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Tungsten catalysts supported on activated carbon, and with dif- 
ferent metal content, were prepared from both ammonium tung- 
state and tungsten hexacarbonyl precursors. The catalysts were sub- 
jected to heat treatments, in He flow, between 623 and 1223 K for 4 h 
and characterized to determine their surface area and pore texture, 
the chemical state and dispersion of the metallic phase, and the to- 
tal surface acidity. For this purpose, different techniques were used 
such as adsorption of N2 at 77 K and mercury porosimetry; X-ray 
diffraction and X-ray photoelectron spectroscopy; temperature- 
programmed desorption of previously adsorbed NH3; and behavior 
in the decomposition reactions of isopropanol. Results show that in 
the case of the catalysts prepared from ammonium tungstate an in- 
crease in the treatment temperature between 623 and 1223 K leads 
to a drop in the O/W ratio to below 3, resulting in the appearance of 
nonstoichiometric oxides such as W25073, W20058, and W18049 . At 
1223 K, a mixture of W, tungsten carbides, and tungsten trioxide 
was detected. The catalysts prepared from tungsten hexacarbonyl 
presented a higher dispersion and no X-ray diffraction peaks. To- 
tal surface acidity, as measured by ammonia desorption, decreased 
with increasing treatment temperature, and the study of the decom- 
position reactions of isopropanol showed that the catalysts were es- 
sentially of acid character, with a much higher selectivity (or rate) 
to propene than to acetone. Moreover, there was a linear relation- 
ship between the reaction rate to propene and the amount of NH3 
desorbed from the catalysts, irrespective the method of preparation 
and treatment temperature. © 2000 Academic Press 

Key Words: tungsten catalysts; carbon support; total surface 
acidity. 

INTRODUCTION 

Supported catalysts based on tungsten oxide show many  
applications in heterogeneous catalysis. Thus, they are 
widely used in several reactions of industrial importance 
such as hydrotreatments,  hydrocracking of heavy fractions 
f rom oil, dehydrat ion of alcohols, metathesis, and isomer- 
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ization of olefins (1-12). The supports used with this ox- 
ide are mainly A1203 and TiO2 (8, 10, 13-28), although 
other supports such as SiO2 (29-31), MgO (32), and MgF2 
(6) were also used. In these cases, aqueous solutions of ei- 
ther tungstate, metatungstate,  or paratungstate were used 
to prepare  the supported catalysts. After  preparat ion,  the 
catalysts were generally calcined in dried air at temper- 
atures between 723 and 773 K. The knowledge of the 
structure and the factors controlling the active phase is im- 
portant  for the subsequent  development  and optimization 
of the catalytic system formed by the supported metal  ox- 
ide. However ,  characterization of the molecular structure 
of these catalysts can be complicated since the metal  ox- 
ide can have different molecular  structures and oxidation 
states, which depend on the type of support,  metal  oxide 
loading, gaseous environment,  and t reatment  tempera ture  
(24). 

Hercules et al. (15) studied tungsten oxide/A1203 cata- 
lysts by different techniques and concluded that the molecu- 
lar structure of the active phase depended on the amount  of 
tungsten oxide deposited. Thus, for low percentages tetra- 
hedral (WO4) units were detected, for 15-24% of WO3 oc- 
tahedral  (WO6) polymeric units were observed, and above 
the monolayer,  which is obtained for 24% of WO3, bulk 
WO3 crystals were developed. Wachs et al. (18) also no- 
ticed that in tungsten oxide/Al203 catalysts the symmetry 
of the environment  depended on the surface coverage and 
the presence of coordinated water. Hilbrig et aL (22) also 
studied the tungsten oxide catalysts supported on v-A1203- 
C and TiO2 (75 % anastase and 25 % rutile). The tungsten 
oxide on both supports was present  as tetrahedral  (WO4) 
and pentahedral  (WOs) units in the dehydrated state af- 
ter t rea tment  at 673 K. After  water  adsorption, all sur- 
face W atoms were octahedrally coordinated. This struc- 
ture was independent  of the support,  the tungsten oxide 
content, and the prepara t ion  method of the catalyst. The 
tungsten oxide/TiO2 system was also studied by Wachs et al. 
(21) who observed tetrahedral  WO4 units for low tung- 
sten oxide contents, whereas at high metal  oxide contents 
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octahedral WO6 units, forming polytungstates, together 
with crystalline WO3 appeared. Using Raman spectroscopy 
and XPS, Hercules et al. (25) showed up to three different 
tungsten species in the tungsten oxide/TiO2 catalysts, de- 
pending on the metal oxide content. Finally, Wachs (31) 
indicated that, under  normal conditions and when the sur- 
face was hydrated, the molecular structures of the metal 
oxide surface species were determined by the pH of the 
point of zero charge (pHezc) of the metal oxide-support  
system. Thus, it has been observed (10) that on A1203 and 
TiO2, with pHpzc of 8.5-9 and 6, respectively, tetrahedral 
units are preferentially developed on alumina and octa- 
hedral units mainly on titania. All these results show that 
the surface molecular structure of the supported tungsten 
oxide is quite complex and depends on the metal oxide 
content, the presence of humidity, and the pHpzc of the 
support. 

