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The catalytic activity and selectivity of CrOx/SiO, for the dehydroisomerization of n-butane were studied
at 550°C and 1 atm. Influence of chromia concentration and chromia precursor on the oxidation state,
activity and selectivity were investigated. The catalysts were characterized by X-ray diffraction (XRD),
TGA and temperatures programmed reduction (TPR). The isomerization activity linearly increased with
increasing acidity and Cr loading. The addition of chromium precursors in complex form decreased the
initial activity in dehydroisomerization of n-butane and but increased the selectivity of butenes. Catalyst,
which had the highest acidity and lowest crystallite size, was the most active in isomerization reaction.
The highest selectivity and yield of butenes achieved was 92% and 5.5%, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The dehydroisomerization of n-butane to isobutene is a
challenging reaction. Bifunctional catalytic activities for dehydro-
genation and isomerization as well as stability toward deactivation
are required.

Isobutene is a valuable intermediate used in various chemi-
cal reactions, for example, as a monomer in polymerization and
copolymerization reactions, as alkylation agent in the production
of methyl-tert-butyl-ether (MTBE) and in the production of iso-
prene. Isobutane is a starting material for producing isobutene
(2-methyl-propene) by a dehydrogenation process. Isobutene can
be reacted with methanol or ethanol to produce MTBE or ethyl-tert-
butyl-ether (ETBE). Both are useful as gasoline additives because
they have good antiknocking properties. MTBE, alkylate and light
isoparaffins are alternative octane enhancers with fewer environ-
mental objections. In the refining industry, the main processes for
producing branched alkanes are the skeletal isomerization of linear
saturated hydrocarbons.

Pt-promoted [1-3] chlorided alumina, a widely used alkane
isomerization catalyst, has also raised environmental concern for
many years, because it requires chlorine treatment during oper-
ation to avoid activity loss. Zeolite catalysts are also already
used in aromatization processes [4-6] and could be used in
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isobutane-butene alkylation. Supported chromium oxides are
industrially important group of catalytic materials. They are used
in oxidation, polymerization, dehydrogenation/hydrogenation [7].
However, the CrS* oxidant is usually not regenerated and the
toxic effluents result in serious drawbacks, especially on an indus-
trial scale. In order to partially overcome this problem, the use
of chromium reagents adsorbed on inert supports has been
utilised.

The goal of this research is to compare a series of Cr/SiO,
catalyst by correlating the synthesis conditions, impregnation
and ligand containing precursors with n-butane dehydrogena-
tion/isomerization activities.

2. Experimental
2.1. The preparation of catalyst of Cr3*/SiO, (SCrx)

The catalyst support was SiO, from Fluka with a surface area
of 320m?/g (35-75 mesh ASTM) determined after calcination at
570°C for 18 h. CrOy/SiO, catalysts were prepared by incipient wet-
ness impregnation from aqueous solution of Cr(NO3)3-9H,0 (>97%,
Fluka). The wet samples were stored overnight at room tempera-
ture, dried at 60 °C for 16 h under vacuum, and treated in flowing
nitrogen at 570°C for 13 h. Cr loading of the catalysts was 1, 6 and
11 wt%. The catalysts are labeled as SCry and suffix S represents stan-
dard preparation involving no chromia complexes as precursors
and involves SiO, as support and x represents chromia loading as
weight percentages. Same silica support is used in all preparation.
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Table 1

BET surface areas, Cr* and Cr3* contents of catalysts, Cr, 053 crystallite sizes and Cr,03 phase crystallinity, conversions and selectivities of butenes after 20 min of time-on-
stream

Catalysts Surface % Cr & (w/w) % Cr 3* (W/w) (Creora—Cr6*) Cr,03 Crystallite size Selectivity % (Butenes) Conversion of n-butane (%)

areas (m?/g) (nm)-Cr, 05 Crystallinity (%)

