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Abstract

A series of ZrQ—-Al,0; composite oxides with different Zeg3rontents was prepared by means of a chemical precipitation method using
ZrOCl,-8H,0 and pseudoboehmite as starting materials. The structures of the samples have been investigated by powder X-ray diffraction
(XRD) and transmission electron micrography (TEM), with thermogravimetry differential thermal analysis (TG-DTA and DTG) combined.
The results showed that the synthesized materials consisted pAAOALO; nanosized particles and they existed as amorphous phase in the
samples with insufficient contents of ZsO'he surface area§4{er), the pore volumes and the pore distributions were measured by nitrogen
adsorption method, and a regular correlation between the pore distributions and contentsidZoBserved. NHtemperature programmed
desorption (NH-TPD) was used to characterize the surface acidic properties of the samples. The investigation by X-ray photoelectron
spectroscopy (XPS) indicated that there were interactions betweenafiDALO; in the composite oxides. The synthesized Z@®l,0;
samples were purposively used as the supports for hydrodesulfurization (HDS) process. The sulfided CoMb/@s@atalysts were tested
in the HDS reaction of dibenzothiophene (DBT), and the results showed that the sulfided CoMo catalysts supported on the composite oxide
with a suitable Zr@ content performed a higher HDS activity than that supported on alumina.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and thoroughly because of its commercial prospig],
the preparation and the properties of 2+r®@I,03 as cat-

Hydrodesulfurization (HDS) of feedstock has been an alytic supports have not sufficiently been investigated yet.
indispensable reaction of produce clean fuels. Alumina- Mochida and coworkerfs] prepared zirconia—alumina sup-
supported catalysts based on sulfided molybdenum pro-ports by kneading pseudoboehmite powder and zirconia hy-
moted by Co or Ni are commonly used as HDS catalysts droxide powder with 3.2% HN@and investigated the HDS
in the petroleum industrfl]. Recently, increasing environ-  of dibenzothiophene (DBT) on sulfided CoMo/ZreAl>,03
mental pressures and economical reasons have pointed outatalysts. In result, CoMo/Zr$3-Al,O3 catalyst had lower
the necessity to develop new hydrotreating catalysts with activity for HDS of DBT than CoMo/AdO3. ZrO,—Al,03
enhanced properties. As one of the methods for improving mixed oxides were also prepared by hydrolyze of alkoxides
the catalyst, modifying the nature of supports by addition in which zirconium propoxide and aluminum isopropoxide
of other materials such as TiQ2], MCM-41[3] and ZrQ, were used, but their catalytic application was not reported
etc.[4,5] has been considerably researched. [10].

Among the mixed oxides used as HDS catalytic sup- In the present research, ZrQ@EH,O and pseu-
ports, ZrQ-Al»,03 has received greater interest due to the doboehmite with a high surface area and wide pores were
unigue properties of Zr@ to sustain acidic and basic sites, used as starting materials, a series of Z@8,03 com-
and to possess high thermal stabil[§;7]. However, un- posite oxides with variable proportions between Z&hd
like TiO>—Al>,O3 system that has been studied extensively Al,Os was prepared by the chemical precipitation method,

resumptively, a precipitator was added into the mixed sys-
mspondmg author. Tel+86 22 2350 0027: tem c;ontaining alumina hydrate and ZrQ@H,0 aqueous
fax: +86 22 2350 0027. solution. The morphological structures, the textural prop-
E-mail address: kytao@nankai.edu.cn (K. Tao). erties and the surface acidities of the as-prepared samples
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were investigated. Interestingly, the components of the Cy Ko radiation ¢ = 1.5418 A) and a goniometer speed of
as-prepared Zrg>-Al,03 composite oxides were dispersed  g°/min.
in a homogenous way, in particular, their particles were of  Thermogravimetry differential thermal analysis (TG-
nanometric size. Furthermore, the composite oxides showedpTA) was carried out in a Rigaku Standard TG-DTA sys-
some specific properties differing from alumina or zirconia, tem with a temperature range 298-1073K at a heating rate
e.g. the surface acidities. Finally, the ZFAI203 compos-  of 20 K/min.y-Al,05 was used as reference substance. The
ite oxides were used as the supports in the HDS reactionderivative thermogravimetry (DTG) profiles were obtained
of DBT. The sulfided CoMo catalysts supported on the from TG prof”es by derivation calculus.
composite oxide with a suitable Zg@ontent performed a Transmission electron microscopy (TEM) and selected
higher HDS activity than that supported on alumina. area electron diffraction (SAED) were performed in a Philips
EM400ST electron microscope. In order to observe possible
crystal lattices of the samples, a TECNAI F20 transmission