On the other hand, there are very few studies of tung- 
sten oxide catalysts supported on carbon materials despite 
their importance as supports for catalysts (33). One recent 
study (34) focuses on the preparation and use of group 6 
metal oxide-carbon aerogels in the skeletal isomerization 
of 1-butene and in another work the activity of sulfided 
W/C catalysts in reactions such as the dehydrodesulfuration 
of thiophene and hydrogenation of butene (35) is studied. 
Accordingly, we decided to study tungsten oxide catalysts 
supported on an activated carbon. For this purpose, tung- 
sten oxide catalysts with different metal content were pre- 
pared by using either ammonium tungstate or tungsten hex- 
acarbonyl precursors, which were deposited on an activated 
carbon prepared in the laboratory from almond shells. The 
catalysts so prepared were treated at different temperatures 
in He flow and characterized by different techniques in or- 
der to evaluate textural properties, chemical composition, 
dispersion, and surface acidity. 

EXPERIMENTAL 

The activated carbon used was prepared from almond 
shells. Previously they were ground and sieved to obtain a 
particle size from 1.40 to 2.38 mm. Subsequently, they were 
carbonized in N2 flow at 1123 K for 1 h and steam activated 
at 1023 K for 13 h as explained in detail elsewhere (36). The 
burn-off of the carbonized sample during its activation was 
around 40%. The activated carbon so obtained was sieved 
again and the particle size between 1-2 mm was used. This 
sample, with an ash content of 0.1%, will be referred to in 
the text as S. 

The catalysts were prepared either from ammonium 
tungstate or tungsten hexacarbonyl precursors. In the first 
case, the support was impregnated with an aqueous solution 
of the tungsten compound to obtain four catalysts contain- 
ing 4.8, 9.1,14.9, and 23.1% W. The catalysts with the higher 
metal content were prepared by successive impregnations, 

drying between them the impregnates at 383 K. When 
W(CO)6 was used as a catalyst precursor, a sublimation 
technique was followed, as described elsewhere (37, 38). 
For this purpose, the powdered carbonyl was mixed with 
the appropriate amount  of support in a glass tubing, which 
was sealed under vacuum (10 -3 Torr; 1 Torr = 133.3 N m-2). 
This closed reactor was mechanically rotated for about 4 h 
at a temperature close to 343 K to force the carbonyl to 
sublime evenly onto the support. After  cooling to room 
temperature,  the supported catalysts were sieved in order 
to remove the finest particles produced during the prepara- 
tion procedure. Two catalysts containing 6.1 and 15.1% W 
were prepared by following this procedure. 

The exact tungsten content of the supported catalysts was 
determined in a thermobalance by burning, in a flow of air, 
a portion of the catalysts at 1073 K until constant weight. 
The catalysts prepared from ammonium tungstate will be 
referred to in the text as W, and those prepared from the 
carbonyl as HW. In both cases the tungsten content of the 
catalysts will follow the letters W or HW. 

Before characterization, the catalysts were heated in a 
He flow, at 2 K min -1, to temperatures ranging from 623 to 
1223 K and then holding the maximum temperature  for 4 h. 
Both the support and some selected catalysts were charac- 
terized, to determine their surface area and pore texture, 
by N2 adsorption at 77 K and mercury porosimetry up to 
4190 kg cm -2. In this case a mercury porosimeter,  Quan- 
tachrome model Autoscan 60, was used, which allowed the 
volume of pores wider than 3.6 nm to be measured. The 
pHpzc of the support was measured by the so-called pH 
drift method which was described in detail elsewhere (39). 
A pHezc  of 10.2 was recorded. 

Temperature-programmed desorption (TPD) was car- 
ried out by heating the samples at different temperatures 
up to a maximum of 1273 K in a He flow at heating rates of 
either 10 or 20 K rain -1 and recording the amount  of gases 
evolved with a quadrupole mass spectrometer  (Balzers, 
model  Thermocube) as a function of temperature  as de- 
scribed elsewhere (40). X-ray diffraction (XRD) patterns 
were recorded with a Phillips PW1710 diffractometer using 
Cu K~ radiation. The JCPDS files were used to assign the 
different diffraction peaks observed. 

X-ray photoelectron spectroscopy measurements (XPS) 
were carried out with a VG Escalab 200 R with Mg K0e 
source (hv = 1253.6 eV) and hemispherical electron ana- 
lyzer. Prior to analysis, the samples were heated in situ at 
temperatures equal to or below 748 K in He flow. When the 
temperature  of the heat treatment was higher than 748 K, 
the treatment was carried out in a quartz reactor under 
He flow. Once the treatment was finished, the sample was 
cooled to room temperature under the He  flow, impreg- 
nated with n-octane, and then transferred to the pretreat- 
ment chamber of the XPS instrument. After  the in situ heat 
t reatment all the samples were evacuated at high vacuum 
and room temperature, and then introduced in the analysis 
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chamber. A base pressure of 10 .9 Torr was maintained dur- 
ing data acquisition. Survey and multiregion spectra were 
recorded at Cls, O15., and W4f photoelectron peaks. Each 
spectral region of photoelectron interest was scanned sev- 
eral times to obtain good signal-to-noise ratios. The spectra 
obtained, once the background signal was corrected, were 
fitted to Lorentzian and Gaussian curves to obtain the num- 
ber of components, the position of the peaks, and the peak 
areas. 

