and
Diffuse reflectance spectra of the catalysts prepared with 440 nm, a broad band in the d—d region, around 600 nm. The
chromium nitrate and potassium chromate, obtained be-bands at 440 and 600 nm are ascribed to transitions3f Cr
tween 200 and 800 nm, are reported in Figs. 3A and B, in the CpOs3 form [3,4,45]. Indeed, this catalyst presented
respectively. The wavelengths corresponding to the maxi- crystallinex-CrO3 species by XRD analysis. The catalysts
mum of intensity, obtained by Gaussian decomposition of prepared with potassium chromate are presented in Fig. 3B.
the spectra, are shown in Table 3. The attributions of the As observed for the catalysts prepared with chromium ni-
chromium species in the catalysts were compared with thetrate, two bands at 280 and 360 nm and a shoulder at about
spectra of the compoundsCr,03, CrOz, and KCrOy4 in 430 nm, ascribed to chromate form, were observed in the
physical mixture (3 wt% Cr) with AlO3 and are in agree-  catalysts.
ment with the literature [3,10,45-47]. The band at 600 nm,  Fig. 4 presents the profiles of consumption af iH the
ascribed to the d—d transition of &r ions in octahedral  TPR. The consumption of Hwas not observed in the sup-
symmetry CAzg — 4ng), was used to characterize the’Cr ports, as well as in the bulkk-Cr,O3, as reported by Zaki
species in the catalysts [3,4,46]. et al. [49]. All the catalysts, except the CrCZr, presented
The catalysts prepared with chromium nitrate op@y, reduction peaks around 700 K, corresponding to the reduc-
ZrOy, and Zr@/Al 203 (CrNAI, CrNZr, and CrNZrAl) pre- tion from CrQ; to CryO3, in agreement with the literature
sented two distinct bands at about 280 and 360 nm, in the[6,8,50-52]. In fact, a physical mixture of C§@3 wt% Cr)
charge transfer region, ascribed to tetrahedral chromate tranwith Al,03 presented only a single reduction peak at 714 K,
sitions1A; — 1T, (1t — 7t and 6p — 2e) and'A; — with consumption of H associated to the complete reduc-
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Table 4 K, CrO,
TPR results of the catalysts ZrO, / \
Catalyst H consumption (umgimg Cr) crg  cifta \ I_._'
654-754K  799-898K  Toml (%) (%) ._
CrNAl 23.1 - 23.1 80 80 A]203
CrNZr 5.3 15.3 20.6 18 71
CrNZrAl 27.0 - 27.0 93 93 Fig. 5. Schematic representation of chromium particles supported on
CrCAl 20.8 - 20.8 72 72 ZFOZ/Al 203.
CrCzr — 28.0 28.0 0 97
CrCZrAl 23.9 1.9 25.8 83 89

