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Abstract

A series of ZrQ—MoG; catalysts with different molybdenum loadings (0-18.7 at.% Mo) prepared by co-precipitation were characterized
and evaluated for their performance for methylcyclopentane (mcp) conversion. The dependence of Mo content on the crystallinity, surface
area, and acidic properties of Zr&MoG; is studied and evaluated as a function of molybdenum loading. The monoclinic phase is observed
at low Mo loadings, with the tetragonal polymorph of Zréffectively stabilized at higher Mo loadings. The surface area ohL,ZM®0;
increases with molybdenum content to a maximum value of 12gtat a loading of 15.8 at.% Mo, followed by a decrease at higher Mo
loadings. Isothermal Cadsorption and ammonia TPD results indicate the strength of basic sites and spegifieddkption decreases with
increasing molybdenum content, while TPR indicates Z1@00; catalysts are more easily reduced with increasing molybdenum loading.

The most active catalyst for mcp conversion (36% conversion) corresponds to a molybdenum loading of 3.2 at.% Mo, which has the highest
acidity per surface area of the ZreMoO; catalysts studied.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction gine operation, more complete combustion, and less particu-
late matter in the exhaust gagds].

Traditionally, the octane number of gasoline fuelshasbeen  Improving the cetane number of diesel fuels involves hy-
improved by the addition of aromatic compoufitis3]; how- drotreatment over monofunctional or bifunctional catalysts to
ever, aromatics are becoming less suitable for this purposeproduce paraffins, olefins, and alkyl-substituted rings. Over
because of new legislation set by the European Auto Oil monofunctional catalysts, ring-opening reactions are sug-
Programme and other global organizati¢@is Considerable  gested to proceed via the Haag—Dessau mechanism, where
work is being done to convert aromatics to high quality syn- alkanes are directly protonated to non-classical carbonium
thetic steamcracker feed (ethane, propanenamgtane),and  ions in the transition stat§l]. The Haag—Dessau mech-
to cleaner distillate streams for the production of diesel fu- anism involves preferential cracking of the most highly
els. However, with the increased utilization of heavy oils and branched carbon atom and high activation energies. Over bi-
vacuum residue, new catalysts are required to selectively hy-functional catalysts consisting of solid-acid supported met-
drogenate the aromatics and polyaromatics of heavy oils toals, ring-opening reactions are suggested to proceed via iso-
produce diesel fuels with lower aromatic content. Diesel fu- merization of six-membered rings to five-membered rings
elsthat contain lower concentrations of aromatics have higheron acidic sites followed by hydrogenation over metal sites
cetane numbers, giving shorter ignition delays, smoother en-[6]. One of the challenges of formulating an effective bifunc-

tional catalyst is balancing the acidic and metallic function-
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Combined with a second metal oxide, zirconia has many toelectron spectroscopy (XPS). XPS was performed using a
attractive catalytic properties including a strong interaction Kratos Axis 165 spectrometer with monochromatic Al Ka
with active phases, acidic and basic functionality, and thermal radiation (1486.6 eV). Prior to analysis, the oxide powders
and chemical stabilitj7]. Metal oxides such as Mof)WOs, were milled, formed into wafers (ca. 150 mg), and degassed
or CuO can be combined with Zs(by wet-impregnation,  for approximately 2 h at <& 10~° Torr. Survey (wide) spec-
sol-gel impregnation, or co-precipitation. The second metal tra were collected from 0 to 1100 eV with a pass energy of
oxide, as well as the method of preparation, can produce 160 eV, step size of 0.5 eV, and a dwell time of 0.15 s (single
a zirconia-based catalyst with different chemical, physical, scan). Peak assignments and atomic concentrations were cal-
and catalytic properties. Previous work has shown that the culated using the algorithm and sensitivity factors contained
incorporation of molybdenum with zirconia through co- in the Kratos Vision2 software.
precipitation yields mixed oxides that have a higher surface
area and are more easily redud@d?9], leading to higher  2.2.2. Synchrotron X-ray powder diffraction (SXPD)
catalytic activity. Synchrotron X-ray powder diffraction (SXPD) measure-

