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Abstract

The effect of potassium loading on the structural and catalytic | roperties of MoO,/ZrO; catalysts for oxidative dehydrogenation of propane
was investigated. Catalysts have been prepared by modified sol- gel method, and they were characterized by nitrogen physisorption, XRD,
FT-Raman spectroscopy, XPS and temperature-programmed redu ction (TPR). Catalytic activity measurements have been carried out between
400 and 530 °C under atmospheric pressure. It was observed that notassium addition prevented crystalline Zr(MoOy), formation, suppressing
the interaction of molybdenum oxide and zirconia phases, and t also favored the formation of three-dimensional molybdenum oxide and
two-dimensional polymolybdates. Both propylene selectivity an( yield were enhanced with a certain amount of potassium addition.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Conversion of lower alkanes by oxidative transformation
to corresponding alkenes has gained importance in rece 1t
years [1,2]. Nowadays, propylene is produced by crackiig
of naphtha and gas oil, and by non-oxidative conversion »f
propane. On the other hand, the oxidative dehydrogenaticn
(ODH) of propane provides an additional alternative produ :-
tion route for propylene. Furthermore, oxidative dehydr »-
genation reaction is quite exothermic and the energy requir >-
ment can be partially met by the combustion of abstract.d
hydrogen atoms. In addition, neither coking nor frequent 1 >-
generation problems occur. From thermodynamic point »f
view, up to 100% conversion is possible. However, allylic
C—H bond of propylene is weaker than the secondary C-H
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bond of propane [3], and propylene selectivity is the main
problem at high propane conversion levels. This in turn causes
a handicap for acidic catalytic surfaces necessary for propane
activation, because propylene desorption from surface is not
fast enough and even worse it is adsorbed on other sites.
In both cases it burns to CO, while the initial selectivity of
propylene is high [4]. Thus, studies on ODH of propane are
concentrated on activation mechanism of propane, effect of
oxygen type on product selectivity, and the effect of either
reaction conditions or catalyst composition on the reaction
mechanism [1].

A significant amount of work was carried out for the
ODH of propane over molybdenum oxides and metal molyb-
dates [4-11]. For example, Stern and Graselli [9] have deter-
mined that among the metal molybdates, nickel molybdate
showed the highest ODH performance. An increase in the
catalytic activity in the presence of MoO3 was observed by
Cadus et al. [7], Lezla et al. [8] and Miller et al. [12] for
MgMoOy catalysts. But, they also mentioned that if the con-
tent of excess MoO3 units on the surface is higher than a
specific amount, activity decreases probably due to forma-
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tion of MgzMo30y; by the solid-state reactions. Meunicr et
al. [10] worked with molybdenum oxide-type catalysts ‘vith
alumina, zirconia and titania supports. They found out that
what type of MoOjy species is going to form is determ ned
by the surface molybdenum density as well as the interac ion
between active component and support. These properties ilso
affect the product selectivity on the ODH of propane [11.13].
Duhamel et al. [14] worked with MoO3/Al,03 catalysts and
reported that hydroxyl groups on the surface of catalysts a :ted
as hydrogen acceptors inhibiting CO, formation. Chen ¢t al.
[15] reported that alkali addition to MoO,/ZrO; catalysts
reduced the turnover number, but increased the propy ene
selectivity. On the other hand, Watson and Ozkan [16 re-
ported that alkali addition up to a certain level increased | oth
propane conversion and propylene selectivity over Mc O3/
TiO,-SiO; catalysts prepared by sol-gel co-precipitation
method.

Sol-gel method has been frequently employed for h gh-
purity catalyst preparation during the last decade [17].
Some properties such as surface area, pore structure, dis-
tribution of active sites, and thermal stability which are
the main parameters affecting the catalytic activity, cai be
controlled. These properties depend on several paramc ters
such as the type of raw materials, solvents, acid/base r.tio,
amount of water, aging and drying, and calcination condit ons
[18].

In this work, we aimed to investigate the use of all ali-
promoted MoO,/ZrO; catalysts prepared by sol-gel me'hod
in ODH of propane. The effect of alkali addition on the st uc-
ture of supporting oxide, the type of MoO, units and 1heir
effect on the propylene yield and selectivity were inv: sti-
gated.

