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Abstract: Mono and bifunctional zinc oxide catalysts were prepared to study
their activity in the catalytic conversion of isobutanol. The prepared catalysts
were characterized by X-ray diffraction analysis and nitrogen adsorption mea-
surements. The conversion of isobutanol was taken as a model reaction to
measure the catalytic activity of the prepared oxide catalysts. The overall con-
version yield of competitive dehydration—dehydrogenation reactions of isobuta-
nol was found to be higher over the binary oxide catalysts than over the single
oxide one at all reaction temperature within the range 250—400 °C. The binary
oxide catalysts were more selective for isobutene, as the predominant dehydra-
ted product. The single oxide catalyst exhibited higher selectivity towards iso-
butyraldehyde as the dehydrogenated product, and the selectivity increased
with increasing reaction temperature.
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INTRODUCTION

Recently the United States Environmental Protection Agency announced a
proposal to reduce the permissible lead level in U.S. leaded gasoline by 91 %.
The importance of dehydration of higher alcohols, more than Cy, lies in the pre-
paration of isobutene, which is one of the radiant for the production of gasoline
octane enhancers. In addition, intermediate compounds for fine chemical indus-
tries, as 1,2-diphenylethanol, are produced.

Macho et al.! used alumina in the dehydration of C4 alcohols whereby posi-
tional and skeletal isomerization of formed C4 alkenes occurred in a fixed bed
reactor operated under atmospheric pressure and at moderate reaction tempera-
tures 300470 °C.

Mixed oxides, such as Zr0,/Si0,2-3 or ZnO/Al,03, modified with 23 ppm
lithium, of different compositions were prepared by the sol-gel method.# The
catalysts exhibited high catalytic activity towards isopropanol dehydration, with a
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selectivity of 100 %. Vaidya et al.5 studied the dehydration of 1,4-butanediol to
tetrahydrofurane using a strong acid cation exchange resin as the catalyst and
found that the produced water adsorbed on the active resin inhibited the dehydra-
tion reaction.

Catalysts based on Keggin-type heteropoly acids supported on silica and tu-
bular ceramic silica membrane®7 were used for the dehydration of alcohol.

A series of metal phosphates (Al, Fe, Ni and Mn) were prepared by the am-
monia gelation method and used in the competitive dehydration—dehydrogenation
reaction of cyclohexanol. The results proved that the dehydration was realized
not only on acid sites, but also on basic sites.8

The objective of this work was to study the structural phase changes accom-
panying the preparation of zinc oxide and binary zinc oxide catalysts. The cata-
lytic behavior of the prepared zinc oxide catalyst and the role of adding TiO; and
CryO3 on the performance of zinc oxide catalyst towards the isobutanol conver-
sion reaction were studied.

EXPERIMENTAL
Preparation of the catalysts

Three different oxide catalysts: zinc oxide, zinc oxide—titanium oxide and zinc oxide—chro-
mium oxide, all mixed with bentonite, were prepared.

The zinc oxide—bentonite catalyst (Z) was prepared by mixing an equal weight ratio of
zinc oxide and acid activated bentonite (activated with 2 % HCI).

The zinc oxide—titanium oxide—bentonite catalyst (ZT) was prepared by mixing zinc oxi-
de, titanium oxide and acid-activated bentonite at a weight ratio of 1.5:1:2.5, respectively,
whereas the zinc oxide—chromium oxide—bentonite catalyst (ZC) was prepared via the mixing
of hydrated chromium oxide (freshly precipitated from an aqueous solution of chromium chlo-
ride using an ammonia solution with subsequent washing and drying) with zinc oxide and acid
activated bentonite at a weight ratio 1.5:1:2.5, respectively.

The prepared catalysts were dried at 120 °C for two hours with continuous agitation and
then ground to mesh size 0.16 mm. Subsequently, the catalysts were calcined at a temperature
of 750 °C for 12 h in presence of purified dry air to produce Z*, ZT* and ZC*.

Catalysts characterization

The structural changes of the prepared catalysts (zinc oxide, zinc oxide—titanium oxide
and zinc oxide—chromium oxide—bentonite) were investigated by X-ray diffraction analysis
(XRD) using a Shimadzu XD-D1-X-ray diffraction apparatus, equipped with a monochro-
mator for CuKa radiation to determine their crystallization behavior. The apparatus was
provided with a software program which allowed the changes in the crystallite size of the
mono- and bi-metal oxide catalysts to be determined.