SCryq 363 1.90 8.6 16.1-74 85.1 6.8

SCrg 375 1.74 3.66 71-41 5.2 18.2

SCry 371 0.64 0.21 42-23 3.9 23.6

SLCry; 3* 385 1.71 8.59 17.2-78 87.2 4.8

SLCrg3* 395 1.50 4.2 10.6-48 53 13.7

SLCr{3* 376 0.45 0.46 43-23 4.5 249

SLCry;3+/6* 386 0.65 8.48 21.3-81 92.0 3.9

SLCrg3*/6* 375 0.30 5.2 12.5-52 6.0 18.2

SLCry3+/6* 431 0.15 0.73 4.5-26 4.7 39.2

2.2. The preparation of catalyst in the presence of fenil
benzimidazol (FB) ligand (SLCr,3*/6*)

233 mg (1.2 mmol) FB ligand was dissolved in 20 ml ethanol.
78 mg K,CrO4 was added into the solution. 160 mg (0.4 mmol)
Cr(NOs3)3-9H,0 was also added to this mixture. The solution was
heated up to 40°C and stirred for 2 h and formed precipitate was
filtered and dried at room temperature. A dark brown component
was formed. Later, the crystals in the precipitate was filtered and
dried. A light brown structure was formed. 12 mg Cr-FB complex
was dissolved in ethanol as 11%, 6%, and 1% Cr (w/w) would exist
in the catalyst and the solution was added to 35-75 mesh SiO,.
The obtained paste was left for drying overnight. Then, it was dried
under 10 mm Hg vacuum at 60 °C for 16 h. Finally, the dired sample
was placed into alumina crucibles and then heated under nitrogen
at 570°C for 13 h. In this preparation route, FB ligand can create
complexes with both Cr3* and Cr*, they are labeled as SLCr,3*/6*.
L represents that ligand was utilised as precursor and x represents
Cr content as weight percentages. Since FB ligand can make com-
plexes both with Cr3* and Cr*, L suffix and oxidation levels were
kept in acronyms. For instance, SLCr,3*/6* means x% chromia sup-
ported on SiO, and prepared with ligand which contained Cr3*
and Crb*.

2.3. The preparation of catalyst in the presence of methyl hydroxy
fenil benzimidazol (MHFB) ligand (SLCry>*)

224 mg (1 mmol) MHFB ligand was dissolved in 30 ml ethanol.
215 mg (0.5 mmol) Cr(NO3)3-9H,0 was added into the solution. The
solution was heated up to 40°C and stirred for 2 h and precipitate
was filtered and dried at room temperature. A dark brown compo-
nent was formed. Later, the crystals in the precipitate was filtered
and dried. A dark green structure was formed. 23 mg Cr-MHFB
complex was dissolved in ethanol as 11%, 6%, 1% Cr (w/w) would
exist in catalyst compound and the solution was added to 35-75
mesh SiO,. The obtained paste was left for drying overnight. Later,
itwas dried under vacuum at 60 °C for 16 h. Finally, the dired sample
was placed into ceramic crucibles and then heated under nitrogen
at 570°C for 13 h. They are labeled as SLCr3*, and x represents Cr
content as weight percentages.

2.4. Catalyst characterization

Surface areas of the catalysts after calcining under nitrogen at
570°C for 13 h is measured by a Costech sorptometer 1042 equip-
ment. Results are obtained after drying the samples in situ at 250 °C
for 2 h and tabulated in Table 1.

Chromia speciation was first achieved by spectroscopic method.
Crb* in the samples was determined by a colorimetric proce-

dure, namely, diphenylcarbazide (DPC) spectrophotometry [8,9].
The sample was heated in a muffle furnace for 1 hat 560 °C, Cré* was
dissolved as CrO42~ from the samples in 0.5 M H,S0y4 in deionized
water. In this method, Cr>*, if present in the sample, may be dis-
solved together with Cr6* [10]. The amount of Cr>* in the supported
catalysts was assumed to be very small [10,11]. 0.05 M solution of
the Cr reagent, diphenylcarbazide, was prepared by dissolving
0.6056 g in 50 ml of acetone. The solutions were prepared by dis-
solving the appropriate amount of samples in 0.5 M H,SO,4 and DPC
in distillated water. This solution was used as a calibration mixture.
The concentration of Cr6* was measured using a Carry 1 E UV-vis
spectrophotometer at 540 nm.

The total amount of chromia available was measured using a
Varian Spectra Fast Sequential —220 atomic absorption spectrom-
eter with an air-acetylene flame. The total chromium content is
calculated as the sum of Cr3* and Crb*. Cr3* that existed on the
surface was calculated by difference.

The crystal phases were determined by X-ray diffraction
(XRD), from Rigaku D/Max-2200 diffractometer by using Cu Ka
(A =1.5405) radiation. Samples were scanned from 10 to 60 at arate
of 0.5°/min (in 2®). The sizes of the crystalline domains (Cr;03)
were obtained via the Scherer equation (t=CA/Bcos ®) where A is
the X-ray wavelength (A°), B is the full width at half maximum, &
is Bragg angle, Cis a factor depending on crystallite shape (taken to
be one), and t is the crystallite size (A°).