chromate species reduction. On the other hand, the catalysts
supported on Zr@ (CrNZr and CrCZr), presented mainly
the chromate species with consumption ofirithe temper-
tion of CrOs to CP*. For Cr/Al,O3 catalysts, Grzybowska  ature region of 873—-898 K.
et al. [8] and Mentasty et al. [52] observed consumption of  The total CF* amount (Cr@ + CrO;=) of the calcined
Hz in temperatures between 623 and 723 K. In the CrNZr precursors, presented in Table 4, was calculated by the total
catalyst the peak of reduction of the G¥@upported on  experimental consumptions of,Hind the stoichiometry of
ZrO, was verified at 656 K, while in the CrNZrAl and Cr-  the reaction 2Cr@+ 3H, — Cr,03 +3H,0. The procedure
CZrAl catalysts, the peaks were observed at 654 and 688 Kiis also valid for the catalysts with chromate, admitting the
respectively. Thus, it is possible that those reductions are re-reaction 2CrO4 + 3H> — Cr03 + 2K,0 + 3H,0 (also
ferring to Cr& supported on the zirconia in the Z#Al 203 28.9 pmol H/mg Cr). All the catalysts presented consump-
system, once the XPS results showed the distribution of tion of H, close to the equivalent value of the reduction of
the ZrQ, preferentially over the surface of that support. In- Cr8+ (CrOz or KoCrOy) to Cro03 (28.9 pmofmg Cr). Thus,
the CrCZrAl catalyst a reduction peak at 735 K also ap- the catalysts presented predominance ¢fCiThe CrNZr
peared, butin smaller intensity than the peak at 688 K, which catalyst, although it also had theCr,O3 species detected
could be due to the Crpsupported directly on alumina. py XRD and DRS, resulted in larger consumption of H
The catalysts prepared with potassium chromate orZrO in the TPR, probably a function of the formation of chro-
and ZrQ/Al,03 (CrCZr and CrCZrAl) also presented are- mate, identified by DRS and also by the temperature range of
duction peak around 800 K, ascribed to the reduction of the H, consumption. The Ficonsumption in the catalysts sup-
fraction of K2CrOy present, in agreement with the results of ported on AO3 was smaller than the stoichiometric and the
XRD. In this work, the physical mixtures of4CrOs (3wt%  absence of-Cr,O3 suggests the presence of the amorphous
Cr) diluted in ApO3 presented only a single reduction peak Cr,03 species, which does not reduce with.FCavani et
around 850 K. Cavani et al. [3] observed that the presence ofal. [3] suggested the formation of that species starting from
potassium stabilizes the &r by the formation of chromate 2 wt% Cr in Cr/AbOs catalysts and attributed it to its larger
or dichromate species, therefore, reduced in larger tempera-activity in the dehydrogenation reaction than the amorphous
tures. Cr*t obtained from the reduction of &F. An increase of
The CrCZr catalyst, prepared with,RrO4, and the  H, consumption was observed in the catalysts prepared with
CrNZr catalyst, although prepared with Cr(h@- 9H,0, K2CrQOy4 on ZrQ, (CrCZr) in contrast with the sample pre-
also presented a reduction peak in the region of 800-900 K.pared with nitrate (CrNZr). This phenomenon can be as-
These catalysts presented a shoulder in the DR spectrum atribed to the stabilization of chromium in the hexavalent
about 430 nm, ascribed to chromate species. Sohn et al. [48ktate by the presence of potassium [3]. In fact, the CrCZr
observed the formation of the chromate species on zirconiacatalyst does not presemtCr,QOs in its XRD diffractogram,
in Cr/ZrO, catalysts starting from 1 wt% Cr. Thus, the re- while the CrNZr catalyst does.
duction peak at the highest temperature observed in TPR can The results of the XRD, DRS, and TPR permitted an
be associated to the ©r with larger interaction with the  estimation of the distribution of the chromium species pre-
support, corresponding to the species chromate. sented in the catalysts. In the samples prepared on alu-
In Table 4 the results of TPR of Hare presented and mina (CrNAI and CrCAl) it was predominantly €r, in
grouped by temperature regions, in agreement with Fig. 2. the form of CrQ, and about 20% amorphousjCx. In the
Thus, the H consumptions of Cr@and chromate are rep- sample prepared with potassium chromate onzZAD>O3
resented in the regions of 654—754 and 799-898 K, respec{CrCZrAl), CrO; and K;CrO4 were detected, while the
tively. Also reported is the percentage of the Grépecies, TPR profile and the XRD diffractograms suggest that the
in relation to the total of chromium, considering that its re- CrOs particles interact with the AD3; and ZrQ surfaces
ducibility is complete to Ct* (28.9 pmol H/mg Cr) and it of the Zr&/Al>,03 support in comparison with the cata-
occurs in the range of 654—754 K. The CrNAI, CrCAl, and lysts supported ory-Al,O3 and on ZrQ. Fig. 5 repre-
CrNZrAl catalysts only presented reduction of Grénhd the sents schematically the chromium particles supported on
CrCZrAl catalysts presented predominance of £species, ZrO2/Al03. In the CrNZrAl catalyst, prepared with the
although it also presented consumption ofridlative to the chromium nitrate precursor, mainly CgOwvas detected,

a Total C®* (%) amount: Cr@ + CrO,2~.
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Table 5 3.3. Isobutane dehydrogenation