Nitrogen adsorption—desorption measurements were conducted at —196 °C using a Quan-
ta Chrome Nova 2000 instrument. The samples were out-gassed (10 Pa) at 300 °C and the
surface areas were calculated from the adsorption curves by the BET method.

Catalytic activity

The conversion reaction of isobutanol was taken as a model reaction for measuring the
catalytic activity of the prepared catalysts. The isobutanol catalytic reaction was performed in
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a pulse micro-catalytic reactor operated under atmospheric pressure at reaction temperatures
ranging from 250-400 °C. The micro-reactor (diameter = 0.20 mm and length = 15 cm) was
charged with 500 mg of dried catalyst. A 2.0 ul dose of isobutanol was injected into a nitrogen
stream flowing continuously down the catalyst bed at a rate of 40 ml min!. The reaction
outputs were immediately analyzed by flame ionization detector (FID) through a chromato-
graphic column (silicon 0il-550) directly attached to the reactor. The column was packed with
chromosorb b of 80—100 mesh size.

RESULTS AND DISCUSSION
Catalysts characterization

X-ray diffraction analysis. The X-ray diffraction patterns for all the prepared
catalysts are presented in Figs. 1-3. The diffraction pattern for acid-activated ben-
tonite reveals the appearance of sharp and high intensity diffraction lines, charac-
teristic for bentonite material (ASTM 03-0010).
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10 30 50 %o Fig. 1. X-Ray diffraction patterns for (a) ben-

20/° tonite, (b) Z- and (c) Z*-catalyst.

For the Z-catalyst (Fig. 1b), new diffraction lines with high intensity appear-
ed which are characteristic for the ZnO phase (ASTM 05-0664). In addition, the
lamella line of the bentonite was shifted to the left (to a higher d-spacing), which
evidenced the penetration of ZnO to inside the bentonite lamella resulting in this
expansion. The diffraction pattern for the calcined Z-catalyst, Z* (Fig. 1¢), showed
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the presence of a zinc silicate phase, according to ASTM (79-2005). The forma-
tion of zinc silicate actually arose from the interaction of zincite (a defected form
of calcined ZnO which has the ability to trap electrons) with the bentonite struc-
ture during the calcination step at 750 °C.9
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Fig. 2. X-Ray diffraction pattern for: (a) ZT- Fig. 3. X-ray diffraction pattern for: (a) ZC-
and (b) ZT*-catalysts. and (b) ZC*-catalysts.

The diffractogram for the ZT catalyst (Fig. 2a) evidenced the presence of the
anatase form of TiOy (ASTM 09-0240),10 in addition to the characteristic ZnO
lines. The characteristic bentonite lines were still visible but with a low intensity,
which indicates the insertion of both ZnO and TiO; into the bentonite lamella.

For the calcined ZT-catalyst, ZT* (Fig. 2b), new phases were detected, i.e., the
spinel crystalline structure Zn,TiO4 and/or the cubic ZnyTi30g (ASTM 13-0471),
besides the hexagonal-coordinated ZnTiO3 (ASTM 15-0591).

The X-ray diffraction pattern for the ZC-catalyst (Fig. 3a) revealed the dis-
appearance of the main characteristic bentonite lines and a significant decrease in
the intensity of the main ZnO lines. This indicates that the CryO3 particles may
block the bentonite lamella and are probably trapped in the ZnO lattice.

For the calcined ZC-catalyst, ZC*, the intensity of the main ZnO lines sharp-
ly increased, in addition to the appearance of new lines at 26 angles: 29.9 and
36.5° (Fig. 3b), which are related to the formation of the spinel crystalline struc-
ture ZnCryO4 which favors catalyst dispersion.!!

Crystallite size. The crystallite sizes for bentonite, as well as for the prepared
and calcined catalysts, are summarized in Table 1.

The data for the Z-catalyst shows that the calculated crystallite size decree-
sed from 27.5 to 17.1 nm on mixing ZnO with bentonite. This result suggests the
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dispersion of ZnO particles into the bentonite lamella, in agreement with XRD
data. Moreover, the interaction of the Z-catalyst with titanium oxide caused a
decrease in the crystallite size, confirming that the TiO, species preserved the
high dispersion of the ZnO particles and preventing them from growing. The re-
verse was the case after mixing the Z-catalyst with chromium oxide, i.e., an in-
crease in crystallite size was observed, indicating that the chromium oxide crys-
tallites were larger than the titanium dioxide ones.