2. Experimental
2.1. Catalyst preparation

Catalysts with 11.5% (wt) MoO3 content were prep.ired
by sol-gel method. Zirconium (IV) propoxide (70% solution
in propanol, Fluka), ethylacetoacetate (Merck), i-prop.mol
(Merck), ammonium heptamolybdate (Merck), 25% acjue-
ous ammonia solution (Carlo Erba), and KOH (Merck) \ rere
used as starting materials. In the first step of catalyst prep ira-
tion, zirconium (I'V) propoxide was added to i-propanol and
ethylacethoacetate mixture under vigorous stirring to ro-
vide final alkoxide to solvent and ligand agent ratios of 1:3
and 1:2, respectively. Afterwards, ammonia solution, 0.5 M
KOH, 0.25M ammonium heptamolybdate solution and wa-
ter were added dropwise for 30 min; the molar ratios of w ater
and ammonia to alkoxide were 7:1 and 5:1, respectively All
gels were dried at 120 °C for 8 h and calcined in air at 540 °C
for 3 h. K was added according to K/Mo molar ratios « f 0,
0.05, 0.15, 0.25, 0.50, and the amount of K in the catalysts
was indicated as KO (K-free), K005, K015, K025, and K050
in tables and figures.

2.2. Catalysts characterization

Nitrogen physisorption measurements were carried out at
—196 °C with 150 mg samples by Quantachrome Autosorb
1C after high-vacuum degassing of the catalysts at 300 °C.
XRD patterns were obtained from Siemens D type diffrac-
tometer by using Cu Ka irradiation (A =1.5404 A). Raman
spectra were recorded using Nicolet Nexus FT-Raman Spec-
trometer equipped with an InGaAs detector. Raman scat-
tering was excited with a Nd-YAG laser operated between
150 and 1200 cm ™" region with 4 cm ™~ resolution under de-
hydrated conditions. XP spectroscopy measurements were
performed in an ultra high vacuum set-up equipped with
a Gammadata-Scienta SES 2002 analyzer with various en-
trance slits. Monochromatised Al Ka (1486.6eV; 14kV;
55mA) was used as incident radiation. XP spectra were
recorded in fixed transmission mode. The energy resolution
was determined as 0.5 and 1.5 eV, respectively. Zr 3ds; struc-
ture was used as internal standard at 182.2eV of binding
energy. Temperature-programmed reduction (TPR) experi-
ments were carried out with 150 mg samples of 250-355 pm
size placed in a quartz micro reactor under atmospheric pres-
sure. Reactor was heated up to 850 °C at a rate of 10 °C/min
under Hy/Ar flow of 50 mL/min with a content of 4.7% Hj.
Water was eliminated in a cold trap and hydrogen was deter-
mined by an on-line Hydros 100 TCD system.

2.3. Catalytic measurements

The ODH reaction of propane was carried out with a fixed-
bed U-type quartz reactor. Propane (99.95%, Linde), oxy-
gen (99.99%, Messer-Griesheim) and neon (99.99%, Messer-
Griesheim) were fed at atmospheric pressure with the com-
position of 8:8:59, respectively, to provide a total flow rate
of 75 ml/min. Uniform temperature distribution was pro-
vided by a furnace with fluidized bed sand bath. Catalysts of
250-355 pm size were diluted with quartz chips at a weight
ratio of 1:1 to provide a 2 g catalysts charge. The dead volume
of the reactor was filled with quartz chips in order to avoid
homogenous reactions. Satochrome on-line GC system with
TCD and FID detectors, molecular sieve 5A column for Ne,
03 and CO, and PoraPLOT Q column for hydrocarbons, CO;
and H,O were used for the analysis.

3. Results
3.1. Catalysts characterization

Nitrogen physisorption data of molybdenum oxide cata-
lysts are given in Table 1. Although alkali addition had no
significant effect on the surface areas, pore volume/diameter
values showed distinct maximum for K015.