2. Experimental electron microscope with an acceleration voltage of 200 kV
was also employed.
2.1. Preparation of the nano-composite oxides The BET surface area§&d{eT), the pore volumes and the

pore diameter distributions were measured by adsorp-

The preparation of Zre>-Al,03 supports employed the tion at 77 K using a Micrometeritics ASAP 2010 apparatus.
following procedure. Pseudoboehmite and deionized water Sget measurements were performed using a five-point BET
were mixed with vigorous stirring, and then ZrQ@&H,0 method. The BJH method was applied to determine the pore
aqueous solution with a proper concentration was dripped diameter distributions.
into the system with a speed of 2ml/min. When the liqguid  The surface acidities of the samples were measured by
system was homogeneous, ammonia solution was slowly NHz-temperature programmed desorption &NFPD). TPD
added until the system was solidified suddenly. The solid was experiments were carried out in a self-established vacuum
thoroughly washed with deionized water until no chloride TPD characterization system equipped with a thermal con-
ions could be detected with AgNGsolution in the filtrate, ductivity detector (TCD), which had been confirmed de-
and then washed with ethanol for three times. After that, the pendable. The TPD curves were fitted according to Gauss
solid was made into stick form and dried in an atmosphere functions using Origin7.0.
oven at 353K over night and then dried at 393K for 3h.  X-ray photoelectron spectroscopy (XPS) measurements
Finally, the dried solids were calcined at 823K for 4h in were performed at room temperature in a Perkin-Elmer
open-air atmosphere. Two kinds of methods were employedPHI (4) 5300ESCA analyzer. The work pressure was un-
to prepare pure Zr® One was the same as the preparation der 107 Pa. Photoelectrons were excited using the un-
of the composite oxides excluding pseudoboehmite, and themonochromatized Mg K line at 1253.6 eV. A pass energy
product was analyzed by XRD. The other was from the ref- of 89.45eV was used to obtain the survey spectra and
erencg11] and the analysis results of XRD and FT-Raman 35.75eV was used for the high-resolution, multiregion
showed that the Zr@was pure tetragonal phase. In this scans. Due to the charging problem of the insulating sam-
work, the pure tetragonal ZgOwould be compared with  ples the binding energies values were referenced to the
the composite oxides in the subsequent characterizationsC 1s line at 284.8 eV arising from the inadvertent carbon
Al,O3 was directly obtained by calcining pseudoboehmite contamination. The uncertainty in the determination of the
at 823 K. The symbols of the samples and their componentsbinding energy values was estimated to be about 0.2 eV.
are listed inTable 1

2.3. Catalytic applications of the nano-composite oxides
2.2. Characterization of the nano-composite oxides
Considering the surface areas of the as-prepared com-
X-ray diffraction (XRD) patterns were recorded in the posite oxides, only ZA10, ZA20 and ZA40 were used as
range 8 < 20 < 80° in a D/max-2500 diffractometer, using catalytic supports. The sulfided CoMo/ZA catalysts were

Table 1

SseT, pore volumes, pore diameter distributions and Zgontent of the samples

Sample Sget (MP/Q) Pore volume (crfg) Average pore diameter (nm) Zg@ontent (wt.%)
Al,03 313 1.05 13.4 -