TABLE L. Crystallite size, nm, for the studied calcined catalysts

Position, A Bentonite Z Z* ZT ZT* ZC ZC*
14.46 27.5 17.1 - 9.1 - - -
3.33 179.5 1413 - 157.3 - 193.1 -
2.60 - 199.1 180.5 151.1 2275 203.9 261.8

The calcinations of the Z-catalyst (Z*) resulted in a decrease in the crystal-
lite size, which is an indication for the formation of smaller "zinc silicate" crys-
tallites, as verified by X-ray diffraction analysis.

The crystallite size increased, however, after calcination of the ZT and ZC ca-
talysts (ZT* and ZC¥*). This increase is due to the formation of zinc, titanium and
chromium binary oxides upon calcination, which may have larger crystallite sizes.

Nitrogen adsorption technique. The different surface characteristics, i.e., spe-
cific surface area (Sggr), total pore volume (V) and average pore radius (ry), for
the studied calcined catalysts were determined from nitrogen adsorption iso-
therms conducted at —196 °C and the results are given in Table II.

TABLE II. Surface properties of the studied calcined catalysts

Catalyst Sper/ m” g! V,/ml gl /A
7* 6.8 0.0056 16.5
7T* 10.6 0.0090 17.0
7C* 10.4 0.0086 16.5

The BET surface area for the Z*-catalyst increased from 6.8 to =10.5 m2 g1
upon interaction of the zinc catalyst with chromium or titanium oxide, which re-
sulted from the repulsive forces induced by the anionic sites "O" that aided in the
dispersion of the particles and consequently the surface area increased.!? More-
over, the increase in the surface area was accompanied with an increase in the
pore volume without an increase in the pore radius (Table II), confirming the in-
trusion of chromium and titanium oxide phases inside the zinc oxide pores.

Catalytic activity

The catalytic activity and selectivity of the prepared catalysts in the compe-
titive dehydration—dehydrogenation reaction of isobutanol were investigated at
reaction temperatures in the range from 250—400 °C. The data is illustrated gra-
phically in Fig. 4.
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For all the oxide catalysts, the total conversion increased continuously with
increasing reaction temperature. Furthermore, the binary oxide catalysts (ZT*
and ZC¥*) exhibited a higher conversion at all reaction temperatures, reaching
near complete conversion at 400 °C compared with the zinc oxide catalyst (Z*).

The converted products mainly consisted of isobutene, as the dehydrated
product, and isobutyraldehyde, as the dehydrogenated product. The yield of iso-
butene over all catalysts increased gradually with increasing reaction tempera-
ture, whereas considerable higher values were observed over the binary oxide
(ZC* and ZT%*) catalysts than over the zinc oxide catalyst (Fig. 4).

Meanwhile, the yield of isobutyraldehyde was similar at lower reaction tem-
peratures, while drastic increase in the yield was obtained using the Z* catalyst.
The difference in the activity of zinc oxide and binary oxide catalysts seems to
depend on the surface electronegative character of each catalyst. The effect of
surface electro-negativity on the activity was interpreted in term of the relative
abundance of basic and acidic sites required for the chain growth pathway.!3
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Metal oxides are composed of a metal and oxygen and are consequently cha-
racterized by an almost ionic bond. The coordination of ions at an ideal surface
is, by necessity, incomplete with respect to the bulk.!4 Thus, the partially unco-
ordinated metal cations and oxide anions lying at the surface of metal oxide crys-
tals can act as acids and bases, respectively. Hence, Lewis acid sites (coordi-
natively unsaturated cations) and basic sites are expected and found at ionic me-
tal oxides. These coordinatively unsaturated cations exposed at the surface of io-
nic oxide can, consequently, interact with basic molecules forming a new coordi-
nation bond, thus completing or increasing the overall coordination at the surface
cations.

Accordingly, the highest conversion of isobutanol was obtained with ZT*
then ZC* and finally Z*, which could be attributed mainly to the difference in the
acid-base feature of each oxide catalyst taking into account the incorporation of
highly electronegative cations "Lewis acids", such as Ti#" and Cr3*. A highly Le-
wis acidic surface enhances the approach of basic reactants to the active site and
consequently strong Lewis interaction with metal cations. Thus, the moderately
reducible oxide catalyst (Z*) exhibits a lower conversion than the mixed oxide
catalysts (Fig. 4).

Hence, the high activity of all the prepared oxide catalysts with increasing
reaction temperature could be explained based on redox mechanisms.