The total surface acidity of the supported catalysts was 
determined by TPD of previously adsorbed NH3 (41-47). 
The catalysts were heated in He flow (60 cm 3 min -1) to the 
maximum temperature,  ranging between 623 and 1223 K, 
and held for 4 h. After  that, the sample was cooled to 373 K 
in flowing He, and then the He flow was switched to NH3 
flow at a rate of 30 cm 3 min -1 over 30 min. After  this time, 
the NH3 flow was again switched to He, which was flowed 
through the catalyst for 30 min, in order to purge the lines 
and reactor and to remove the ammonia physisorbed on 
the catalyst. TPD of the strongly adsorbed ammonia was 
carried out by heating the catalyst from 373 to 973 K in 
He  flow, at a heating rate of 10 K min -1, and recording the 
amount  of NH3 evolved as a function of temperature.  

Surface acidity of the supported catalysts was also eval- 
uated by studying the decomposition reactions of iso- 
propanol (48-51). Catalytic tests were carried out in a glass 
microreactor working at atmospheric pressure with 0.2 g of 
catalyst. The reaction was performed in a He  flow saturated 
with isopropanol at 273 K. The total flow rate was 62 cm 3 
min -1 and the partial pressure of the alcohol 8.44 Torr. The 
reaction temperature was 383 K and the analysis of the re- 
action products was done by online gas chromatography 
using a Perkin Elmer gas chromatograph, model 8500, with 
flame ionization detector and a column Carbopack B80/120. 
Prior to reaction the catalysts were heated, in He flow, at 
temperatures between 623 and 1223 K for 4 h. 
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FIG. 1. TPD profiles of  catalyst W23.1 heated  at 50 K rain-1 to 1273 K 
in He flow. El, H20;  ©, NH3; A, CO; +,  CO2. 

725 K, with the peak at 575 K displaying the maximum in- 
tensity. The support also showed peaks at 375 and 575 K 
in the water adsorption profile. The NH3 desorption pro- 
file of the catalyst showed an intense peak with maximum 
at 575 K and another weak peak at 725 K. From these re- 
sults, it appears that the peak at 375 K corresponds to loss 
of the hydration water molecules coming from the ammo- 
nium tungstate, whereas the peaks at 575 and 725 K are 
associated with decomposition of the salt. 

The CO evolution profile of the catalyst was different 
from that of the support. Thus, in the catalyst the maximum 
was placed at 1125 K and the intensity of the peak was 
around 6 times higher than in the case of the support. Pro- 
duction of a higher amount  of CO in the supported catalyst 
than in the support was due to the reduction of tungsten 

R E S U L T S  A N D  D I S C U S S I O N  

The catalysts from the W series were prepared by im- 
pregnation of the support with an aqueous solution of am- 
monium tungstate at a pH of 6.3, which would favor the 
formation of paratungstate (52). Due to the high surface 
basicity of the support, with a pHpzc of 10.2, this favors not 
only the adsorption of the different tungstate ions on the 
surface of the support, because at the solution pH it was 
positively charged, but also the formation of tetrahedral 
(WO4) species (31). 

The temperature-programmed decomposition of catalyst 
W23.1 was studied by heating the sample to 1273 K un- 
der He  flow. The profiles obtained are depicted in Fig. 1. 
Figure 2 shows the same profiles obtained with the sup- 
port (S) when treated under the same conditions. The H 2 0  
profile of the catalyst showed three peaks at 375, 575, and 
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FIG. 2. TPD profiles of  support  heated at 50 K min -~ to 1273 K in He 
flow. [~, H20;  A, CO; +,  CO2. 
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FIG. 3. A m o u n t s  of  CO and CO2 evolved up to 1273 K versus tung-  
sten content  in catalysts f rom series W. 

that when W ( C O ) 6  w a s  supported on TiO2 dehydroxylated 
at 773 K, decarbonylation was completed by heating the 
catalyst between 473 and 523 K, yielding the metal in zero 
oxidation state. When A1203 was used as support, complete 
decarbonylation required a higher temperature, 673 K (55- 
57). If the amount of CO evolved from these catalysts is cor- 
rected with that evolved from the support, the amount of 
CO evolved from the catalysts was lower than that expected 
from the W content of the catalysts. Thus, up to 575 K, 26 
and 57% was evolved from HW6.1 and HW15.1, respec- 
tively, and between 575 and 1273 K another 23 and 18% of 
the total of CO expected. These results indicate that either 
decarbonylation was not complete or the tungsten hexacar- 
bonyl was partially decomposed during the preparation of 
the supported catalysts. 

oxide particles, formed after decomposition of ammonium 
tungstate by the carbon support. This reduction is thermo- 
dynamically favored (53) and will take place at the metal 
oxide-support interface. This reduction yields a metal oxide 
with an oxidation state below (VI) or even metallic tung- 
sten. Figure 3 shows the amounts of CO and CO2 evolved 
from the supported catalyst, once the respective amounts 
evolved from the support were subtracted, versus the tung- 
sten content of the catalysts. The amount of CO evolved 
linearly increased with W content whereas the amount of 
CO2 evolved is very low and practically independent of the 
W content. These results show again that the tungsten oxide 
particles were reduced by the support. 