The diffractograms of K0 and K050, which show max-
imum difference, are given in Fig. 1. In the case of K050
catalyst, the most intense peak indicating the formation of
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Table 1

Nitrogen physisorption results of K-MoO,/ZrO; catalysts -

Catalyst Surface area Pore volume Mean pore
(m*/g) Vg (cm?/g) diameter ( \)

KO 89 0.043 19

K005 86 0.069 32

K015 101 0.112 44

K025 91 0.084 37

K050 82 0.083 41

tetragonal zirconia was observed at 26=31.1 (JCPDS/2 }-
1164), but no peak due to monoclinic phase was detecte 1.
Tetragonal zirconia converts into monoclinic phase nearly 1t
450 °C under suitable conditions, but as previously report:-d
[19], the presence of MoOy units in the catalyst structure st 1-
bilizes the tetragonal phase and prevents its transformation o
the monoclinic form. On the other hand, in the case of K-fr e
catalyst (K0), an additional Zr(MoOy); phase was detect.d
by the peak at 26=24.0 (JCPDS/21-1469), and no peak : t-
tributed to crystalline MoOj3 peak was observed. The absen e
of crystalline MoO3 peak probably indicates that MoO, un: ts
are either highly dispersed or amorphous in nature [13]. Inthe
diffractogram of K050 catalyst, the Zr(MoOy); peak disa -
peared with potassium addition, and the tetragonal zirconia
peak became sharper and no peak due to potassium moly -
date phase was observed.

The Raman spectra of the catalysts with different K co 1-
tents are given in Fig. 2. The peaks with low intensity it
270, 312, 456 and 648 cm™! are ascribed to tetragonal z r-
conia phase [20-22], and K addition increases the peak i1-
tensities. Monoclinic phase of zirconia was not observe i,
which is usually identified by a prominent peak at 490 cm !
[23]. Peaks at 745 and 948 cm™! are due to Zr(MoOy);
phase [22,24] and their intensities decrease with K loa I-
ing, and finally disappear above 15% K. This is in acccr-
dance with X-ray diffractograms. Peaks at 819 cm™! inci-
cate Mo—O—Mo stretching of three-dimensional molybd :-
num oxide domains [13,22,25], and its intensity was o0)-
viously increased by potassium loading. Peak at 972cm !
attributed to the stretching of Mo=0 bonds. Despite beiig
barely observable for K-free catalyst, it appears and increas :s
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Fig. 1. XRD patterns of KO and K050 catalysts.
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Fig. 2. Raman spectra of K-Mo0O,/ZrO; catalysts.
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Fig. 3. K 2p 3 XP spectra of catalysts.

in intensity as the amount of K increases indicating the for-
mation of two-dimensional polymolybdates [13,22].

The K 2p3p2, C 1s and Mo 3dsy; XP spectra are shown in
Figs. 3 and 4, respectively. The K 2p3/; intensity at 293.2 eV
increases gradually with K loading. The XPS results are
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Fig. 4. Mo 3d s XP spectra of catalysts.
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Table 2
XPS results of K-Mo0O,/ZrO; catalysts
Catalyst Binding energy (eV) Surface atomic ratio® Bulk atomic ratio®
K 2p3n Zr 3dsp Mo 3dsp KZr K/Mo Mo/Zr K/Zr Mo/Zr
KO = 182.2 2325 - - 0.25 - 0.11
K005 293.0 182.2 2325 0.01 0.05 0.28 0.006 0.11
K015 293.2 182.2 2325 0.03 0.12 024 0.016 0.11
K050 293.2 182.2 2326 0.09 0.45 0.21 0.056 0.11
2 Experimental surface ratio calculated by XPS data.
b Preparation composition of the catalysts.
; b g : : Table 4
ODH of propane catalytic measurement results over K-MoO,/ZrO; catalysts
Catalyst T(°C) Conversion (%) Selectivity (%)
i C3Hg CiHs CO CO; CyHg
KO 450 18.3 212 50.1 286 0.1
500 283 18.6 M8 212 02
K005 450 11.3 428 41.1 160 0.1
= 500 31.2 25.1 23 24 02
K015 450 7.1 49.1 205 304 00
500 16.7 449 288 262 ''0O1
’ v . ek v K025 450 2.6 SLY 323 160 0.0
0 200 400 600 800 1000 500 54 554 33.1 115 00
Temperature (°C) K050 450 36 429 259 312 OO
500 53 432 325 23 8BS

Fig. 5. TPR profiles of K-M0O,/ZrO;.

shown in Table 2. The binding energies of Mo 3ds;; ary
in a narrow range between 232.5 and 232.6eV. This cc rre-
sponds to Mo®" in an environment of oxide anions [26]. I'oth
K and Mo surface atomic ratios are higher than the theo eti-
cal bulk atomic ratios indicating the migration of K and Mo
to the surface.