The objective of the present study was to prepare and char-ments were performed using the SUNY beamline X3B1 at
acterize a series of monofunctional Zxd100; catalysts the National Synchrotron Light Source (NSLS), Brookhaven
with a molybdenum loading from 0 to 20 at.% Mo. The cat- National Laboratory (BNL). The synchrotron beam was
alysts were prepared by co-precipitation and characterizedmonochromated by a double Si(1 1 1) crystal monochromator
using X-ray photoelectron spectroscopy (XPS), synchrotron at a wavelength of 0.6995% as calibrated from a series of
X-ray powder diffraction (SXPD), BET surface area, £0 seven well-defined reflections using a NIST corundum X-ray
isothermal adsorption, temperature-programmed reductiondiffraction standard (NIST 1976a). The intensity of the inci-
(TPR), and temperature-programmed desorption (TPD) of dent beam was monitored by an ion chamber and normalized
ammonia (NH). The activities of the Zr@-MoO;3 catalysts for the decay of the primary beam, and the diffracted beam
were evaluated using methylcyclopentane, and the correla-was analyzed with a Ge(1 1 1) crystal. X-ray scattering inten-
tions between catalyst properties and methylcyclopentanesities were collected at room temperature in steps of(h§1
conversion are discussed. counting for 1 s at every 2ffom 5° to 55°.

2.2.3. Calorimetric CQ adsorption

2. Experimental methods Calorimetric CQ adsorption experiments were performed
using a Setaram Differential Scanning Calorimeter DSC-111.
2.1. Preparation of Zrg-MoOs Approximately 100 mg of sample was packed into a silica

glass reactor tube on top of a sintered quartz substrate. The

The synthesis of Zr@-MoO;3 catalysts was carried outby  samples were heated to the adsorption temperature (100, 200,
co-precipitation routines, similar to those detailed by Calafat and 300°C) at a rate of 15C min~! under a flow of ar-
et al.[9]. The solid precursors, zirconyl chloride octahydrate gon (99.99%, 1 L hl). Isothermal CQ adsorption was per-
(ZrOCl,-8H,0, Sigma-—Aldrich, 98%) and ammonium hep- formed by dosing the samples with ¢(®9.99%, 1.2 L ')
tamolybdate ((NH)sM07024-4H20, Fisher Scientific, certi-  followed by out-gassing with argon. The heat released during
fied ACS), were combined using various amounts of molyb- adsorption was measured by a series of Seebeck-effect ther-
denum to achieve a final Mo loading from 0 to 20 at.%. The maljunctions in.V and converted to mW through calibration
precursors were weighed, approximately 10 mL of de-ionized with a Joule-effect device.
water was added, and the aqueous mixture was heated to com-
pletely dissolve the solids. Ammonium hydroxide (NbH, 2.2.4. Surface area, TPR, and NAIPD
Sigma Aldrich, 14.8 M ACS reagent) was added drop-wise  Surface area measurements (BET), temperature-
until the pH was 9.25. The resulting solids were vacuum fil- programmed reduction (TPR), and ammonia temperature-
tered and washed with five parts distilled water. The samplesprogrammed desorption (TPD) were performed with an
were dried at room temperature for 24 h, dried at 1@0n AutoChem 11 2910 (Micromeritics) equipped with a thermal
air for 8 h, and calcined at 50C in flowing air for 2h. The conductivity detector (TCD) at a sampling rate of 1Hz.
resulting mixed oxides are indicated as OMoZr, 3.2MoZr, For surface area analysis, approximately 150 mg of sample
4.7MoZr, 8.7MoZr, 10.8MoZr, 15.8MoZr, and 18.7MoZrin was placed in the U-shaped quartz sample tube on a
reference to the actual percentage (atomic) of Mo in each quartz wool bed and degassed in flowing helium (99.999%,

ZrO>,—Mo0Q; catalyst. 10mLmin 1) at 250°C for 30min. After pretreatment,
the BET surface area was measured using a 29.9% nitro-