TPR profiles were obtained by using Quantachrome ChemBET
3000 flow type equipment. In TPR experiments, 60 mg of the cat-
alyst was dried at 105°C for 2h, and 10% H;/N; was used as a
reducing gas. Temperature ramp rate was 10 °C/min and flow rate
was 70 ml/min. The effluent was passed through liquid N, trap to
remove water and CO,. The changes in H, flow were followed using
a thermal conductivity detector.

2.5. Catalyst testing

Cr/SiO, catalysts were examined for their selectivity and activity
in n-butane dehydroisomerization. For this purpose, 0.5 g of sam-
ple was mixed with 5 g of quartz of the same size and placed into a
quartz reactor of 4 mm inner diameter. The conversions of butane
over various catalysts were measured at 550°C, at atmospheric
pressure and with a weight hourly space velocity (WHSV) of 7h~1
in three different modes:

(1) n-Butane (4 ml/min) was diluted with nitrogen, the molar ratio
of nitrogen to n-butane being 8:1. Prior to experiment, the cat-
alyst was reduced at 550 °C with 20% hydrogen (8 ml/min) for
30 min.

(2) Prior to the reaction, the catalyst was not reduced with
hydrogen. A reactant stream (n-C4/H,=1/2) containing n-
butane +20% H, in a balance of N».
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(3) Some experiments were run using n-butane diluted with nitro-
gen without any prior reduction.

The reactor effluent was analyzed by an on-line gas chromato-
graph fitted with Al,03 column. After 10 min, the reactor effluent
was analyzed by direct injection into GC and then at intervals of
30min (e.g., 40, 70, 100).

The conversion and selectivity were calculated from the reac-
tion product on the basis of the carbon balance: the total molar
amount of carbon in the effluent was assumed to be equal to the
molar amount of carbon in the n-butane fed to the reactor. The coke
formed on the catalyst during the dehydroisomerization test was
neglected. The total amount of n-butane fed to the reactor equals
Cab,, -

7
E
(1)
where C; = molar amount of product containing i carbon in the reac-
tor effluent, including hydrocarbons, CO, and CO,. The conversion
of n-butane equals X,,.

Cnb

in

1 2 3 6
=2C]><Z+EC2><Z+EC3><Z+2C4+C6XZ+C7X

G B Cﬂbout

Xy = 100 x —in

nb;,

(2)

where Cpp, =the amount of n-butane fed to the reactor calculated
according to Eq. (1) and Cpy,,, =the amount of n-butane in the
reactor effluent. The selectivity to a specific product, for example,
n-butenes, S, was calculated as

Syp =100 x —Cib (3)
Cnbin - Cnbout

where Cyp,=amount of n-butenes, 1-butene, cis-2-butene, and

trans-2-butene in the reactor effluent.

The yield of a specific product was obtained by multiplying the
n-butane conversion by the corresponding selectivity. Experimen-
tal repeatability was around +14%. This was calculated from four
repeated experiments done at a representative reaction condition
with fresh catalysts of the same type and used as a measure of
repeatability.

3. Results and discussion
3.1. X-ray powder diffraction

The diffraction patterns of various catalysts are shown in
Figs. 1 and 2, respectively. Concerning the SCr catalysts, XRD pat-
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Fig. 1. The diffraction patterns of SCry catalysts.
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Fig. 2. The diffraction patterns of SLCr,3*/¢* and SLCr,3* catalysts.

terns match the diffraction pattern of Rhombohedral «-Cr;03.
a-Cry03 crystals should give a characteristic X-ray diffractogram
with well-defined most intensive peaks corresponding to the
planes with hk1(104),(110),(116),(012),(024)and (300)[12].
The superposition of (012),(104)and (11 0) peaks of Cr,O3 phase
with 75, 100 and 95% relative intensities and amorphous halo of
silica did not allow to use these peaks for calculation of chromia
concentrations. For the samples, segregation of a-Cr,05 is appar-
enton the 11% Cr loaded sample, whereas for 6% Cr and 3% Cr loaded
SCr samples a-Cr, 03 segregation is not well observed.

From XRD patterns, it was noticed that the addition of chromium
in the form of FB and MHFB complexes shifted the position of Cr,03
phase and changed the available phases in the catalysts. 20 sig-
nals of Cr,03 shifted to higher values. It also affected the relative
intensities of (104) and (1 10) peaks. The quantities of crystalline
Cr,03 phase in catalysts were calculated from the relative integral
intensities of XRD peak corresponding to (11 6) plane (81% relative
intensity) that was not affected by silica. Based on these differ-
ences % crystallinity of Cr, O3 phase in samples were calculated and
listed in Table 1. Crystallinity of Cr,03 was much higher in catalyst
SCry13* (81%) compared with catalyst SCrg3* (52%), while the low-
est crystallinity (26%) was detected in catalyst SCry3*. Crystallinities
followed a similar trend for the other two catalysts prepared with
ligands. Highest crystallinity values were obtained at the highest
chromium loadings.