TPR results of the catalysts up to 850 °C are givenin Fi 1. 5.
The first peak in the K-free sample has a maximum at 444 °C,
which shifts to 522 °C at the catalyst with the highest K « on-
tent. This peak can be ascribed to the reduction of Mo(V ') to
Mo(IV) and the second peak can be attributed to the reduc tion
of Mo(IV) to lower valence states [27]. The peak maxim: are
given in Table 3.

3.2. Catalytic measurements

The propane conversion and product selectivity re: ults
of the catalytic activity experiments at 450 and 500 °C are
given in Table 4. As expected, propylene as well as caibon
monoxide and carbon dioxide were main products. In a Idi-

Table 3
TPR peak maxima of K-MoO,/ZrO, catalysts
Catalyst Temperature (°C)

1st peak 2nd Hreak
KO 444 801
K005 457 809
K015 469 831
K025 489 820
K050 522 800

tion, ethylene and trace amounts of methane and ethane were
also detected.

K addition affected both propane conversion and propy-
lene selectivity. The effect of K/Mo ratio on conversion, and
propylene selectivity at 530 °C are given in Fig. 6. Propane
conversion at 530 °C increased for K005 and then decreased
below to K-free catalyst level for KO15. The propylene se-
lectivity of 18.8% for K-free catalyst increased to 52.1%
for K025 and then decreased for K050. The effect of reac-
tion temperature on propylene selectivity is shown in Fig. 7.
Propylene selectivity decreased with temperature on both K-
free and those with low K-loaded catalysts, namely K005 and
KO15, but the selectivity increased at higher potassium load-
ings. The specific activity and propylene productivity results
at 530°C are given in Table 5. The propylene productivity

40 - T T T T 60
- . xe
= [
30 - —_
g * o
H £
B -}
/ -
K F20 I
02: 104 \ =
—— .
+10
0 T T T T T 0
0,0 0,1 0.2 03 04 05
K/Mo ratio

Fig. 6. The effect of K addition on propane conversion and selectivity at
530°C.
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Fig. 7. The effect of reaction temperature on propylene selectivity.

Table §
Specific activity and propylene productivity results of K-MoO,/Zr ),
catalysts

Catalyst Specific activity pmol Propylene productivit
C3Hgm 25~ 1x10°3 kg C3Hg/kgeath

K0 2.02 0.044

K005 2.45 0.070

K015 1.73 0.082

K025 1.14 0.061

K050 0.61 0.027

values of K-loaded catalysts except K050 are higher th:n
that of K-free catalyst. Fig. 8 shows the propylene yields »f
the catalysts at 530 °C. The propylene yield of 6.1% for 1 .-
free sample increased to 10.9% upon 15% K addition. The
conversion—selectivity plots of K-free and K015 catalysts a e
shown in Fig. 9. The propylene selectivity of both cataly:ts
decreased with the increase in conversion and the presen e
of 15% potassium enhanced the selectivity in comparison o
those of K-free catalyst.

4. Discussion

In this work, we investigated the ODH of propane over K
loaded M00O,/ZrO; catalysts prepared by the sol-gel metho 1.

C_H, yield (%)

KO K005 K015 K025 KO050

Fig. 8. The effect of K addition on propylene yield at 530 °C.

80+
704
60+
g o1
50+ _ g Y
f """ . Ko15
Lo e S T A
. -
30 4
= Ko
O 204 ... i
104
0 T ye— 3
o 10 20 30 40
C_H, conversion (%)

Fig. 9. The conversion and selectivity plot of KO and K015 catalysts.

Alkali addition by impregnation generally reduces surface
area by blocking the pores. In the case of sol-gel method
employed in this work, this addition was well tolerated and
the surface area even increased at a certain level of potas-
sium loading. Furthermore, alkali or acid addition regulates
the hydrolysis and condensation reactions in sol-gel method
during gelation and affects the surface area and pore vol-
umes [28,29]. This provided the steady increase in pore
volumes with the increases in K loading up to a certain
level.