2.2. Characterization of Zr&-MoOs gen/helium mixture. TPR measurements were performed
using a similar pretreatment followed by sample heating

2.2.1. Molybdenum loading from 25 to 500°C at a heating rate of & min~! in flow

The atomic concentration of molybdenum in the of 10% Hy/Ar (50 mL min~1). Ammonia TPD analysis was
ZrO,—Mo0Q;3 catalysts was determined by using X-ray pho- performed by initially pretreating the samples at 2Q0for
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Table 1
Predicted and experimental (XPS) composition data
Mo loading (at.%) Atomic ratio (O/(Mo + Zr))
Predicted Experimental Predicfed Experimentdl OMoZr
0 0 2.00 2.18
2 32 2.03 2.26 . i 3.2MoZr
5 47 2.05 2.36 g
7 87 2.09 2.40 -y 4.7MoZr
10 10.8 2.11 2.41 >
15 15.8 2.16 2.50 & ‘ 8.7MozZr
20 18.7 2.19 2.37 2
a8 The predicted atomic ratio is based on the structural formula of r ‘ 10.8MoZr
ZrO,—yMoG; calculated using the actual Mo loading.
b The excess surface oxygen is attributed to surface hydroxyl, CO, and b 15.8MoZr
CO; species.
. . . . 18.7MoZr
60 min and then cooling to 8@ for 10 min under helium
(99.999%). After TPD pretreatment, the samples were dosed R I
5 15 25 35 45 55

with 14.9% NH/He (15 mLmirr1) for 30 min. Ammonia
was used as a probe molecule because of its stability, strong
basic strength (pi=9.25) and small size (0.3nn{L0]. Fig. 1. Synchrotron X-ray powder diffraction (SXPD) patterns of
Excess ammonia was removed by passing helium (99.999%,zr0,-Mo0s. The data were collected at room temperature using a wave-
25mL min_l) over the sample for 60 min, and ammonia length of 0.69952, steps of 0.01, and dwell time of 1.

TPD was carried out from 80 to 50C at a heating rate of

2-theta

10°C min~1. cluding sample inhomogeniety, the incomplete dissolution of
the precursors during sample preparation, or surface molyb-
2.3. Methylcyclopentane conversion denum enrichment. The measured O/(Mo + Zr) atomic ratios

were also higher than theoretical values based on an empir-
ZrO,—Mo0Os reactivity studies were performed using ical ZrO,—MoOQOs formula considering the experimental Mo
methylcyclopentane (mcp) as a probe molecule to provide content, suggesting the presence of surface CG;, ©H
a measure of reactivity as a function of molybdenum sub- species.
stitution. Reactivity experiments were carried out at 300 ZrOy can exist in the monoclinic, tetragonal, and cubic
and 101 kPa using a differential flow reactor. The relative phases depending on calcination temperdtlig however,
concentration of methylcyclopentane was monitored with a the stabilization of the tetragonal Zs(hase is important
Dycor Quadropole Gas Analyzer, and subsequently quanti-for catalytic applications. In the present study, unpromoted
fied by measuring the intensity of the mass-to-charge (m/z) ZrO, (OMoZr) exhibits a characteristic monoclinic diffrac-
ratio of 56. The samples were initially reduced in hydrogen tion pattern (Fig. 1). The addition of molybdenum leads to
using temperature-programmed reduction as previously dis-modification in the crystalline structure, indicating molyb-
cussed. The liquid methylcyclopentane was vaporized at adenum effectively stabilizes the tetragonal polymorph of
reflux temperature of 45C, flask temperature of 5@ and ZrOo. The monoclinic structure is dominant at low Mo load-
a loop volume of 0.13mL, and pulse-injected at an interval ings, while higher molybdenum loadings above 4.7 at.% Mo
of 10 min to a carrier gas of 10%#Ar (10 mL min—1). The (4.7MoZr) increased the proportion of the tetragonal phase,
m/z (56) intensities of 8 mcp pulse injections were quanti- as evidenced by the reflection at approximately24°. The
fied, and mcp conversion was calculated based omtfze  lack of discernible reflection peaks between=280°-13
(56) intensity in the absence of a catalyst. (A=0.69952&) indicate the absence of a separate MoO
phase. These results are consistent with previous crystallo-
graphic studies of Zre>-MoQg that indicated the tetragonal