3.2. Temperature programmed reduction

The TPR profiles of the catalysts as a function of temperature are
showninFigs.3 and 4. Two peaks at 278 °Cand 435 °Cwere detected
over the SCrq; catalyst. In case of chromia supported on SiO, at low
metal loading, 6% and 1%, most of H, was consumed at high tem-
perature region (peaks at 435 °C). Increasing the chromia loading to
11 wt.% yielded a substantial change of TPR spectra so that most of
the hydrogen was consumed at lower temperature (peak centered
at 278°C) [13]. Reducibility of the catalysts was facilitated as the
chromium loading increased.

For the catalysts prepared with ligand containing precursors,
TPR spectra recorded maximums at 335°C and at 445°C. For
SLCry13*/6* catalyst maximum was at 335°C and 445°C and for
SLCrq13* catalyst, observed maximum was at 335 °C. The utilization
of ligand in precursor caused an increase in reduction tempera-
tures compared to noligand containing catalysts. With increasing Cr
loading, H, consumption relative to the amount of Cr6* decreased,
indicating formation of Cr3*. The extent of the reduction of Cr* in
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Fig. 3. TPR profiles of various SCry3* catalysts.

the catalysts was calculated from the H, consumption by assuming
that (i) H, was consumed only in the reduction of Cr6* species, (ii)
reduction yielded Cr3* species. Since under typical reaction condi-
tions the catalysts all are in their reduced state, it is obvious that
conversion and selectivities were to be found not very much varying
under circumstances. However, depending on the reduction tem-
peratures, surface availability and sintering behavior of reduced
species will change accordingly.

3.3. Acidity measurements

Amine adsorption method on acid sites of solid catalysts is a
well-known technique to determine the acidity of the catalyst. The
use of n-butylamine as molecular probe for the characterization of
catalysts has been reported [14-16]. Derivative thermogravimetry
(DTG) desorption curves of n-butylamine are shown in Fig. 5. As
shown in Fig. 5, catalysts have three desorption steps depending on
their acidity. These are the desorption of physysorbed n-butylamine
before 117 °C, dissociation of n-butylamine from medium acid sites
of the catalysts indicated by the second peak in DTG curves at
about 300 °C, and dissociation of the n-butylamine from strong acid
sites of the catalysts indicated by the third peaks in the curves at
483-979°C.

SCry; has the highest peak intensity in medium acid sites. SCryq,
SLCry13*/6*, and SLCry; 3* have both medium and strong acidity com-
pared to the chromium containing catalysts with low amounts
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Fig. 4. TPR profiles of various SLCr,3* and SLCr,3*/6* catalysts.
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Fig. 5. DTG desorption curves of n-butylamine for various catalysts.

(e.g., 6% and 1%). Based on weight loss values of n-butylamine
treated catalysts, amount of adsorbed n-butylamine was calcu-
lated quantitatively. As shown in Fig. 6, acidity was found to
decrease in following order: SCry; >SLCry;3* >SLCry;3*/6*, Weak
acidity obtained from ligand containing precursors was thought to
be due to residues left on the acidic sites. Residues emanate from
high temperature calcination and reduction of ligands.

3.4. Conversion of n-butane

The n-butane conversion increased with increasing Cr content
up to 11%, above which all values remained relatively constant.
Therefore, discussions were restricted to the loadings 11% as upper
limit of loading. The isobutene selectivity was constant at approxi-
mately 80% regardless of Cr content. Cr 11 wt.% improved isobutene
selectivity and stability of catalytic activity with time. Fig. 7a—c
shows the effect of addition of hydrogen, prior reduction and with-
out reduction with respect to time-on-stream over the catalysts
prepared without any ligand in precursor.

Isobutene selectivity improved as the Cr3*content increased in
all catalysts. The conversions in isomerization reactions declined
strongly over the first 40 min of reaction. The addition of both
ligands to precursors caused an increase in butenes selectivity
compared to SCry; catalysts. Butenes selectivity decreased in the
following order: SLCry;3*/6* > SLCr113* > SCry;. On the other hand,
butenes selectivity increased with increasing Cr loading as listed in
Table 1.

