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Abstract

The CeQ-modified ZrQ support was impregnated in an aqueous solution of ammonium heptamolybdate to achieve a loading of
8wt.% Mo. This material (Mo/Zr(Ce)) was characterized, in comparison with Mo/Zr, by X-ray diffraction, FT-IR and UV-VIS diffuse
reflectance spectroscopy as well as low temperatyradsorption and electrical conductivity measurements. The X-ray results showed
that the particles size of Mafn Zr(Ce) (24.7 nm) was lower than those on ceria free Zr (36.7 nm). The IR results indicated that a strong
interaction between Mo species and zirconia was recognized in the Mo/Zr(Ce) sample by the appearance of a new band’at 858 cm
attributed to a Mo—O-Zr linkage, which was not detected in the Mo/Zr sample. The UV-VIS spectra showed that both octahedral (291 nm)
and tetrahedral (249 nm) Mb were detected in the Mo/Zr sample where tetrahedral arrangement (246 nm) was only adoptetfor Mo
in the Mo/Zr(Ce) sample. The addition of either Ce or Mo to zirconia causes a marked increase in the specific surface area of the sample:
The conductivity measurements showed that all samples exhibit a semiconducting behavior.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction challenge putting it in service as a support is its typical
small surface area in addition to lowering both thermal and
Molybdenum oxide based catalysts are considerably at-mechanical stabilities. Accordingly, minimizing the sinter-
tracted much attention of many researchers because of theiing of zirconia on one hand and enhancing the mechanical
wide applications in petroleum refining, chemicals produc- properties on the other hand besides, increasing its surface
tion and pollution control industriegd—3]. These catalysts  area was accomplished through the combination with other
are belonging to those used for oxidation and ammoxidation supports, e.g. Ti@-ZrO, [10] and SiQ-ZrO, [15]. These
reactiong4,5], which perceived a renewed interest depend- combined mixed oxides of special tailored properties altered
ing on the going rate of achieving dispersion of Mp@ a  the chemisorptive properties of Zs@hrough modifying its
catalyst support. On the other hand, the composition of the nature and compositiofi0,12,15]
support, its exposed phase, surface area and surface acidity Doping the ZrQ support with cerium containing mate-
play a very important role for optimizing the performance of rials can lead to such alterations because of the ability of
supported molybdenum towards specific reactions. Until re- the latter to create surface and bulk vacancies counting on
cently, most of the research work was focused on alumina asthe generation of C&/Ce* redox couple[16]. Previous
well as silica supported molybdenu®-8]. Supports other  studies have shown that adding Zr@ CeG enhances the
than alumina and silica, e.g. titania, titania—silica, zirconia stability of CeQ particles against thermal sinterifiy7,18]
and titania—zirconia, have received less attenfi 2] There have been limited investigations on the phase dia-
Zirconia is found to be the favored support for sulfided gram of the ceramic system Cg&ZrO,, which was char-
Mo catalysts that exhibited excellent catalytic properties acterized by the high electron conductive and mechanical
for hydrodesulfrization of thiopherj13]. Although, the propertieg19,20] Through the surface vacant sites created
acknowledged unique catalytic, acidic, basic oxide and re- on ceria support, an achieved high dispersion of MoO
ducing properties of Zr@[14], it appears that the most species was attaing@1]. Because of favorable character-
istics of the combined CeZrO, system, it can be used
* Corresponding author. as a support for molybdenum catalysts. Thus, this work
E-mail addressmohmok2000@yahoo.com (M.M. Mohamed). focuses on the consequences of adding ceria into zirconia
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and their effects toward the dispersion capacity of MoO (BDH) to ensure good electrical contact during the measure-
besides, providing basic insights into the surface structure ment using the two-probe method. The pellet was located
of the Mo/Zr&(CeQ) system. In this investigation, X-ray in a sample holder and measured under air atmosphere in
diffraction, FT-IR, UV diffuse reflectance and BET surface the temperature range 298-723 K at temperature intervals
area measurements were employed to examine the strucef 20K. The temperature was controlled using an Oxford
ture, phases, surface molybdates and interactions amondgemperature controller.