ZA10 217 0.45 8.1 12.1

ZA20 265 0.41 6.2 21.4

ZA40 161 0.20 4.9 41.0

ZA80 95 0.27 11.2 80.0

ZrOy 51 0.34 26.7 100




G. Li et al./Catalysis Today 93-95 (2004) 595-601 597

prepared by a conventional route including impregnation, in the pattern of ZA80 was observed, namely, Zr€dm-
drying, calcination and sulfuratiof8]. Also, CoMo/AbO3 ponent in ZA80 sample was only tetragonal phase (due to
was prepared by the same method. The loading amount ofpoor intensity, the peaks of AD3 were not seen in the
CoO and MoQ@ was 2 and 15wt.%, respectively. The HDS pattern). On the other hand, the pattern of the pure,ZrO
reaction of DBT in decalin (0.5wt.% DBT) was carried out that was prepared by the chemical precipitation method re-
in a continuous feed reactor. The operation employed the vealed that the sample was chiefly composed of monoclinic
following conditions: H pressure 3.0 MPa, Hflow rate zirconia, with a small quantity of tetragonal zirconia. These
200 ml/min, LHSV 151, temperature 513-593 K. The lig-  results showed that the metastable tetragonal,Zn@re
uid samples were collected at an hour’s interval and analyzedmore stable at room temperature owing to the incorporation
by gas chromatography with a flame ionization detector of Al,Os, In general, it seems that the co-existence of ZrO
(FID) and a commercial capillary column OV101. The con- and AbOgs in the composite samples can affect the intrin-
version of DBT was used to evaluate the activity of catalysts. sic structure each other. This may be due to the formation
of a phase segregation between alumina and zirconia as a
) _ result of the homogenous dispersion, which will further be
3. Resultsand discussion illustrated by the TG-DTA.
Considering the comparison between Zrénd ZrGQ—
Al,O3 composite oxides especially ZA80, pure tetragonal

] ZrOo was used in the TG-DTA, Nadsorption, TPD and
The XRD patterns of the samples are showrFig. 1 XPS.

It is evident that the AIOs obtained by calcination of
pseudoboehmite at 823 K presented the crystaljidd O3
structure. As compared with ADs3, the composite ox-
;jees’_zfslog’ Zﬁsothan?ntz'?g sh?vtvhed a brkoie;]derned ze\?vli(ﬂ?t The dried samples (not calcined) were analyzed by
</ =~oU, and ihe Intensity ot the peak increase TG-DTA (Fig. 2. Clearly, all samples but ZrOhad en-
increasing zirconia contents. The broadened peak was at'dothermal peaks about 370 and 545K corresponding to
tributed to the tetragonal phase zirconia in the literafliog, . .

: . the dehydration processes and the loss of hydroxyls, re
but it was also considered as an appearance of amorphousspectively 7rQ had no obvious dehydration behavior at
zirconia[7]. Here it has further been identified by SAED '

: 370K, perhaps because Zr@rovided wider pores than
and HRTEM. (shown in the Iate_r paragraph) that £n@as others Table 1), which made it easier to be dried fully
amorphous in the above-mentioned samples. However, theIn the same conditions. It was also noticed that Zt@d
XRD pattern of ZA80 showed sharp peaks &at-2 30.2 :

: : . . not a endothermal peak about 545K; on the contrary, it
and 50.3, which was obviously the trait of tetragonal zirco- . . .
. ; o o ; N showed unconspicuous exothermic behavior around 538 K
nia. No peak identifying monoclinic zirconia{2= 28.1°)

that could only be assigned to a certain change in the
structure of Zr@. The exothermic peak covered the peak
brought by the removal of hydroxyl in DTA curves, but the

3.1. XRD

3.2. TG-DTA

TIVI weight loss in this temperature range illuminated the loss
of the hydroxyl. The exothermic behavior at 773K was
M attributed to crystallization of Zr@ In the case of AlOs,
the exothermic peak at 808 K corresponded to the forma-
J\A N A€ tion of y-Al;03. However, these crystallization processes
3
8
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Fig. 1. Powder X-ray diffraction patterns of: (a) As; (b) ZA10; (c) Temperature/K Temperature/K