The temperature-programmed decomposition profiles of 
catalyst HW6.1 are depicted in Fig. 4. The amounts of H20 
and CO2 evolved from the supported catalyst were simi- 
lar to those evolved from the support, varying only in the 
amount of CO. The CO desorption profile had a symmetric 
peak at 475 K and another asymmetric one around 1125 K 
with a shoulder around 1175 K. Brenner et aL (54) found 
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FIG. 4. TPD profiles of  catalyst HW6.1 heated at 50 K min -1 to 
1273 K in He  flow. El, H20;  A, CO; +,  CO2. 

Surface Area and Porosity of  the Support 
and Supported Catalysts 

Surface area and porosity of the support and supported 
catalysts were studied by N2 adsorption at 77 K and by mer- 
cury intrusion porosimetry. The BET equation was applied 
to N2 adsorption isotherms, thus allowing the N2 surface 
area (SN~) to be calculated. The volumes of pores with a di- 
ameter between 3.6 and 50 nm (V2) and wider than 50 nm 
(V3) were obtained by mercury porosimetry. The V2 volume 
would be the mesopore volume, although, in fact, this vol- 
ume would correspond to pores with a diameter between 
2 and 50 nm (58). V3 would correspond to the macropore 
volume. All these data are compiled in Tables i and 2 for the 
catalysts from series W and HW, respectively, heat treated 
at different temperatures in He flow. In these tables the sur- 
face characteristics of the support (S) are also included. The 
value of SN2 of the support decreased when the amount of 
the tungsten precursor compound deposited in both series 
of catalysts, W and HW, increased. The mesopore volume 
slightly increased in the two series of catalysts for those with 
the lowest tungsten content heated at 748 K. However, for 
other tungsten contents and treatment temperatures both 
V2 and V3 decreased in comparison to the support. 

TABLE 1 

Surface Area and Porosity of Support and Supported Catalysts 
from Series W after Their Heat Treatments in He Flow at Different 
Temperatures for 4 h 

Sample Treatment  SN2, m z g l 1/2, cm 3 g-1 V3, cm 3 g-1 

S - -  929 ± 7 0.17 0.36 
W4.8 He, 748 K 834 -4- 6 0.20 0.33 
W23.1 He, 748 K 576 4- 5 0.10 0.23 
W4.8 He, 973 K 842 H 5 0.16 0.30 
W23.1 He, 973 K 584 4- 4 0.09 0.22 
W4.8 He, 1223 K 792 4- 7 0.13 0.25 
W23.1 He, 1223 K 555 ± 5 0.07 0.21 
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TABLE 2 

Surface Area and Porosity of Support and Supported Catalysts 
from Series HW after Their Heat Treatments in He Flow at Diffe- 
rent Temperatures for 4 h 

Sample Treatment SN2, m 2 g-1 1/2, cm 3 g 1 1/3, cm 3 g-t 

S --  929 4- 7 0.17 0.36 
HW6.1 He, 748 K 907 4-10 0.19 0.34 
HW15.1 He, 748 K 696 -4- 9 0.14 0.27 
HW6.1 He, 1223 K 898 4-11 0.15 0.29 
HW15.1 He, 1223 K 552 4-10 0.13 0.27 

Chemical State and Dispersion of  the Metallic Phase 

The chemical state and dispersion of the metallic phase 
were studied by XRD and XPS after the supported catalysts 
were heat t reated in He flow at different temperatures. 

When ammonium tungstate is decomposed in an inert at- 
mosphere tungsten trioxide is obtained, which has a ReO3 
structure and consists in a tridimensional network of octa- 
hedral WO6 units sharing their corners (52). This tungsten 
trioxide is polymorphic and, therefore, can have different 
crystallographic forms depending on the temperature,  the 
most stable at room temperature being the rhombic WO3. 
Results obtained when physical mixtures of WO3 and car- 
bon (in the form of graphite and lamp black) were heated 
in the temperature  range 1208-1373 K have been repor ted 
recently by Venables and Brown (59, 60). The reduction 
was carried out isothermally in Ar  flow. These authors pro- 
pose a two-state reduction to W metal, via WO2. The rate of 
reduction depended on the temperature,  the Ar  flow, and 
the CO/CO2 and WO3/carbon ratios. Between WO3 and 
WO2 different nonstoichiometric phases such as W20058 
and W18049 appeared in which the metal was in two oxida- 
tion states (VI) and (IV). Their abundance in the reactant 
mixture depended on reaction time and temperature.  More- 
over, the above authors found that, although the original 
shape of the WO3 particles was maintained, they became 
more porous when the molar volume of the phases dimin- 
ished. Both the tungsten and tungsten trioxide particles had 
a certain mobility. 