the phases of the catalysts. An overview about the dc con-

ductivity of the samples was also presented for providing

more practical understanding of the studied catalysts. 3. Results and discussion

3.1. X-ray diffraction
2. Experiment
Fig. 1 shows the XRD patterns of ceria modified zirco-

The parent zirconia carrier (ZgQ used in the present nia and ceria free zirconia when supported by molybdenum
study of surface area (BET) 22Fip !, was used as catalysts in comparison with the pattern of ceria modified
received (BDH). To prepare CeOdoped ZrQ carrier, zirconia, all calcined at 773 K. The latter pattern generally
weighed amount of Zr@ and Ce (NQ)3-6H2O (Strem shows three phases: CeQ@rO, and (Zr, Ce)Q. The CeQ
Chemicals, 99.99%), so as to yield 1 wt.% G&DO,, was phase exhibited strong peaks corresponding163.10 and
slurried with distilled water and thoroughly mixed. The wa- 1.91 A for (11 1) and (2 2 0) faces, respectively, of the cubic
ter was evaporated under continuous stirring and the residuestructure. Whereas, the Zshase showed a strong peak
was dried at 393K for 12 h and then calcined at 773K for corresponding tal = 2.92 A characterizing of the (111)
16 h. The 8 wt.% Mo/Zr@ and Mo/ZrG(Ce) samples were  face of tetragonal structure. The (Zr, Ce)phase showed
prepared by the method of incipient wetness impregnation broad peaks ai = 2.59 and 1.89 A in addition to another
using ammonium heptamolybdate (WgM07024-4H>0 one atd = 1.84 A. These peaks were similar to those iden-
(Fluka, AR grade) solution (at pH 6.0). These samples tified by Yao et al.[22] who established the formation of
were referred to as Mo/Zr and Mo/Zr(Ce), respectively. The the solid solution ZyCe;_, O phase of cubic symmetry on
samples were dried at 393K for 12 h, and finally calcined alumina support. Thus, we tentatively attributed the latter
at 773K for 16 h. The concentration of heptamolybdate peaks to the ZiCe_,O> phase.
(8wt.%) was that required to not only cover the support The XRD pattern of the Mo/Zr sample revealed the ab-
surface by a compact single lamella of molybdenum oxide sence of the main peak characteristics of the ZsOpport
structure but also go beyond this valli®]. This was un- (d = 2.92A) in favor of the production of ZrMgOg (e.g.
dertaken to investigate the extent of the dispersion of MoO d = 2.70, 2.35, 1.69 and 1.67 A) and MgQ/ = 6.93, 3.81
over the modified and non-modified ZsGupport. and 3.26 A) phases. Comparison of this pattern with that

X-ray powder diffraction patterns were recorded in a of ceria modified zirconia containing the same Mo loading
Philips 321/00 instrument using Ni-filtered CuxKadiation pointed out marked variations. A high dispersion of crys-
(, = 1.541A). The XRD phases present in the samples talline molybdenum was accomplished on ceria-modified
were identified with the help of ASTM powder data files.  zirconia (24.7 nm, as determined by Scherrer equation)

The FT-IR spectra were recorded on a Bruker (Vector rather than on the corresponding non-modified (36.7 nm).
22) single beam spectrometer at ambient conditions usingThis was paralleled to the generation of two strong peaks
KBr disks, with nominal resolution of 2cmt. The mea- atd = 3.14 and 2.82 A corresponding to the (111) face
surements were recorded at room temperature in the rangef monoclinic ZrQ. In addition, diminishing the intensity
of 1100-450 crm?. of some ZrMeOg lines (e.g.d = 1.69 and 1.67 A) and

UV-VIS diffuse reflectance spectra of various samples in vanishing of some others (e.d.= 2.35 and 1.89 A) were
the 500-200 nm range were obtained using a Jasco V-570obtained. This indicates that the presence of £eRZr0;
(serial number, C29635) spectrophotometer, which was at-was responsible for the Mafdispersion that tentatively

tached to a diffuse reflectance accessory. ascribed to surface vacant sites created by ceria upon dop-
A conventional standard volumetric high vacuum ing with zirconia. The domination of the monoclinic ZyO
(10-°Torr) system was used to obtain the Bdsorption— on the surface of Mo/Zr(Ce) rather than the tetragonal one,