ZA20; (d) ZA40; (e) ZA80; (f) ZrG. M and T mean monoclinic Zr®
and tetragonal Zrg) respectively. The patterns in (e) and (f) underwent Fig. 2. DTA and DTG curves of: (a) ADs; (b) ZA10; (c) ZA20; (d)
a 0.2-fold Y-scale reduction. ZA40; (e) ZA80; (f) ZrG.
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of ZrO, and ALO3 were not seen clearly in the composite
oxides. ZA10 and ZA20 showed approximate DTA curves
and there was no clear exothermic or endothermal process
over 600 K. On the other hand, ZA80 began to release heat
from 650K, which could be assigned to the formation of
tetragonal ZrQ@ (perhaps, crystallization of-Al,O3 was
included). In the case of ZA40, there was an exothermic
process beginning from 850K that was higher than that
of ZA80. In order to confirm the phase transition, ZA40
calcined at 923 K was examined by XRBi¢. 3). The pres-
ence of the tetragonal Zglcharacter peaks in the pattern
effectively indicated that the exothermic process of ZA40
corresponded to Zr@crystallization.

The phenomena support the following deduction. In ZA10
and ZA20, ZrQ was dispersed in the alumina matrix so ad-
equately that it could not form crystalline structure; simul-
taneously, the existence of Zg@uccessfully restrained the
crystallization of ApO3. Both Zr&, and ALOs were amor-
phous. With the increase of ZpQrontents, Zr@ particles
gained more and more chances to congregate and crystal- Fig- 4. TEM photograph and SAED pattern (the inset) of ZA40.
lize. ZA40 and ZA80 began crystallization at 850 and 650 K,
respectively.

Combining the results of XRD, it can be considered that space lattices of crystalline ZgQwas found, while the lat-

either of the two components, Zs@nd ApOs, were fully  tice spacing could clearly been observed in the supported
dispersed into the matrix of the other one in a homogenousZro2 micro crystal[12].

way. This kind of dilution led to a new nano-composite
structure with amorphous components differing from ZrO
or Al»Os. 3.4. Ny adsorption

3.3. TEM and SAED The surface area$4eT), the pore volumes and the pore
distributions of the samples are summarizedable 1 The

As a representative, the TEM photograiig( 4 and the ~ SseT Of ZrO was only 51 /g, whereas that of ADz was
corresponding SAED pattern (the insetfify. 4) of ZA40 ~ UP to 313nf/g. From ZA20 to ZrQ, the Sget decreased
are shown. It can be observed from the TEM photograph gradually while the contents of ZgOncreased. However,
that ZA40 consisted of fine particles with a size-afonm, ~ ZA10 provided alowegger than ZA20. Possibly, it was due
and these particles could not be distinguished between zr0 t0 the different particle size of Zr{in the pores of AJOs.
and AbOs. In the SAED pattern, there was no diffraction The pore volumes and the average pore dlameters_ presented
spots or diffraction rings caused by crystalline Zr@hich ~ the same trend. The pore volumes decreased rapidly by the
showed that Zr@in ZA40 existed in an amorphous struc- Incorporation of Zr@ and the average pore sizes diminished

ture. Furthermore, a HRTEM observation indicated that no clearly compared with those of #Ds. And ZA40 had the
smallest pore volume and pore size. On the other hand, the

pore volumes and the pore diameters of the samples (from
ZrOy to ZA40) turned to diminishment by the incorporation
of Al,O3 into ZrOs.