Cr%]l1

mmol. g_,

" SCr, sLCr) sLen™

¥
SCr,, SLCr, i

Catalysts

Fig. 6. Amount of n-butylamine adsorbed over various catalysts.
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Fig. 7. (a) Changes in reaction rate of n-butane at various Cr loading (H,.n-butane, 2:1).
(b) Changes in reaction rate after reduction.
(c) Changes in reaction rate without reduction.
High initial reaction rate was obtained over butane+H, 1.4
(4 ml/min n-butane +8 ml/min H;) over SCry; catalyst. In Fig. 7b, ~’; 1 Ay
at 550 °C, the catalysts were tested after being reduced for 30 min. g 1.3+ g 1
Initial reaction rates were found to decrease. However, n-butane B, e
and N, present in reactant stream, at 550 °C, reactivity decreased e e
too. g 1.1 //
Fig. 8 shows the correlation between total acidity and the ini- ﬁg Y
tial reaction rate. A good correlation between total acidity and 1.0 //
the initial reaction rate was found for the SCry; catalysts. Initial 2 m N
reaction rate and selectivity obtained at the same representa- & 0.9 e SLCr,
tive reaction conditions for all catalysts were listed in Table 1. § rd
There is a general consensus in the literature that the activ- g 08y
ity pattern of Cr-based dehydrogenation catalysts depended on ~ o7 SLCr,,
1 1 . T T T T T T T 1
the overall Cr loading, the dehydrogenation temperature and 04 05 06 07 08 09 1o 1

the time-on-stream [17]. The initial dehydrogenation activity
increased, linearly with increasing Cr loading. However, at Cr
loading typically higher than 11 wt% Cr, the activity gain lev-
eled off [18]. Furthermore, the overall activity decreased with
increasing time-on-stream. The same decreasing trends in activ-
ity were found for all Cr* and Cr3* containing catalysts. However,
with the present knowledge, it is almost impossible to discrim-
inate between the individual contributions of these Cr3*-centers
to the overall catalytic conversion and selectivity. Nevertheless,
there are indications that surface Crb*-ions, forming the dispersed

Total acidity (mnnol.g"mt)

Fig. 8. The variation of initial reaction rate with respect to total acidity.

surface phase on the silica and/or chromia (Cr,03), were pre-
cursors for the Cr3*-induced isomerization/dehydroisomerization.
Hakuli et al. [19] have demonstrated that the initial dehydrogena-
tion activity was directly proportional to the initial amount of
surface Cr6*.
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As the Cr percentage increased, the crystal size of Cr,03 and the
crystallinity of Cr,O3 phase increased. The use of complex caused
an increase in the crystal size. The increase in crystal size and cys-
tallinity occurred parallel with an increase in selectivity of butenes.

At all Cr loadings, both Cr®* and Cr3* were detected, the amount
of Cré* decreased as Cr oxide loading increased. In addition, from
literature, it was found the polychromate/chromate ratio increased
with increasing Cr loading, indicating that less (reactive) hydroxyl
groups were available to stabilize the surface chromium oxide as
an anchored chromate species [20]. At all Cr loadings, Cr3* was the
dominant species and the fraction of Cr®* was comparatively low.
The latter can be present as either crystalline a-Cr,03, which is
XRD-detectable, and amorphous Cr,0s3. The negligible conversions
obtained with low Cr loadings were attributed to the stabiliza-
tion in or on support rendering them catalytically inactive. This
type of stabilization effect is more apparent over Al;03. Zeolite
supports of various SiO,/Al, 05 ratios, e.g., ZSM5, is typically good
catalysts for the dehyroisomerisation of n-butane. Its shortcoming
is high selectivity to by-products at high conversions emanating
from oligomerisation/cracking of butenes on the acid sites. Sup-
ports of all types must have a low activity for the prolytic cracking
of n-butene [21].

4. Conclusions

The catalytic performance of various Cr/SiO, catalyst at 550°C
for dehydrogenation/isomerization of n-butane was examined.
Addition of 11% Cr unquestionably improved the isobutene selec-
tivity. The isomerization activity almost linearly increased with
increasing Cr loading. Complex addition of Cr decreased the ini-
tial reaction rate of dehydroisomerization of n-butane and but
increased selectivity to butenes. At 550°C and after reduction
for 30min before reaction, initial reaction rate decreased. The
addition of ligand caused an increase in Butenes selectivity.
Isomerization activity of silica supported catalysts were in the
order of SCry; > SLCry13* > SLCr13*/6*. SCry; catalyst, which had the
highest acidity and highest crystallite size, was the most active

in isomerization reaction. The best selectivity to butenes, 92%,
was obtained with the SLCry;3*/6* catalyst. The highest yield of
n-butenes achieved, 5.5%, was from SCry; catalyst.
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