On the other hand, the polarizing power (charge to ionic radii ratio) may also
affect the overall conversion rate. The stronger are the polarizing power of an
acidic Lewis cation and the basic strength of an adsorbate, the stronger is the
Lewis interaction, i.e., the greater is the Lewis strength of the surface sites. Thus,
incorporation of Ti*" and Cr3*, which have a polarizing power of 6.6 and 4.9,
respectively, should enhance the Lewis interaction with isobutanol molecules,
compared with Zn*" which has a polarizing power of 3.3.15

Consequently, the considerable increase in the yield of isobutene over the bi-
nary oxide catalysts comparing with the single oxide catalyst (Fig. 4) may be
attributed to the additional Lewis acidity arising from the presence of Cr3* or
Ti%" on the oxide surface, which is expected to enhance the dehydration reaction.

Meanwhile, the observed divergence in the yield of isobutyraldehyde at higher
reaction temperatures (350-400 °C) in the ranking Z* > ZT* > ZC* (Fig. 4)
could be explained on the basis of the reducing character on the surface of the
catalysts. The lower density of exposed oxidizing centers (Lewis sites) on the
surface of the ZnO catalyst compared with the binary oxides (ZT* and ZC*) and
enrichment with oxygen anions seems to be responsible for the suppression of the
dehydration reaction and the enhancement of the abstraction of the more acidic
o-H from the alkoxy intermediates (see reaction mechanism), which gives rise to
the abrupt increase in the yield of isobutyraldehyde.

On the other hand, the selectivity of the prepared oxide catalysts towards
both dehydration (isobutene) and dehydrogenation (isobutryaldehyde) products
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as represented by the histograms shown in Fig. 5, revealed that the selectivity to
isobutene formation is greatly enhanced over the binary oxide catalysts (ZC* and
ZT%*), indicating a significant increase at higher reaction temperatures (350400 °C).
Moreover, the catalyst ZC* exhibited higher and relatively similar values of iso-
butene selectivity in comparison with the ZT* catalyst. Conversely, the Z* cata-
lyst showed the highest selectivity to isobutyraldehyde formation, which was
constant at all reaction temperatures. The selectivity of the binary oxide catalysts
decreased gradually with increasing reaction temperature, revealing a higher
selectivity to isobutyraldehyde formation over the ZT* catalyst.
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| Fig. 5. Selectivity of the prepared catalysts
260 276 300 326 360 376 400  towards the conversion products (a) Z*-, (b)
Temperature, ° C ZT*-and (c) ZC*-catalysts.

The reversible selectivity trends for the prepared mono and binary oxide ca-
talysts may be expressed due to a low oxygen supply resulting from the lower re-
duction potential of the Ti and Cr species (i.e., a high attraction to oxygen),
which limited the dehydrogenation reaction and enhanced the concerted attack by
isobutanol molecules through Lewis acid-Bronsted base pair site (T#"O2~ and
Cr3t0?2") of balanced strength.



VARIOUS ZINC OXIDE CATALYSTS 1 005

However, dehydration is always developed in any solid in a concerted way
but separately in every acid or base site (Figs. 6 and 7) through two steps of ad-
sorption and desorption.16-18

Adsorption Step

H3C H3C
T
\Hc—CHz HC— CH3
HsC HiC |
*/\OH '/‘\O—H

acid site

Concerted desorption step

acid site

Fig. 6. Reaction mechanism of isobutanol dehydration to isobutene on
surface acid sites via the concerted mechanism.
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Fig. 7. Reaction mechanism of isobutanol dehydration on a basic site via the concerted mechanism.
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Reaction mechanism of isobutanol conversion

From a general point of view, dehydration of an alcohol to an olefin on
single oxide and binary oxide catalysts can proceed through two different elimi-
nation mechanisms, Ejcg and Es.

Accordingly, the dehydration of isobutanol on the prepared metal oxide cata-
lysts can proceed through the two-elimination mechanisms, Ejcg and E,, as
shown in Scheme 1.19 The E;cg pathway involve a surface alkoxy intermediate
on both a strongly basic site and a weak Lewis acid site (Zn2tO2~ pairs). For-
mation of the olefin takes place by fH elimination from the carbanion inter-
mediate. Thus, ZnO contains strong basic sites consisting of O2~ anions, which
catalyze alcohol dehydration to olefin via the E|.g pathway. In contrast, the E;
elimination is a single-step, concerted mechanism in which the OH group and /-H
are simultaneously abstracted by a Lewis acid—Bronsted base pair site of balan-
ced strength, such as Ti*"O2~ and Cr3*O2~ pairs. This mechanism leads to the
formation of an olefin without the involvement of an ionic intermediate.!® The
incorporation of more electronegative cations (Ti#" and Cr3") increases the den-
sity and strength of the acid sites and thus decreases the activation energy of f/-H
abstraction.20 Therefore, isobutanol dehydration on mixed oxide catalysts is more
likely to proceed through the E, elimination mechanism (Scheme 1).