The pore diameter distribution curves of the samples are
shown inFig. 5. The pores of AIO3 were distributed in the
relatively wide range (2—40 nm), while the pores of ZA10,
ZA20 and ZA40 were in the range 2-10 nm. From ZA10 to

ZA40, the maximum of the pore size distribution curves had
a left shift, namely, wider diameter pores disappeared. On
M the other hand, Zr@had larger pore size and wider distri-
———————— bution, whose pores were distributed diffusely in the range
10 20 30 40 50 60 70 80 4-100nm. However, ZA80 had hardly any pore >20 nm.
26 These results showed that the new textural features differing
Fig. 3. XRD patterns of ZA40 calcined at (a) 823K; (b) 923K; (c) and from those of AbOg or ZrO, were formed in the synthesis

tetragonal ZrQ. of ZrO,—Al,03 composite oxides.
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Fig. 5. The pore diameter distribution curves of: (ap@®4; (b) ZA10;
(c) ZA20; (d) ZA40; (e) ZA8O; (f) ZrQ.
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Fig. 6. NHs-TPD profiles of: (a) A#Os; (b) ZA10; (c) ZA20; (d) ZA40;
(e) ZA80; (f) Zr0y.

3.5. NH3-TPD

The TPD curves for Nglevolution from the different ox-
ides are shown irrig. 6. Table 2summarizes the temper-
atures and the area percentages ofsNidsorption peaks,

range 490-550 K, and the other was in the range 590-680K,
which corresponded to weak and strong acid sites, respec-
tively [13]. It can be found that the area percentage of the
peak Il gradually increased, while tfig,» decreased from
Al,03 to ZrO,, with ZrO, content increasing. Obviously,
the samples containing Zpad more strong acid sites than
the pure alumina. Corresponding to a higher desorption tem-
perature, these new acidic sites had stronger intensity than
those of Zr@Q. This should be attributed to the interaction
between Zr@ and AbOj3, e.g. the formation of Zr—O-Al
bonds[14]. The interaction will further be proved by XPS
analysis. Also, the increase of acid sites was observed from
the change of the supports’ acid amounts that depend on
Sset and the acid site density. Though ZA10 and ZA20 had
lower Sset than AbQOg3, their surface acid amounts were
more than that of AlO3. This result was due to the increas-
ing acid site densities, whereas the diminishment of acid
amounts from ZA40 to Zr@was because of the drastic de-
crease ofsseT. According toTable 2 Al,O3 had the lowest
acid site density, while Zr@provided the highest one. From
ZA10 to ZA80, a unconspicuous climbing trend for the acid
site densities could be observed. In fact, the acid amount
was usually paid more attention in the practical application
of supports. The research results showed the possibility of
tuning the surface acidity of Zr{$3-Al,O3 supports by mod-
ifying ZrO, contents.

3.6. XPS

XPS has been used to investigate the binding energies of
the different element and Zr/Al surface atomic ratio of the
samplesFig. 7shows the XPS spectra of Al 2p and Zr 3d of
the samples andlable 3lists the BE values of Al 2p, Zr 3d
and O 1s. As it was seen, though ZA10, ZA20 and@y
had the same BE of Al 2p, ZA40 showed a BE shift to the
lower value, and that the similar shift became more obvious
in the case of ZA80. The phenomena can be understood that
more ZrQ content conduced to a clearer effect on®4.
Similarly, in the spectra of Zr 3d, ZA80, ZA40 and ZfBad
the same BE, while ZA10 and ZA20 showed higher binding
energies. In addition, the trough between Zg3gpeak and

as well as the total Nkladsorption amounts and densities Zr 3dz/»> peak became ambiguous and the left shoulder of
on the samples. Two desorption peaks based on Gaussian fiZr 3ds/» peak of ZA20 became wide in the spectra of Zr 3d
can be observed in all the cases: one was in the temperaturéor ZA10 and ZA20. In the case of the BE of O 1s, the value