O, chemisorption and isobutane dehydrogenation results

Catalyst @ chemisorption S iB= —(rig) TON The catalysts were tested in the dehydrogenation of
(Hmol /g Cr) (%)  (mmol iButangg Crh)  (I/h) isobutane at 773 K and the conditions were adjusted for con-

CrNAI 3520 95.7 4 0.12 version lower than 10%, as shown in Table 5. All the samples

CrNZrAl 4620 97.6 102 0.19 were dried with N flow at 473 K and reduced with Hlow

CrCAl 960 99.8 116 0.99 (30 c?/min) at 773 K. Some authors [4,5] used the reduc-

CrCzrAl 1150 99.8 56 0.41

tion with CO at 623 K. Such procedure results in morétCr
species than GF in supports as A0z and mainly SiQ
[46,47,53,54]. Recently, Weckhuysen et al. [10,11] showed
that CP+ species are less active for dehydrogenation than
Cr3t species.

The supports were submitted to the reaction, but only the
ZrO,/Al>03 presented activity, resulting mainly in cracking
products, methane (14%) and propene (44%). The catalysts
presented high selectivity to isobutene (Table 5), with the

in the supports, as well as in theCrz0s. The selecti%/;ty same by-products. The cracking products are attributed to
of the method for @ chemisorption on amorphous Cr the acidity, in agreement with the literature [5,6,9]. Deac-

active site of the dehydrogenation reaction, was established;; ~tion was not observed in the period of 4 h for all the
and reported in a previous work [25]. The catalysts SUp- ca¢a)ysts. Such stability can be attributed to the use of di-

ported on ZrQ presented the smallest;@hemisorption, |,ted mixtures of the reagent and temperature about 200 K
which can be ascribed to theCr,O3 phase, that does not  ghaiier than the industrial [3].

adsorb Q, and, mainly, to the smaller surface area of the |, the catalysts without potassium addition, high selectiv-
zirconia (10 /g). The G chemisorption was affected by  jiy 1o isobutene § iB=) was observed, above 95% (Table 5).
the support gnd chromium precursor. .In the_ samples V_VlthOUtThis value is in agreement with that reported in the literature
chromium nitrate, the order of {hemisorption in relation [3-9]. Expressed variation of selectivity among the samples
to the supports was ZHpAl203 > Al203. The CrNZrAl for the different supports was not noted. However, in the
catalyst presented {xhemisorption about 30% larger than - cycA| and CrCzrAl catalysts, a small selectivity increase
the CrNAl catalyst. In the catalysts prepared with potassium \yas noted, relative to the nitrate precursor. This effect can
chromate, the order of ochemisorption was unaffected in  pe related to the decrease in the acidity in theQyl and
relation to the supports, compared with the chromium nitrate ZrO,/Al ;03 supports.

precursor. However, reduction op@hemisorption was ver- Table 5 also presents the results of reaction rate calculated
ified for the catalysts with potassium for both supports. In ynder the hypothesis of differential reactor. For the catalysts
the catalysts supported onA); and on ZrQ/Al20s such  prepared with Cr(N@)s - 9H,0, the activity order was the
reduction was similar, 3.7 and 4 times, respectively. Physical same as that observed in the €Ehemisorption: CrNZrAk

while in the CrNZr catalyst three chromium species were
observed, i.e., GO3, CrO3, and KCrO;.