3. Results and discussion phase is dominant at low Mo loadinf. It is believed that
molybdenum opposes the tetragonal to monoclinic transition
3.1. Composition and structural analysis by decreasing the zirconia grains below a critical size and re-

tarding the grain-growth rate. Zhao etfdl2] also noted that
Table 1presents the predicted and actual compositions the broadening of the diffraction peaks for ZréMoQg3, as
of the ZrQ—MoO;3 catalysts, as characterized by XPS. The observed in the present study, indicates theZe@stallite
actual molybdenum content is in good agreement with the size is smaller while the tetragonal structure is retained.
predicted molybdenum loading; however, the XPS molyb-  Table 2summarizes the crystalline structure and specific
denum content is usually higher than the predicted values.BET surface areas of Z#E2MoQO3 as a function of molyb-
These differences may be attributed to several factors, in-denum content. For pure ZpQOMoZr), the specific sur-
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Table 2

BET surface areas and crystallinity of ZréMoOs

Mo loading (at.%) S (BET) Crystalline

(m?g~1, £5%) structuré

0 20 M
3.2 31 M(+), T(-)
47 &3 M(=), T(+)
8.7 ) T

10.8 101 T

15.8 124 T

18.7 111 T

a M: monoclinic, T: tetragonal; (—) minor phase; (+) dominant phase.

face area was 20%@‘1. The surface areas for Zg©MoO3
increased with increasing Mo loading to 124g1! for
15.8MoZr, followed by a decrease to 11%gr! for
18.7MoZr. Comparable BET surface areas for Zr1003
have been reported elsewhfde 2]. The observed maximum
in surface area as a function of molybdenum substitution is
attributed to the ability of molybdenum to stabilize the zirco-
nia grains. Zr@—Mo0Q;s catalysts prepared by methods other
than co-precipitation, namely wet-impregnation, yield lower
surface areas that decrease with molybdenum logd8iag].
The results obtained from this study qualitatively agree with
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Fig. 2. Temperature-programmed reduction profiles of Z/@003. TPR

was performed from 25 to 50@ at a heating rate of 1@ min—2 in flow

of 10% Hp/Ar (50 mL min—1).

increased from OMoZr to 4.7MoZr, the specific hydrogen
uptake increased from 0 to 4:610~2mL m~2. The maxi-
mum total specific hydrogen uptake (15002 mL m~2)

previous work, demonstrating that higher surface areas arewas observed for the 18.7MoZr sample, corresponding to

obtained when catalysts are prepared by co-precipitation.

3.2. Temperature-programmed reduction and oxidation

Temperature-programmed  reduction  profiles  for
ZrO>—MoQOs are shown inFig. 2. The total hydrogen
uptake increased with increasing molybdenum loading,
indicating the Zr@Q—MoO;3 catalysts are more reducible at
higher molybdenum loadings. The 3.2MoZr catalyst showed
a single reduction peak centered at approximately°895
With increased molybdenum loading, a second reduction

the highest molybdenum loading in the present study.

The TPR analysis clearly indicated the presence of two
reduction peaks at higher Mo loadings. Calafat ef9lalso
observed that the reduction of ZsgEMoO; catalysts occurred
in two stages. The low temperature peak was assigned to the
reduction of dispersed polymolybdates and the high temper-
ature peak was assigned to the reduction of M&®©MoO,