EZ EICB
4 i
CH, & H.C
C=CH, THC—H,C
cH, | | H,C |
H OH O—H
0—Zn—0—Ti—0 0—2Zn—0—2n
) 1 |
CH, B «a HC B «©
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0—Zn— O —Ti—-0
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Scheme 1. Mechanism of isobutene formation.
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Dehydrogenation of an alcohol to an aldehyde is a typical base catalyzed
reaction, Scheme 2.21,22
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Weak Lewis acid-strong Bronsted base site pairs (Zn2*027) with strongly
basic oxygen play an important role because they are required for hydrogen ab-
straction leading to an alkoxy intermediate. Dehydrogenation commences with
alcohol chemisorption on Zn2tQ2~ site pairs which cleavage the OH bond to
form a surface alkoxide intermediate bound to a Zn2* acid center. The a-hydro-
gen in the alkoxide group is abstracted by a neighboring basic site in order to
form adsorbed aldehyde. Thus, the formation of isobutyraldehyde by isobutanol
dehydrogenation prevails on a basic oxide.

However, samples which have Ti or Cr surface enrichment are suggested to
provide additional Lewis centers which may stabilize the alkoxy intermediates;
hence Ti—~O—Zn and Cr—O-Zn species may be particularly effective and abundant
sites for dehydrogenation. Moreover, benefit from the presence of these species
is suggested to be enhancement of Hy dissociation and O—H or C—H activation
during the dehydrogenation of isobutanol.23

CONCLUSIONS

From the previous discussion, it may be concluded that the catalytic dehyd-
ration reaction of isobutanol to isobutene, in addition to its eminent practical
interest, can be employed as a reaction model for the characterization of a solid
acid base catalyst, but taking into account the dehydration reaction proceeds not
only on acid sites but also on basic ones and that isobutryaldehyde, obtained
through the dehydrogenation reaction, requires additional redox ability not neces-
sary associated to basic sites.

Scheme 2. Mechanism of isobutyraldehyde formation.
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KAPAKTEPU3ALIMJA PABHUX IUHK-OKCHJIHUX KATAJIM3ATOPA U BUXOBA
AKTHUBHOCT 3A JEXUAPATAIINIY-AEXUAPOT'EHALINIY U30BYTAHOJIA

LAMIA SAAD u MARY RIAD
Refining Division — Egyptian Petroleum Research Institute, Nasr City, Hai Al-Zehour, P. O. Box 11727, Cairo, Egypt

CuHTeTHCAaHN Cy MOHO M OM(YHKIMOHAIHH IIMHK-OKCUIHH KaTaIU3aTOPH 3a NOTpede MCIH-
THBamba KaTAINTHYKE KOHBep3Hje n300yTaHona. JloOMjeHn KaTaliu3aTopH OKapaKTEPUCAHU Cy IH-
(pakumjoM X-3paka 1 METOJOM aJCOpIIIHje a30Ta. Peaknuja KoHBep3uje n300yTaHONa y3eTa je Kao
MOJIeNl peaKlifja 3a UCIIMTHBAKkE KaTaJMTHYKE aKTUBHOCTH NOOMjEHHX OKCHIHHMX KaTalu3aTopa.
V1BpheHo je na je yKymaH NpHHOC KOHBEP3Hje y peakuuju AexXuapaTaliyje/1eXuaporeHanuje u3o-
OyraHona Behu Ha KaTanu3aTopy of OMHapHOr OKCHZA HEro Ha KaTalu3aTopy O MOjeJHMHAYHOTr
OKcHza TpH TeMmreparypama y omncery 250-400 °C. KaranuzaTop ox OMHAapHOT OKCHAA je CelleK-
THBHHUjH y Clly4ajy m3o0yTeHa Kao mpeoBnalyjyher mpomsBona pexunpatanuje. Karammsarop ox
M0jeJMHAYHOT OKCH/IA je CeEKTUBHUjU Y CIIy4ajy peakUuje IeXuAporeHanyje ca n300y THpaIex -
JIOM Kao IPOU3BOJIOM PEAKIIUje, a CEIEKTUBHOCT Ce IT000JbIIABA ca II0OPACTOM TEMIIEPaType peaKiiuje.

(ITpumsseno 24. Hoem6pa 2007, peBuanpano 23. janyapa 2008)
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