The reduction of WO3 with CO at temperatures between 
923 and 1173 K was also studied by the above authors (61). 

The intermediate phases W20058, W18049 , and W02 were 
observed in the reduction. The final product of the reac- 
tion was WC, compared with the tungsten formed when 
carbon was used. The supported catalysts used in this work 
were heated in He flow at 623,748, 973, and 1223 K for 4 h. 
From a thermodynamic point of view (53), the reduction 
of WO3 to WO2 by the carbon support should be possible 
at 973 and 1223 K, whereas the reduction to W and forma- 
tion of WC should be possible only at 1223 K. According 
to these data, the O/W atomic ratio diminishes when the 
temperature increases from 623 to 1223 K. Thus, in the case 
of the supported catalysts from series W, one would expect 
that at 623 and 748 K the metallic phase obtained would be 
essentially WO3, although the presence of some nonstoi- 
chiometric oxide with its O/W atomic ratio close to 3 could 
be possible. After the t reatment  at 973 K, a mixture of WO3 
nonstoichiometric oxides and WO2 is expected Finally, af- 
ter the treatment at 1223 K, metallic W, WC, and probably 
some tungsten oxides would be expected. 

Catalysts W9.1, W14.9, and W23.1 were analyzed 
by XRD after their heat treatments between 623 and 
1223 K and the results found are compiled in Table 3. 
These results show that at 623 K two oxides WO3 and 
W25073 (O/W = 2.92) could be detected, at 748 K WO3 and 
W20058 appeared (O/W = 2.90), and at 973 K WO3, W20Oss, 
and W18049 appeared (O/W = 2.70). Therefore, the higher 
the treatment temperature  the lower the O/W atomic ratio. 
When the catalysts were heat t reated at 1223 K a mixture 
of metallic W, WC, and a nonstoichiometric carbide with 
composition W6C2.54 was obtained, which again confirms 
that the tungsten oxides were reduced by the carbon sup- 
port  to metallic tungsten at 1223 K, and that it reacted with 
the carbon support giving different carbides. 

These results are quite interesting and show the impor- 
tant role that carbon materials can play as supports of met- 
als that can yield carbides, since this could be a method 
to obtain metal carbides dispersed on a high surface area 
support. It is noteworthy that WO2 was not detected af- 
ter any of the heat treatments. This could indicate that 
the reduction of WO3, and the other nonstoichiometric ox- 
ides, was produced directly to W and not via WO2, in con- 
trast to Venables and Brown's findings (59-61). Our results 
could be due to the higher dispersion that the tungsten oxi- 
des have on the activated carbon in comparison to that 

TABLE 3 

Tungsten Oxides Detected by XRD in Some Selected Catalysts of Series W Heat Treated 
in He Flow at Different Temperatures for 4 h 

Sample 623 K 748 K 973 K 1223 K 

W9.1 - -  WO3(r) 4- W200 5 WO3(r) -~- W20058 + W18049 W -t- w e  2r- W6C2.54 
W14.9 WO3(r) -]- W25073 WO3(r) 4- W2005 WO3(r) --t- W20058 -}- W18049 W 4- WC -}- W6C2.54 
W23.1 WO3(r) + W25073 WO3(r) @ W2005 WO3(r) ~- W20058 -~- W18049 W --~ w e  + W6C2.54 
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obtained by the above authors, since they used a physical 
mixture of WO3 with carbon. 

XRD patterns of the heat-treated catalysts from series 
HW did not show any diffraction peaks corresponding to 
the metallic phase, except for samples treated at 973 K 
which showed small diffraction peaks corresponding to 
W20058. These results indicate that, at this measuring scale, 
the metallic phase was well dispersed, forming either an 
amorphous phase or microcrystals smaller than 4.0 nm. 

XPS spectra of the W4¢-level for the catalysts W14.9 and 
HW15.1 studied after their heat treatments in He between 
623 and 1223 K are shown in Figs. 5 and 6, as an exam- 
ple. These figures also include the curve-fitted spectra. The 
binding energies (BEs) of the W4fT/2 and the percentages of 
the different metallic species obtained from spectra similar 
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FIG. 5. Curve-fitted W4fcore-level spectra for catalyst W14.9 treated 
in He  flow at different temperatures.  
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FIG. 6. Curve-fitted W4f core-level spectra for catalyst HW15.1 
t reated in He  flow at different temperatures.  

to the one above are compiled in Table 4. These results 
indicate that for catalysts from the W series and HW6.1 
heated between 623 and 973 K, tungsten was in oxidation 
state (V1) with BE at 35.5-35.8 eV. In the case of catalyst 
HWl5.1, a small fraction of the tungsten hexacarbonyl ap- 
peared at a BE of 32.4-32.0 eV, which decreased when the 
treatment temperature increased. From the temperature- 
programmed decomposition experiments of these catalysts 
it was shown that decarbonylation of the tungsten hexacar- 
bonyl was incomplete. 