[9]. Bhaskar et al[7] found that reduction of Mo&to MoO,
occurred at 767C while reduction of Mo@ to Mo occurred
at 987°C. The peaks observed for the reduction of Md®
MoO; by Calafat et al[9] may have been lower because of

peak evolved and became more pronounced and shifted taZr—O/Mo—O interactions, owing to the method of catalyst
lower temperatures, suggesting that reduction occurred inpreparation (co-precipitation). However, the peak tempera-
two stages and the catalysts were more easily reduced. Theures observed in the present study were all lower those pre-

reduction peaks were fitted to determing tptake, and the

viously reported for Mo@and MoG. Based on the reported

resulting specific hydrogen uptake and peak temperatures asemperatures for the reduction polymolybdd&sthe peaks

afunction of Mo loading are locatedTrable 3. The TPR data
is expressed in units of mL ¥ for direct comparison to CO
adsorption and mcp conversion results. As the Mo loading

observed inthe present study may be assigned to the reduction
of polymolybdates. The nature and concentration of surface
Mo species is dependant on the Mo loading, and the observed

Table 3
Effect of Mo content on K uptake
Mo loading (at.%) H uptake (x102mL m=2) Total Hy uptake (x102mLm~2) Temperature“C)
First peak Second peak First peak Second peak
0 - - 0 - -
3.2 - - 48 - -
4.7 1.3 2.6 4.6 365 407
8.7 2.0 4.3 8.0 365 402
10.8 2.6 4.3 7.4 357 395
15.8 3.9 3.8 9.1 350 385
18.7 6.7 6.8 15.0 333 379

The first peak corresponds to the low-temperature peak and the second peak corresponds to the high-temperature peak, as fit using numerical routines.
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Fig. 4. Ammonia (NH) temperature-programmed desorption profiles of

Fig. 3. Differential heats of isothermal GGdsorption as a function of
ZFOZ—MOO3_

temperature for Zrg-MoOgz catalysts.

) ) o ) Ammonia temperature-programmed desorption (TPD)
increase in the amount oftonsumed with increasing Mo spectra profiles for Zr§-MoO;s are shown inFig. 4. The
loading is consistent with this argument. spectrum for each Zr§-MoO; catalyst suggests two NH
Temperature-programmed oxidation (TPO) was per- gesorption peaks, corresponding to strong and moderate
formedto determineifthe TPR process was reversible (resultsqigic sties. As can be seen by the increasing area under
not shown). TPO of Zr@-MoOs showed that the oxygen e cyrves, the number of acid sites increased with Mo load-
gptake increased with Mo content, similar to the increase ing (per mass). Irrespective of molybdenum loading, the first
in hydrogen uptake. Catalysts that were subjected to TPR 5 second peak occurred at approximately 150 and@Gpo
following TPO produced similar reduction profiles as un- regpectively. The volume of ammonia desorbed per unit sur-
treated samples. The TPR results prior to and following treat- 5.6 area is shown iRig. 5. The desorbed volume per unit
ment with TPO indicate reduction is completely reversible, grface area decreased with molybdenum loading followed
as the reduced catalysts returned to their oxidized stateby an increase, with a minimum specific desorption volume

during TPO. at a Mo loading of 10.8 at.%. Overall, pure Zr@emon-
strated the highest Nddesorption volume (specific), while
3.3. CQ and NH; adsorption the addition of molybdenum clearly modifies the nature and

concentration of the acidic sites.
Fig. 3 shows the isothermal heat of G@dsorption at

three different temperatures (100, 200, 300 for each 0.020
ZrO—Mo0Os catalyst. The surface basicity decreased with
increasing molybdenum loading, as evidenced by the de- o018 f
creasing heats of CQadsorption with increasing Mo load-
ing. The strength of basic sites rapidly decreased from pure « o016 [
ZrO, (0.07JnT?) to a molybdenum loading of 4.7 at.% {
(0.03Jn72) at 100°C. The effect of increased Mo loading
from 10.8 to 18.7 at.% Mo was less pronounced, only de-
creasing the heat of G@dsorption from 0.02 to 0.01 JTA,
respectively, at 100C. When the Zr@g-MoQ;3 catalysts were
subsequently dosed with GOthe heats of adsorption de- %
creased indicating that the adsorption process was not com- 0010 %
pletely reversible. The irreversible adsorption is an indication i
of surface inhomogeniety and the presence of different ad- ~ 0908 i ;
sorption sites. C@can react with basic oxygen species on
the surface giving carbonate-like species that possess differ- 0008 : :
ent structures on different crystalline phases. This is clearly » = — 1;. e L =
evidenced by the differences in isothermal £&sorption 0 -oading 7 al- %
as a function of Mo content, indicating surface basicity is Fig 5. volume of ammonia desorbed (specific) as a function of Mo loading
dependent on the crystalline structure. for ZrO,—MoOs,