desorption isotherms at 77 K. The samples were outgassecdexhibited on Zr(Ce), could be a consequence of the high dis-
at 473 K for 3 h before starting the run. A highly pure (99%) persion of MoQ. The absence of the (11 1) diffraction line
N> gas is used as adsorbate. of ceria upon Mo incorporation indicated that Mo species
The dc electrical conductivity measurements were carried were preferably located in the vicinity of this site. The ex-
out on the samples in the form of pellets of diameter 7 mm hibited decrease and broadening of some Zi®plines
and thickness of about 1 mm, prepared by pressing the samin the pattern of Mo/Zr(Ce) sample as well as vanishing of
ples powder under a pressure 0k2L03 kg cnm2. The two some others provided an evidence for the dispersion and
parallel surfaces of the pellet were coated with silver paste diminishing the crystallites size of this phase. The average
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Fig. 1. X-ray diffraction patterns of Zr(Ce), Mo/Zr and Mo/Zr(Ce) catalysts calcined at 773 K.

particle size of ZrMeOg in the latter sample was 19.7 nm,

vas (Mo—O-Mo), in addition to a strong band at 993th

as determined by Scherrer equation, which was consider-ascribed to Mo—©stretching vibration in crystalline Mo§)
ably lower than that in Mo/Zr (27.8 nm). This indicates that [7,8]. The small band at 816 cm can be attributed to the

the presence of CeQinhibits the sintering possibility of
ZrMo20g phase.

3.2. Infrared spectroscopy

bulk oxide attached to Mo—O—Mo vibrations. Frausen et al.
[25] reported that heating ZeOwith MoO3 at 820K pro-
vokes the formation of the ZrM®g compound that showed
IR bands at 980, 920 and 800 cfn By virtue, our IR results
can give an evidence for the formation of the latter com-

The IR spectrum of ceria-modified zirconia (calcined at pound in spite of the expected interference with polymolyb-
773K) (Fig. 2) displays strong absorption bands at 758, 655, date and octahedral oxomolybdenum species. The bands at

587 cn! besides, two bands at 500 and 453¢ncharac-

993 and 816 cm?, in the Mo/Zr spectrum, are matching

teristic, respectively, of stretching vibrations of Zr—O bonds those at 980 and 800 cmh, respectively, in the latter com-
of varying covalent character and Ce—O lattice vibrations pound. A remnant shoulder at 960 th that can hardly be
[23,24] The IR spectrum of the Mo/Zr sample is character- seen was also ascribed to the Zrig compound, as has
ized by the substantial removal of some vibrational bands of been reported by othef26].

ZrO,, for example, 758 and 655 cm. This indicates that

The small band at 1066 crh was attributed to covering

a strong interaction between molybdenum species and theZrO; surface by a single monolayer of Mo. This assignment
ZrO, support was formed. The formation of surface poly- was in agreement with the IR results of the MgCe(;, cat-

molybdate was revealed by the band at 876¢tndue to

alyst, which showed a prominent band at 1050 ¢rf21].
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Fig. 2. FT-IR spectra of Zr(Ce), Mo/Zr and Mo/Zr(Ce) catalysts calcined
at 773K.

Increasing facts for this assignment comes from the follow-
ing: firstly, this band was not apparent in the spectrum of
ceria-modified zirconia, indicating that it does not belong to
any of these oxides. Secondly, this band is not characteristic
of ZrMo,Og because it's out the margin of these compound

Z.A. Omran, M.M. Mohamed/Materials Chemistry and Physics 77 (2002) 704-710 707

Mo/Zr(Ce) 8

59\ 583
WA

588

/

Mo/Zr

876 416
993 g

1066
500

587

758 655

Ze(Ce)

——

4 " N + N s
1 ¥ T T T T

1000 900 800 700 600 500

Wavenumber (cm™)

bands.

The spectrum of the Mo/Zr(Ce) sample showed absorp-
tion bands at 993, 859, 846 725, 584 and 51g,cm1.