When the supported catalysts were heat treated at 1223 K 
a mixture of W (BE at 31.6-31.9 eV), WC (BE at 32.4- 
32.2 eV), and WO3 was obtained. In both series of catalysts 
there was an increase in the percentages of W and WC and 
a decrease in the percentage of WO3 when the tungsten 
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TABLE 4 

BE Values (eV) of W4fT/2 Core-Level Spectra for Catalysts Heat 
Treated in He Flow at Different Temperatures for 4 h a 

Catalyst 

Ztreatment, K W4.8 W14.9 W23.1 HW6.1 HW15.I 

623 35.6 35.8 35.6 35.5 32.4 (29) 
35.5 (71) 

748 35.5 35.7 35.6 35.6 32.0 (21) 
35.7 (79) 

973 35.7 35.7 35.7 35.5 35.7 (100) 

1223 31.7 (7) 31.6 (7) 31.7 (25) 31.8 (13) 31.9 (29) 
32.4 (16) 32.2 (33) 32.2 (40) 32.4 (25) 32.4 (41) 
35.5 (77) 35.5 (60) 35.5 (35) 35.6 (62) 35.4 (30) 

a The values in parentheses correspond to percentage of each peak. 

content of the catalysts increased. This WO3 was not de- 
tected by XRD, probably because it was well dispersed on 
the support or in a thin layer covering the surface of the 
metallic particles. It has been demonstrated (15, 62, 63) that 
information about supported metallic particles can be ob- 
tained from the metal/support surface atomic ratio. Thus, 
Fig. 7 shows the relationships between the surface atomic 
ratio, (W/C)s, and the total or bulk atomic ratio, (W/S)t, for 
the catalysts from series W heat treated at different tem- 
peratures. The linear relationship found between the two 
magnitudes seems to indicate that the metallic phase is uni- 
formly dispersed on the support along the concentration 
range studied. 

The dependence of the (W/C)s ratio with the treatment 
temperature is shown in Figs. 8 and 9 for catalysts from se- 
ries W and HW, respectively. For the catalysts from series 
W, the (W/C)s ratio practically did not change between 623 
and 973 K, but increased when the temperature increased 
up to 1223 K. This was even more marked in catalysts with 
a high tungsten content, indicative of a surface segrega- 
tion of the metallic phase. In the case of catalysts from se- 
ries HW, the (W/C)s ratio did not change between 623 and 
748 K, increasing for 973 K. This increase was very marked 
for sample HWl5.I, indicative of a strong tungsten surface 
segregation. Therefore, in this series surface segregation 
was observed at a treatment temperature lower than that 
in series W. These results indicate that the tungsten species 
in series HW had a larger mobility than that in series W. 
Furthermore, the mobility increased in a larger proportion 
when the tungsten content increased. 

The 01s core-level spectra of the supported catalysts 
showed two components: the peak at 531.2 eV is due to 
W-O bonds in the WO3 free (64) and also assigned to 
WO3 monocrystals supported on SiO2 (16, 65); the other 
peak above 533 eV is due to oxygen bonded to the support 
(66). On the other hand the peak at 531.2 eV could also 
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FIG. 7. Variation of surface atomic ratio, (W/C)s, against total atomic 
ratio, (W/C)t, for catalysts from series W treated at different temperatures. 

be due to C=O bonds from the support, in ketones and 
carboxylic acids (66). However, the oxygen content of the 
support was very low, 2.2 %, and the percentage of the peak 
at 531.2 eV was much lower than that at 533 eV, essentially 
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FIG. 8. Dependence of the treatment temperature on the W/C ratio 
for catalysts from series W. 
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FIG. 9. Dependence of the treatment temperature on the W/C ratio 
for catalysts from series HW. 

in the catalyst with the low tungsten content, which in turn 
would be similar to the support.  Therefore, the peak  at 
531.2 eV would be essentially due to W - O  bonds. The sur- 
face atomic ratios, (O/W)s, taking as reference the oxygen 
peak at 531.2 eV, in the case of the catalysts of both  series 
as a function of t rea tment  temperature,  are compiled in 
Table 5. This ratio decreased when the t reatment  tempera-  
ture increased and became lower than 3, essentially above 
748 K. This implies that in the WO3 particles tungsten atoms 
with an oxidation state lower than (VI) appeared,  as shown 
by XRD. At  1223 K, the (O/W)s ratio was very low, since at 
this tempera ture  there was a mixture of W, WC, and WO3. 