0.014

0.012

NH; Desorbed / mL m




60 C. Kenney et al. / Thermochimica Acta 434 (2005) 55-61

Table 4 sorbed on the surface increagd®]. Tanabe[14] reported

Conversion of methylcyclopentane (mcp) over £:®100; that high catalytic activities and selectivities of @00z

Mo loading (at.%) mcp conversion catalysts were explained by the interaction of weakly acidic
0 9 sites with moderately basic sites. However, it is clear from
3.2 ¥ the present studies that while surface acidity is an important
g-; Ngg"gib'e factor governing catalytic activity, other factors contribute to

10.8 9 ZrO>—Mo0Os activity, namely reducibility and crystallinity.

15.8 Negligible Additional studies are being performed to identify the na-

18.7 9 ture of the reaction products and ring-opening selectivity for

the reaction of mcp over Zri2MoQOs. A detailed reaction

) ) mechanism and reaction kinetics will be the subject of a forth-
Li et al. [13] reported peaks of Niidesorption at 327C coming manuscript.

(Si0x—-Al203), 377°C (H-ZSM-5), 4277C (mordenite), and

557°C (C9.5Ho.5sPW12040). Preparation of Zr@-MoOs

catalysts by different methods only appears to have an ef-4. Conclusions

fect on the distribution and not the strength of acid sites.

Bhaskar et al[7] observed two ammonia TPD peaks at 300  The characterization of Zr&MoOs catalysts have shown
and 550°C that increased in intensity with increasing Mo-  that when molybdenum is incorporated with zirconia through
loading for catalysts prepared by incipient wetting of 2rO  co-precipitation, molybdenum stabilizes the tetragonal poly-
and calcined at 500C. A single adsorption peak at approx- morph of ZrQ, increases the specific surface area, decreases
imately 200°C was observed by Li et al13] for catalysts  the strength of basic sites, increases the reducibility, and de-
prepared by impregnation of Zr(Oland calcined at tem-  creases the number of acidic sites per unit surface area. The
peratures from 300 to 90C. In the present study, the first  increase in surface area was attributed to the ability of molyb-
peak somewhat agrees with what has been reported by Lidenum to stabilize Zr@grains below a critical size and pre-

et al. (200°C) [13] while the second peak agrees with what vent grain growth. In addition to the decrease in basicity
has been reported by Bhaskar et al. (309[7]. However,a  strength that was observed with increasing Mo loading, it
detailed comparison between the results of the present studyvas observed that the G@dsorption process was not com-
and those studied by Li et al. is not possible, becausg NH pletely reversible owing to the presence of different active
desorption was limited to 50 in the present study to avoid  sjtes. Temperature-programmed desorption profiles of am-
structural changes. Thus, the influence of preparation methodmonia exhibited two peaks, corresponding to the presence
on the number and strength distribution of the strong acidic of moderate and strong acid sites. The reaction results indi-

sites cannot be evaluated. cate that the Zr@-MoOgs catalyst with the highest acidity
per surface area (3.2 at.% Mo) yields the highest mcp con-
3.4. Methylcyclopentane conversion version (36%). Consequently, future studies of Z#o00O3

ring opening catalysts will focus on low Mo loadings (below
Reaction studies were carried out using methylcyclopen- 10 at.%).
tane (mcp) as a model compound to evaluate the activity of
the ZrQ—MoO; catalysts (Table 4). The conversion of mcp
is defined as the disappearance of mcp, and in the presence dhcknowledgements
H> would include both ring-opening and cracking reactions. ] )
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