Table 5 presents the results of €Ehemisorption and per-
formance in the isobutane dehydrogenation for the catalysts
with similar surface area (2004yg), supported on AlO3
and ZrGQ/Al,03. The & chemisorption was not observed

mixtures of CrQ and KoCrO4 with 3 wt% Cr in Al,O3 ad- CrNAI. Under the same reaction conditions, the reaction rate
sorbed, after total reduction for &, 2918 and 1594 umol  for the bulk -Cr,0O3 was just 9.8 mmoliButaryég Cr h).
02/9 Cr, respectively, with variation of 1.8 times. The catalyst with potassium chromate on Zy®l,0s pre-

The influence of potassium in the chromium species in sented reduction in the activity, while on &3 the activity
the Ci/Al203 and CyZrO; catalysts has been described in increased. The interaction of the potassium with the su-
the literature [3,5]. In the catalysts supported on alumina, perficial O~ groups of the support [5] reduced the activity
the potassium addition stabilizes the chromium in th&'Cr  of the catalyst supported on ZsAl,Os. In this support,
state, avoiding the formation of-Cr,O3 [3]. This mecha-  the chromium sites should be interacting with the zirconia,
nism increases the number of amorphous mononuclédr Cr  taking into account the characterization by XRD and TPR
active sites. In the QZrO; catalysts the effect is opposite, analyses and the behavior of the samples supported on ZrO
decreasing the active species by interaction of the potas-or Al,Os.
sium with the G groups of the support adjacent to the The results of turnover frequency (TON), presented in Ta-
chromium [5]. Thus, the reduction in the chemisorption for ble 5, were obtained with the results op ©hemisorption,
the samples with potassium can be attributed to the interac-taking into account a dissociative stoichiometry, represent-
tion of the potassium with the groups=Qof the support. ing an Q/Cr ratio of 1:2 [55]. Thus, in the catalysts without
These studies used catalysts with low potassium contentpotassium, the order of activity obtained was CrNZrAl
(< 1.5 wt% K) and the distinct behaviors could be observed CrNAl.
between the supports. In the present study, the potassium Considering the catalysts with potassium in our study,
source (KCrOy) resulted in contents of the order 3—4wt% K in the samples supported on Zi&l,03 and on ApOs,
and the main observed phenomena was the reduction of O a significant increase of the activity per site was observed
chemisorption for the supports. in relation to chromium nitrate, due to the stabilization of
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the chromium in the surface of the support a&'Cafter cal-
cination.

4. Conclusions

A.B. Gaspar, L.C. Dieguez / Journal of Catalysis 220 (2003) 309-316

[17] B. Grzybowska, J. Stochgki, R. Grabowski, L. Keromnes, K. Wcis-
to, T. Bobinhska, Appl. Catal. 209 (2001) 279.

[18] A. Cimino, D. Cordischi, S. De Rossi, G. Ferraris, D. Gazzoli, V. In-
dovina, M. Occhiuzzi, M. Valigi, J. Catal. 127 (1991) 761.

[19] A. Cimino, D. Cordischi, S. Febbraro, D. Gazzoli, V. Indovina, M. Oc-
chiuzzi, M. Valigi, F. Boccuzzi, A. Chiorino, G. Ghiotti, J. Mol. Ca-
tal. 55 (1989) 23.

The support and the chromium precursor have influence [20] V. Indovina, A. Cimino, S. De Rossi, G. Ferraris, G. Ghiotti, A. Chior-

in the distribution of chromium species. GsCamorphous
and crystalline GOz, and K,CrO4 were observed by DRS,
XRD, and TPR, depending on the support and chromium
salt. The preparation of Zr)Al 03 support yields zirconia

dispersed on the surface of alumina. In the catalyst supported

on ZrQ/Al 03, chromium particles supported on zirconia
and on alumina were observed.

The amount of the active site for dehydrogenation, amor-
phous C#*, determined by @ chemisorption, was also in-

fluenced by the support and chromium precursor. The se-

lectivity to isobutene was always high, independent of the

support, but it was influenced by the potassium presence.
The potassium has an effect on the turnover number and[gl]
selectivity to isobutene in the isobutane dehydrogenation.

A significant increase is observed, due to the stabilization
of the chromium in the surface of the support a§'Gafter
calcination, and to the decrease in the acidity.