It was observed from the XRD and Raman spectroscopy
measurements that molybdenum oxides form Zr(MoOz); to
a large extent in the absence of potassium. Although the
calcination was carried out at 540 °C, no peak ascribed to
crystalline monoclinic zirconia was observed in XRD and
Raman spectra due to the stabilization effect of MoO; units
distributed in tetragonal phase of zirconia [19]. As K con-
tent of the catalyst increased, it was observed that the in-
tensity of the peak at 745cm™! due to Zr(MoQj), phase
decreased and finally disappeared, but the intensity of tetrag-
onal zirconia peaks (312, 456, and 648 cm™!) increased. K
probably either attacks Mo—O—Zr bonds or reduces the in-
terface between MoO, and zirconia, and as a result sup-
presses the formation of Zr(MoQOy),. In addition, intensi-
ties of three-dimensional molybdenum oxide aggregates and
two-dimensional polymolybdate in Raman spectra increased
with potassium loading. It is known that two-dimensional
polymolybdate domains can be formed by condensation of
isolated molybdenum oxide species or by spreading of three-
dimensional molybdenum oxides on the surface during cal-
cination [30,31]. Since the Raman measurement of the K-
free catalyst showed the absence of isolated species, spread-
ing mechanism of three-dimensional molybdenum oxides has
probably occurred in these catalysts. Furthermore, the K and
Mo migration occurred during calcination because surface
atomic ratios of both elements are higher than theoretical
values as indicated by XPS. The shift of Raman peaks of
lower potassium loaded catalysts from 970 to 960 cm ™! with
slight broadening for K050 catalyst may be attributed to K
incorporation to molybdenum oxide, as similarly reported by
Bian et al. [32]. The increase in reduction peak of Mo(VI) in
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TPR curves from 444 to 522 °C with K loading confirm: the
effect of K on the reduction properties of molybdenum o :ide
units.

Catalytic reaction data showed that K-free catalyst has
higher activity in propane oxidative dehydrogenation. but
lower selectivity to propylene. Chen et al. [13] reported that
Zr(MoOQg); phase is active, but it does not have higher pr«py-
lene selectivity in ODH of propane than that of molylde-
num oxides. It is also known that potassium incorporatic n to
molybdenum oxide units contributes to the propylene les-
orption from the catalyst surface by decreasing the acidit y of
catalytically active sites as reported by Watson and O: kan
[16]. Since propylene is strongly adsorbed by acidic sitcs, it
is easily converted to combustion products due to its we iker
allylic C—H bonds [3]. These findings explain the impr.ve-
ment in propylene selectivity from 18.8 to 52.1% by pc tas-
sium loading at 530 °C in this study. It was also observed that
K incorporation did not drastically decrease propane conver-
sion up to KO15. For this reason, K loading increased propy-
lene yield of the catalysts such that 6.1% over K-free cat: lyst
was improved up to 10.9% upon 15% K loading. In addit ion,
propylene selectivity of K-free catalyst decreased with re-
action temperature (Fig. 7). But, potassium loading led t » an
increase in propylene selectivity at higher temperatures. \Vhy
propylene selectivity was improved by K loading even thc ugh
propane conversion increase can be attributed to the pos tive
effect of alkali incorporation on the selectivity. It is kn wn
that adsorbed oxygen species lead to the formation of (O,
more than lattice oxygen does. In addition, potassium up-
presses the surface potential favoring oxygen insertion { om
surface to the lattice vacancies produced by the reduction of
molybdenum oxide [33]. As a result, oxygen insertion { om
surface to the lattice vacancies as well as propylene des rp-
tion from the surface could be easier in the presence of alkali
promoter. In both cases, propylene selectivity increase i at
higher reaction temperatures.

5. Conclusion

Potassium addition affected the structures of both mo yb-
denum oxide and zirconia support, and prevented the for ma-
tion of crystalline Zr(MoOg); by suppressing the interac'ion
of molybdenum oxide with zirconia. It also contribute | to
the formation of three-dimensional molybdenum oxide ag-
gregates and two-dimensional polymolybdate units. Propy-
lene selectivity and yield increased with certain amour t of
potassium loading. With the exception of the catalyst ‘vith
0.5 molar ratio of K to Mo, all catalysts gave higher prcpy-
lene yield than that of K-free catalyst.
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