Total Surface Acidity of the Supported Tungsten Catalysts 

The total surface acidity of the supported tungsten cata- 
lysts was determined by TPD of ammonia  previously ad- 
sorbed at 373 K and by studying the decomposit ion reaction 
of isopropanol. The acid surface propert ies of these cata- 
lysts are of major  importance to determine their catalytic 
behavior  (67). The acidic character of the tungsten oxide 
is well known (68, 69), and its acid strength is the high- 
est among the metal  oxides f rom groups 4, 5, and 6 of the 
Periodic Table and higher than those of A1203 and Re207 
(68). Two types of acid sites are found on the surface of 

TABLE 5 

O/W Surface Atomic Ratio Taking as Reference the Oxygen 
Peak at 531.2 eV 
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FIG. 10. TPD profiles of NH3 from catalyst HWI5.1 treated in He 
flow at different temperatures. [~, 623 K; &, 973 K; C), 1223 K. 

these metal  oxides: Lewis and BrCnsted. Lewis sites appear  
on metal  atoms coordinatively unsaturated that  can accept 
electrons. Br0nsted type acid sites can supply protons to a 
base (69) and these are quite important  in reactions such 
as catalytic cracking and in the skeletal isomerization of 
1-butene to isobutene (67). 

In  general, it is accepted that NH3 is an excellent molec- 
ular p robe  to measure  the total surface acidity of catalysts, 
since due to its strong basicity and small molecular  size, it 
allows the measurement  of acid surface sites inside narrow 
pores (71-75). In this work, the adsorption process of NH3 
was carried out at 373 K in order to minimize adsorption 
on the support.  Thus, after heat t rea tment  of the support  at 
623 K in He  flow for 4 h, it adsorbed a negligible amount  of 
NH3 at 373 K, and the amount  adsorbed became zero when 
the t rea tment  tempera ture  increased. The NH3 desorption 
profiles obtained with sample HW15.1 are shown in Fig. 10, 
as an example. Measurement  of the total surface acidity was 
obtained f rom the area under these profiles, and these are 
compiled in Table 6, which shows that the amount  of NH3 

TABLE 6 

1 Amounts ofNH3 Desorbed (/~mol g- ) from the Supported Tung- 
sten Catalysts Previously Heat Treated in He Flow at Different 
Temperatures 

Catalyst 

rtreatment, K W4.8 W 1 4 . 9  W 2 3 . 1  H W 6 . 1  HWl5.1 W4.8 
W9.1 

623 3.00 3.01 2.96 2.98 3.00 W14.9 
748 2.93 2.83 3.03 2.86 2.83 W23.1 
973 2.90 2.66 2.29 1.82 2.75 HW6.1 

1223 0.93 1.09 0.93 0.82 1.00 HW15.1 

Treatment temperature 

Catalyst 623 K 748 K 973 K 1223 K 

44 41 24 18 
69 58 47 32 
95 74 59 49 

139 112 68 53 
53 48 24 21 

173 147 92 41 
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desorbed and, therefore, the total surface acidity decreased 
when the t reatment  temperature increased. 

The decrease in total surface acidity is due to a loss of 
both Lewis and Br0nsted acid surface sites. We have shown 
before that the (O/W)s atomic ratio decreased when the 
treatment temperature increased. As a result, the oxidation 
state of some W atoms decreased to below (VI), producing a 
reduction in Lewis acidity. The increased t reatment  temper- 
ature produced a reduction in the BrCnsted acidity due to 
the loss o f - O H  groups bonded to the surface W atoms and 
supplied by the support (probably from its humidity con- 
tent). The high surface acidity of catalyst HW15.1 after the 
treatments between 623 and 748 K is noteworthy since this 
was much higher than that of catalyst W14.9. These results 
indicate again that the catalysts prepared from W(CO)6 
have a much higher dispersion than catalysts prepared from 
ammonium tungstate. 

Many catalytic reactions have been used also to quantify 
the surface acidity of the catalysts (48). Ai et  al. (76-81) 
related the catalytic activity of the metal oxides in different 
reactions with the acid-base character of their surface ac- 
tive sites, and propose the use of the decomposition reaction 
of isopropanol to indirectly determine this acid-base char- 
acter. From a mechanistic point of view, Ai et  al. (76-81) 
proposed that the dehydration of isopropanol is catalyzed 
by the acid sites and its dehydrogenation by both acid and 
basic sites. Therefore,  and according to these authors, the 
rate of dehydration is a measurement of the total surface 
acidity, and the ratio between the rates of dehydrogenation 
and dehydrat ion can be taken as a measurement  of the total 
surface basicity. 

Propene and acetone were the reaction products ob- 
tained with some selected catalysts and the activities to ob- 
tain both propene, rp, and acetone, r~, at 383 K are summa- 
rized in Table 7. The results show that rp was much higher 
than ra, and that rp decreased when the treatment tempera- 
ture increased. Therefore,  the catalysts were essentially of 

TABLE 7 

Rates for Propene (rp) and Acetone (ra) Formation from Isopro- 
panol Decomposition on Different Catalysts (Reaction Tempera- 
ture 383 K) 

rp, ra, 
Catalyst Ttreatment, K #mol  g ] min -1 txmol g 1 min-1 ra/rp 

W14.9 623 18.72 1.41 0.075 
W14.9 748 9.78 0.71 0.073 
W14.9 973 3.72 0.10 0.027 
W23.1 623 29.52 1.59 0.054 
W23.1 748 20.82 1.08 0.052 
W23.1 973 6.48 0.19 0.029 
HWl5 .1  623 48.30 2.27 0.047 
HW15.1 748 32.88 1.15 0.035 
HWl5 .1  973 17.88 0.61 0.034 
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FIG. 11. Relat ionship be tween the rate of formation of propene and 
the total surface acidity measured  by desorption of ammonia.  [~, W14.9; 
O, W23.1; A, HWl5.1.  