Acknowledgment

The authors gratefully acknowledge CNPq/Brazil for fi-
nancial support.

References

[1] B.M. Weckhuysen, R.A. Schoonheydt, Catal. Today 51 (1999) 223.
[2] B.M. Weckhuysen, R.A. Schoonheydt, Catal. Today 51 (1999) 215.
[3] F. Cavani, M. Koutyrev, F. Trifiro, A. Bartolini, D. Ghisletti, R. lezzi,
A. Santucci, G. Del Piero, J. Catal. 158 (1996) 236.
[4] S. De Rossi, M.P. Casaletto, G. Ferraris, A. Cimino, G. Minelli, Appl.
Catal. A 167 (1998) 257.
[5] S. De Rossi, G. Ferraris, S. Fremiotti, V. Indovina, A. Cimino, Appl.
Catal. A 106 (1993) 125.
[6] A. Hakuli, M.E. Harlin, L.B. Backman, O.l. Krause, J. Catal. 184
(1999) 349.
[7] F. Prinetto, G.S. Ghiotti, S. De Rossi, G. Di Moderate, Appl. Catal.
B 14 (1997) 225.
[8] B. Grzybowska, J. Sloczynski, R. Grabowski, K. Wcislo, A. Kozlows-
ka, J. Stoch, J. Zielinski, J. Catal. 178 (1998) 687.
[9] S. Udomsak, R.G. Anthony, Ind. Eng. Chem. Res. 35 (1996) 47.
[10] B.M. Weckhuysen, A.A. Verberckmoes, J. Debaere, K. Ooms, I. Lang-
hans, R.A. Schoonheydt, J. Mol. Catal. A 151 (2000) 115.
[11] B.M. Weckhuysen, A. Bensalem, R.A. Schoonheydt, J. Chem. Soc.,
Faraday Trans. 94 (14) (1998) 2011.
[12] M.D. Einarson, D.M. Mackay, Environ. Sci. Technol. 35 (2001) 67.
[13] C. Hogue, Chem. Eng. News 8 (2000) 40.
[14] M.L. Morgan, in: W. Keim, B. Liicke, J. Weitkamp (Eds.), Proceedings
of the DGMK Conference, C4 Chemistry—Manufacture and Use of
C4 Hydrocarbons, Tagungsbericht, Germany, 1997, p. 9.
[15] N.O. Elbashir, S.M. Al-Zahrani, A.E. Abasaeed, M. Abdulwahed,
Chem. Eng. Proc. 42 (2003) 817.
[16] G. Karamullaoglu, S. Onen, T. Dogu, Chem. Eng. Proc. 41 (2002) 337.

ino, J. Mol. Catal. 75 (1992) 305.

[21] S.W. Weller, Acc. Chem. Res. 16 (1983) 101.

[22] S.W. Weller, S.E. Voltz, J. Am. Chem. Soc. 76 (1954) 4695.

[23] D.S. Maclver, H.H. Tobin, J. Phys. Chem. 64 (1960) 451.

[24] K.S. Rama Rao, K.V. Narayana, A. Venugopal, V. Venkat Rao, S. Kha-

ja Masthan, P. Kanta Rao, Ind. J. Chem. 35A (1996) 656.

[25] A.B. Gaspar, J.L.F. Brito, L.C. Dieguez, J. Mol. Catal. A 203 (2003)
251.

[26] S. Carra, L. Forni, Catal. Rev. Sci. Eng. 5 (1971) 159.

[27] C. Marcilly, B. Delmon, J. Catal. 24 (1972) 336.

[28] S. De Rossi, G. Ferraris, S. Fremiotti, E. Garrone, G. Ghiotti, M.C.
Campa, V. Indovina, J. Catal. 148 (1994) 36.

[29] G.K. Chuah, S. Jaenicke, B.K. Pong, J. Catal. 175 (1998) 80.

[30] G.K. Chuah, S.H. Liu, S. Jaenicke, J. Li, Micropor. Mesopor. Mater. 39

(2000) 381.