This spectrum is characterized by new bands at 859 and
725, if compared with that of Mo/Zr. The latter bands
are due to the formation of ZrM®@g compound. The priv-
ilege of this compound can be inferred from the presence
of the Mo—O-Zr linkage at 859 cmt that was not indi-
cated by the spectrum of Mo/Zr sam7]. Hence, the
interaction between Mo$and ZrQ was stronger with the
presence of Ce® As a result of this interaction, the bands
at 875 and 816 cm', seen in the spectrum of the Mo/Zr
sample, were vanished and markedly decreased in inten-
sity, respectively, in the spectrum of the Mo/Zr(Ce) sample.
It appears that Cefaffects the particles size of ZpCto

be eligible for the interaction with Mo§so as to forming
Mo—-O-Zr linkages and hence diminishing the polymolyb-
date,v(Mo—O-Mo) in MoQ;, specie$28]. This suggests the
improvement of MoQ@ dispersion. In conclusion, ZrM@®sg

is more favored by the presence of Ge@robably due to

its effect in increasing the dispersion of Mo species; as has
been evidenced by XRD results. An additional reason could
be due to lowering the temperatures of Zdf0rmation than
those of MoQ@ upon introducing Ce@ Generally, it seems
that the spinel ZrMgOg was formed by the diffusion ac-
tion of Mo-ions into Zr@Q through the facility purchased by
CeO.

3.3. UV-VIS diffuse reflectance spectroscopy

The UV-VIS diffuse reflectance spectra of Mo/Zr and
Mo/Zr(Ce) samples were collectedhiy. 3together with the
spectra of the reference samples, Zr and Zr-Ce. The spec-
trum of Mo/Zr sample showed a very intense narrow band
at 208 nm and two small ones at 217 and 228 nm. Besides,
bands at 240, 250, 291 and 333 nm were also observed. The
former bands were similar to those obtained for Zr—Ce but
of lower intensities. The bands at 250, 291 and 333 nm gave
information on the nature and coordination of #eions on
zirconia, via the charge transfer transitiod O— Mo®™,
where M&*-ions in tetrahedral coordination occurred at
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Fig. 3. UV-VIS spectra of Zr, Zr(Ce), Mo/Zr and Mo/Zr(Ce) catalysts
calcined at 773 K.
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shorter wavelengths (250 nm) than those in octahedral coor-Vp. The change in the specific surface area was found in
dination (291 and 333 nni29]. This indicates that the dom-  the following order, Mo/Zr> Mo/Zr—Ce > Zr—Ce > Zr.
inant species were Md-ions in octahedral coordination. The increase ifSget of zirconia due to treatment with Ce,
The band at 240 nm was indicative of the presence of Zr i.e. Zr-Ce, could be due to creation of new pores produced
atoms, which are likely isolated, in an octahedral coordina- from the departure of NOcompounds during the thermal
tion. This agrees with the data of Lej&0] on ZrO,, which treatment of cerium nitrate. As another plausible explana-
suggested the octahedral coordination of Zr atoms throughtion, at 773 K, X-ray analyses revealed the formation of the
the involvement of two water molecules in the coordination Zr,Ce_,0O> phase of pore narrowing character and thus,
sphere. rendering the surface microporosity, i.e. micropores are char-
On the other hand, the spectrum of Mo/Zr(Ce) sample acterized by a high surface area. The marked increase in
showed bands at 208 and 230 nm, which were similar to Sget for Zr and Zr(Ce) samples due to treatment with 8 wt.%
those in Zr(Ce), together with a broad band at 246 nm. It Mo can be attributed to the formation of Zriy0g spinel,
appears that Ce modified the support ZrD be suitable i.e. new pores having their own micropores character.
for only exposing M&* in four-fold coordination (246 nm). Itis clear fromTable 1thatSset andS are close to each
This gives a clue about the high dispersion Mo-ions in other, thereby indicating the absence of ultramicropores in
the latter sample, which revealed no bands characteristic ofthe samples. A more emphasize on the pore structure was
MoOs, if compared with the Mo/Zr sample. This result was achieved through constructing thg-t plots in which thet
in agreement with that obtained from X-ray and IR data of curves of Lacloux and Pirar[B3] are used, depending on
the samples. the value of the BET C constant. The correct choice of the
Inspection of the spectra dfig. 3 indicated the pres-
ence of a broad band around 400 nm in Mo/Zr sample. This
band can not be due to a Bto — Zr*t charge transfer 250
because of the forbidden d—d transition of Meions ()
i.e. no d electron could be promoted to the conduction band
of ZrO,. The origin of this band could be correlated with 150

200

Mo/Zr(Ce)

the formation of a new oxygen containing spedigs$] on 100
the surface of zirconia stabilized by Mo-ions.