Table 2
Surface acidic features of the samples measured by-NFD

Sample Peak | Peak Il Total amount of acid  Acid sites density
sites (mmol/g) (numbers/nrf)
Tm1 (K) Percentage of area (%) Tm2 (K) Percentage of area (%)
Al,03 544 75 673 25 0.82 1.58
ZAl10 539 62 675 38 0.89 2.47
ZA20 532 57 670 43 1.00 2.27
ZA40 517 53 637 47 0.73 2.73
ZA80 500 49 603 51 0.45 2.86
ZrOy 490 39 593 61 0.31 3.68
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Fig. 7. Al 2p and Zr 3d XP spectra of: (a) ADs; (b) ZA10; (c) ZA20; pressure 3.0 MPa, Hflow rate 200 mi/min, LHSV 15ht.
(d) ZA40; (e) ZA80; (f) ZrQ. The spectra in (a) and (b) underwent a
six-fold Y-scale magnification.

of ZrO, in the composite supports which was 12.1wt.% in

of Al,O3 was higher than that of ZrO In general, it can ~ OUr research. ,

be considered that, in the composite samples, there was a 't IS Well known that the nature of supports, especially

certain interaction between Zr and Al such as Zr—O[A. the surface properties, is one of the most important fac-

The results are consistent with the research of Su & 5. tors affecting activities of catalysts. In this research, com-
The quantitative analysis results by XPS are presented in pared with alumina, the composite oxides containing ZrO

Table 3 The Al/Zr calculated values were calculated from provided much different traits due to the interaction £rO
the ZrQ, contents in the composite oxides, which could @nd AkOs. As a potential catalytic support, ZA10 had the
reflect the bulk components of the samples. It is observed SPECIfiC texture and the unique surface acid properties that
from Table 3that the analysis results of the composite oxides Were different from either alumina or zirconia. These spe-
were in agreement with their calculated values well, which Cific characters might be more suitable to for HDS cat-

suggested a uniform composition both in the surface and theaIyStS than tho;e Qf é‘_03' Fgr example, they might in-'
bulk of the composite oxides. duce the variation in dispersion and morphology of active

component and possible interactions between metals and
supports which may change the activity and/or selectivity
of the catalysts. This will be researched in the subsequent
works.

3.7. Catalytic application

The conversions of DBT were used to indicate activi-
ties of the catalystdrig. 8 shows the conversions of DBT
on sulfided CoMo catalysts supported on the different sup-
ports: ZA10, ZA20, ZA40 and AlO3 at various reaction 4. Conclusions
temperatures. Obviously, the activities of all catalysts in-
creased when the reaction temperature increased form 513 ZrO;—Al>O3 nano-composite oxides used as the catalytic
to 593 K. At the same temperature, the catalyst supportedsupports for DBT HDS reaction were prepared. In the sam-
on ZA10 performed a higher catalytic activity than that sup- ples calcined at 823 K, Zrfpresented as amorphous phase
ported on alumina. However, CoMo/ZA20 and CoMo/ZA40 in the composite oxides with low ZgOcontents (ZA10,
showed lower catalytic activities, which was possible related ZA20 and ZA40), but tetragonal phase in the ZA80 contain-
to their incompetent textural properties; namely, the highest ing 80 wt.% ZrG. The composite oxides consisted of nano-
HDS activity of the catalysts required an optimum content sized particles and provided the new texture features differ-

ing from that AbO3 or ZrO,. The acid amounts and the pore
distribution of the supports could be controlled by modifying

Table 3 amounts of Zr@. The sulfided CoMo catalyst supported on
XPS data of the synthesized samples the ZA10 with 12.1wt.% Zr@ content performed a higher
Sample  Binding energy (eV) Al/zZr HDS activity of DBT than the sulfided CoMo/ADs.

Al 2p Zr 3d O 1s Calculated value XPS
A|203 74.8 - 531.7 oo oo
ZA10 747 1829 5317 12.8 127 Acknowledgements
ZA20 747 1831 5316 8.9 8.7
ZA40 74.5 1824 5313 3.0 3.4 The authors are grateful to the NNSFC (20273035),
ZA80 743 1824 5305 0.7 06 (20233030) and TINSFC (033802511) for the financial
Zr0, - 1825  530.3 0 0

support.
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