S. Damyanova, P. Grange, B. Delmon, J. Catal. 168 (1997) 421.

[32] J.M. Dominguez, J.L. Hernandez, G. Sandoval, Appl. Catal. A 197
(2000) 119.

[33] T. Klimova, M.L. Rojas, P. Castillo, R. Cuevas, J. Ramirez, Micropor.
Mesopor. Mater. 20 (1998) 293.

[34] D.A.G. Aranda, M. Schmal, M.M.V.M. Souza, C. Perez, Stud. Surf.
Sci. Catal. 132 (2001) 695.

[35] D.A.G. Aranda, M.M.V.M. Souza, M. Schmal, C. Perez, Phys. Stat.
Sol. A 187 (2001) 297.

[36] M.M.V.M. Souza, D.A.G. Aranda, M. Schmal, J. Catal. 204 (2001)
498.

[37] C.D. Wagner, W.M. Riggs, L.E. Davis, J.F. Moulder, G.E. Muilenberg,
Handbook of X-ray Photoelectron Spectroscopy, Perkin Elmer Corp.
(Phys. Elec. Division), Eden Prairie, MN, 1979.

[38] J.P. Coughlin, E.G. King, J. Am. Chem. Soc. 72 (1950) 2262.

[39] J.C. Ray, C.R. Saha, P. Pramanik, J. Eur. Ceram. Soc. 22 (2002) 851.

[40] P.A. Evans, R. Stevens, J.G.P. Binner, J. Br. Ceram. Trans. 83 (1984)
39.

[41] G. Cerrato, S. Bordiga, S. Barbera, C. Morterra, Appl. Surf. Sci. 115
(1997) 53.

[42] C. Morant, J.M. Sanz, L. Galan, L. Soriano, F. Kueda, Surf. Sci. 218
(1989) 331.

[43] M.A. Vuurman, I.E. Wachs, D.J. Stufkens, A. Oskam, J. Mol. Catal.
A 80 (1993) 209.

[44] F.D. Hardcastle, |.E. Wachs, J. Mol. Catal. A 46 (1988) 173.

[45] B.M. Weckhuysen, L.M. De Ridder, R.M. Schoonheydt, J. Phys.
Chem. 97 (1993) 4756.

[46] S. Khaddar-Zine, A. Ghorbel, C. Naccache, J. Mol. Catal. A 150
(1999) 223.

[47] A.B. Gaspar, L.C. Dieguez, Appl. Catal. A 227 (2002) 241.

[48] J.R. Sohn, S.G. Ryu, H.W. Kim, J. Mol. Catal. A 135 (1998) 99.

[49] M.I. Zaki, N.E. Fouad, G.C. Bond, S.F. Tahir, Thermochim. Acta 285
(1996) 167.

[50] W.K. Jézwiak, |.G. Dalla Lana, J. Chem. Soc., Faraday Trans. 93 (15)
(1997) 2583.

[51] C.S. Kim, S.I. Woo, J. Mol. Catal. A 73 (1992) 249.

[52] L.R. Mentasty, O.F. Gorriz, L.E. Cadus, Ind. Eng. Chem. Res. 38
(1999) 396.

[53] H.L. Kraus, H. Stach, Inorg. Nucl. Chem. Lett. 4 (1968) 393.

[54] A.B. Gaspar, R.L. Martins, M. Schmal, L.C. Dieguez, J. Mol. Catal.
A 169 (2001) 105.

[55] A. King, D.P. Woodruff, The Chemical Physics of Solid Surface and
Heterogeneous Catalysts: Chemisorption Systems, Elsevier, Amster-
dam, 1990.



	Distribution of chromium species in catalysts supported on ZrO2/Al2O3 and performance in dehydrogenation
	Introduction
	Experimental
	Sample preparation
	Characterization
	Activity measurements

	Results and discussion
	Characterization of the supports
	Characterization of the catalysts
	Isobutane dehydrogenation

	Conclusions
	Acknowledgment
	References