The enhanced width of band maximized at 208 nm in the 50
spectra of Zr(Ce) and Zr samples rather than that in the 0
spectrum of Mo/Zr(Ce) sample can be due to the presence .
of defect sites in the former samples that perform contribu- 200 )
tion with Mo yielding the narrow width action in the latter 150

sample. This result was in agreement with that of Trongon
et al.[32] who confirmed the presence of defect sites in the 100
silicate framework as a result of its association with titania.

— 50
Lo

3.4. N adsorption E O
~
> 200

The various surface characteristics, i.e. specific surface
area &ger), total pore volume\(p), BET C-constant, and the 150
average pore radiusy), which were determined from nitro-

N . . 100
gen adsorption isotherms (77 K) for the samples, are given in
Table 1 Inspecting the data in this Table, we can note that an 50
increase irggeT is produced upon either the addition of Ce or 0
Mo on zirconia support. Concurrently, a significant decrease 200
in ry was produced that paralleled to almost no change in .
150
Table 1 100
Surface characteristics of the studied samples 50
Sample SseT Sr Vp Ri (A)  Ceer
(mgh)  (m*gh) (mig? 0
Zr 220 217 0.41 37.2 19 10
Mo/zr 433 392 0.37 17.1 25 t( A)
Zr(Ce) 300 316 0.41 27.3 22
Mo/zr(Ce) 414 433 0.37 17.8 28

Fig. 4. Vit plots of Zr, Zr(Ce), Mo/Zr and Mo/Zr(Ce) catalysts.
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reference t values is verified through the agreement betweermatched the hysteresis closure poinpdp® = 0.65 in the

the area calculated from the pl&, and Szt (Table J). corresponding adsorption isotherm (not shown). Thus, it
The obtainedv|-t plots (Fig. 4) of Zr, Zr—Ce and Mo/Zr seems that the addition of Mo resulted in blocking of finer

samples exhibited a similar trend. They indicated generally pores and narrowing of wider ones and further proceeded

a mesoporous structure, as observed from the correspondingn the construction of separate phase of Zp@g, which

upward deviations. These deviations are observed at a relawas responsible for the character of microporosity.

tive pressure valueg/p® = 0.5, 0.62 and 0.5, respectively.

This governs the arrangement of wide pores to be in the 3.5. Electrical properties

order Zr= Mo/Zr > Ze(Ce). It seems then for the Zr(Ce)

sample that Ce has consumed most of the pores of wider The temperature dependence of electrical conductivity in

sizes and left behind a slight downward deviation. This the temperature range from 298 to 723K for Mp@rOs,,

reflects the heterogeneity of the sample texture. The latterZr—Ce, Mo/Zr and Mo/Zr(Ce) samples are showrfig. 5.

phenomenon was typically occurred in the Mo/Zr sample The conductivity for all samples was shown to increase with

probably because of the interaction that favored the forma- temperature. The electrical conductivity of ceria modified

tion of spinel ZrM@Og of absolutely narrow pores nature. Zr was higher than that of pure ZpOThis was probably

This has been manifested by presence of some points tn the due to the dissolution of both oxides in each other forming

range 3.6—4.5 A/ p° = 0.2-0.35), which lie just down the  the Zr,Ce;_, O, phase that characterized by its ionic con-

straight line extended to pass through origin before the startductivity, i.e. fluorite structur§34,35] The enhancement in

of the upward deviation at= 6.0 A. The size of this down-  conductivity was attributed to increasing the concentration

ward deviation indicates the presence of a number of poresof oxygen vacancies as a result of dissolving'Gens in

of sizes in the lower limit of micropores. In contrast, ¥et ZrOy causing varied lattices of Celn ZrO, with tempera-

plot of Mo/Zr(Ce) sample appears to possess a texture dom-tures. In the Mo/Zr sample, the increase in conductivity was

inated by micropores if compared with that derived from the attributed to higher conduction of spinel Zrmog [36].

Mo/Zr plot, where the start of the downward deviationinthe ~ On comparing the electrical conductivity of Zr(Ce) and

V|-t plot atr = 7.5A (p/p° = 0.68). This approximately ~ Mo/Zr(Ce) samples, it can be observed that the former

- Mo/Zr

Zr0O,
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Fig. 5. Temperature dependence of the electrical conductivity fop ZM®Os, Zr(Ce), Mo/Zr and Mo/Zr(Ce) catalysts.
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sample showed higher conduction than that of the latter. In
other words, the addition of Md to cerium modified zir-
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4, Conclusions
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