acid character and this decreased, as shown before, when 
the treatment temperature  increased. The r a / r p  ratio is a 
measure of the basicity. This was very low and decreased 
further when the treatment temperature  increased. Finally, 
Fig. 11 shows that there was a good linear relationship (cor- 
relation coefficient = 0.9741) between rp and the amount  of 
NH3 desorbed, independent  of both the catalyst series and 
the treatment temperature.  

CONCLUSIONS 

The surface area and porosity of the support decreased 
when the tungsten content of the supported catalysts in- 
creased. When the catalysts prepared from ammonium 
tungstate (series W) were heat t reated between 623 and 
973 K, rhombic WO3 together with other nonstoichiomet- 
ric oxides, in which the O/W ratio was lower than 3, were 
detected by XRD. Under  the same conditions, the cata- 
lysts prepared from the tungsten hexacarbonyl (series HW) 
did not show any diffraction peak, implying that the metal- 
lic phase was well dispersed forming either an amorphous 
phase or microcrystals smaller than 4.0 mn. When the cata- 
lysts from series W were heat t reated at 1223 K, a mixture 
of metallic tungsten and tungsten carbides was detected by 
XRD. Therefore, the support was able to reduce the tung- 
sten oxides to metallic tungsten and react with it to pro- 
duce different tungsten carbides. These results are quite 
interesting and show the important  role that carbon ma- 
terials can play as supports of metals that can yield car- 
bides, by moderate heat treatments, since this could be a 
method to obtain metal carbides dispersed on a high surface 
area support. Catalysts prepared from series HW did not 
show any diffraction peak by X RD  after heat treatments at 
1223 K. 
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X P S  s h o w e d  a d e c r e a s e  in  the  O / W  sur face  a t o m i c  r a t io  
w h e n  the  hea t  t r e a t m e n t  t e m p e r a t u r e  inc reased .  I n  the  case  
of  the  ca ta lys ts  f r o m  ser ies  W t h e r e  was  a h o m o g e n e o u s  dis- 

t r i b u t i o n  of  the  m e t a l l i c  p h a s e  in  the  r a n g e  of  m e t a l  c o n t e n t  
s t u d i e d  a n d  at a n y  t r e a t m e n t  t e m p e r a t u r e .  T h e  W / C  sur face  
a t o m i c  r a t io  m a r k e d l y  i n c r e a s e d  w i th  t e m p e r a t u r e  b e t w e e n  
973 a n d  1223 K in  t h e  ca ta lys t s  f r o m  series W a n d  b e t w e e n  
748 and  973 K in  the  ca ta lys ts  f r o m  ser ies  HW.  This  im p l i e s  
tha t  the  me ta l l i c  p h a s e  was  m o r e  m o b i l e  in  the  H W  series.  

To ta l  su r face  acidity,  as m e a s u r e d  by  NH3 d e s o r p t i o n ,  
i n c r e a s e d  wi th  t u n g s t e n  c o n t e n t  a n d  d e c r e a s e d  w h e n  t rea t -  
m e n t  t e m p e r a t u r e  i n c r e a s e d  d u e  to  the  loss of  su r face  ac id  
si tes of  Lewis  a n d  B r C n s t e d  types.  T h e  h igh  su r face  acid-  
i ty of  ca ta lys t  H W l 5 . 1  is n o t e w o r t h y  an d  is a s soc ia t ed  wi th  
the  h igh  d i s p e r s i o n  of  m e t a l  oxide.  D e c o m p o s i t i o n  of  iso- 
p r o p a n o l  y i e l d e d  p r o p e n e  a n d  a c e t o n e  a n d  t he  ac t iv i ty  to  
p r o d u c e  p r o p e n e  was m u c h  h i g h e r  t h a n  tha t  to  ace tone .  
This  impl i e s  tha t  the  ca ta lys ts  w e r e  e s sen t i a l ly  of  a n  acidic  
na tu re .  T h e  ac t iv i ty  to  p r o d u c e  p r o p e n e  d e c r e a s e d  w i th  
the  i n c r e a s e  in  t r e a t m e n t  t e m p e r a t u r e  a n d  t he r e  was  a l in-  
ea r  r e l a t i o n s h i p  b e t w e e n  this  ac t iv i ty  a n d  t he  to t a l  ac id i ty  
o b t a i n e d  by  NH3 d e s o r p t i o n ,  i r r e spec t ive  the  m e t h o d  of  
p r e p a r a t i o n  of  t h e  ca ta lys ts  a n d  the  t r e a t m e n t  t e m p e r a t u r e  

appl ied .  
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