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Abstract

Molybdophosphoric (HPMo) and tungstophosphoric (HPW) acid catalysts, supported on hexagonal mesoporous silica (HMS) carriers anc
modified with Ti, Zr, and Zr+ Al, were prepared. The catalysts were characterized by Fourier transform IR spectroscopy of adsorbed pyridine
and deuterated acetonitrile, X-ray photoelectron spectroscopy &ahdlH nuclear magnetic resonance. Catalytic activity was tested in the
hydrodesulfurization reaction of DBT. The thermal stability and the properties of the supported molybdophosphates and tungstophosphate
were discussed in terms of support effect. For the hydrodesulfurization reaction, which was carried out under high hydrogen pressure, th
HPMo/ZrAIHMS catalyst had higher activity and selectivity to biphenyl formation than the other supported HPMo catalysts. Regardless of
the carrier, supported HPW catalysts were the most active.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction as a function of temperature and reaction atmosphere and
their structural transformation during catalyst activation are
Heteropoly acid (HPA) compounds with a Keggin-type important aspects for understanding the working catalyst
anion and their derivatives are industrial catalyst precursorssystem. Different carriers have been used to support HPASs,
and are used in many catalytic reactions [1-6]. However, and their thermal stability has been shown to depend on the
there are few reports on the use of supported HPAs in thetype of the support and the loading of HPA. MCM-41 meso-
hydrodesulfurization (HDS) reaction. Most studies have fo- porous systems are especially suitable for depositing large
cused on molybdenum HPA, which was used only in model HPAs precursors. This mesoporous material has a hexagonal
studies to investigate the HDS of thiophene [7-9]. It has array of uniform pores (1-5 to 10 nm) and a very large sur-
been shown [8] that supported 12-molybdophosphoric acid face area [11,12]. The unique properties of MCM-41 make
(HPMo) and its Co and Ni salts are good oxide precursors them potentially useful for catalytic application in reactions
for thiophene HDS. Work in the field of deep HDS has be- such as deep HDS. This type of molecular sieve has been
come more intense in the last few years; a detailed generaltudied in depth as a support for deep HDS Mo catalysts
account of deep HDS, dealing with new catalysts, the effects promoted with Co or Ni [13-19]. No work on deep HDS
of solvents and feedStOCk, kinetics and mEChanismS, the ef'on HPAs Cata|ys‘[s Supported on Mesoporous materials has
fects of the support, and catalyst synergy has been reviewedyeen published. Kozhevnikov and co-workers [20] showed
by Vagudevan an.d Fierro [10]. that HPW acid, supported on silica with a large surface area,
Owing to the importance of heteropoly compounds for s 5 good catalytic system for efficient HDS of dibenzothio-
a variety of oxidation reactions, as well as for their appli- phene (DBT) under conditions similar to those in industry.
cation in hydrotreatment reactions, their structural stability = |, qur previous work [21], we attempted to immobi-
lize the 12-molybdophosphoric,3”Mo12040, and the 12-
~* Corresponding author. tungstophosphoric, #PW; 2040 (HPW) heteropoly acids on
E-mail address: soniad@satline.net (S. Damyanova). hexagonal mesoporous silica (HMS) with a large surface
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area modified with different cations. The textural and sur- Nicolet 5 ZDX spectrophotometer at a resolution of 4¢ém
face properties of HMS were modified by adding Ti, Zr, and Each spectrum was averaged over 100 scans. Wafers were
Al cations. Small-angle diffraction peaks and the large sur- prepared by diluting a pellet of the sample (1:100) in KBr.
face area of metal-containing HMS samples demonstratedIR spectra of chemisorbed pyridine and deuterated acetoni-
that these materials, prepared by means of a neutral temtrile (CD3CN) were recorded at room temperature. Self-
plate, have a mesoporous crystalline structure. Incorporationsupporting wafers (ca. 10 ryign?) had been outgassed un-
of Zr and Al cations led to the development of textural meso- der vacuum at 473 K for 1 h in an infrared vacuum cell
porosity in addition to the framework mesoporosity [21], equipped with greaseless stopcocks and KBr windows. After
characteristic of HMS and Ti-containing mesoporous silica introducing the pyridine and GITN at room temperature
materials. (5 Torr in both cases), the fraction of physically adsorbed
This work is one of the first attempts to demonstrate molecules was removed by outgassing at room temperature
that supported heteropoly acids are good oxidic precur-for 5 min in the case of CBCN and at 393 K for 1 h in the
sors for the active sulfided phase for HDS of DBT. In the case of pyridine. The net infrared spectra of chemisorbed
present work we concentrated on (i) the effect of cations pyridine and CRBCN were obtained after subtracting the
in metal-substituted HMS supports, (ii) the thermal stability background spectrum of the solid.
of molybdo- and tungstophosphate anions, (iii) the proper-  The X-ray photoelectron spectra of the calcined and used
ties of the catalyst surface, and (iv) the catalytic activity of catalysts were recorded on a VG Escalab 200R electron
MeHMS-supported HPMo and HPW acids in the HDS re- spectrometer equipped with a hemispherical electron ana-
action of DBT. The DBT was selected for activity tests for lyzer, using an Mg-K (hv = 12536 eV) X-ray source. The
the following reasons: (i) DBT is a chemically and thermally ECLIPSE software was used to record and analyze the spec-
more stable S-containing molecule than thiophene. (i) It is tra. The used samples, kept iroctane to avoid exposure
a large S-containing molecule, in which the steric hindrance to air, were outgassed at 1® mbar and then transferred
of the two phenyl groups may inhibit accessibility to sur- to the ion-pumped analysis chamber; the residual pressure
face sites. (i) Both HDS and hydrogenation functionalities was below 7 10~° mbar during data acquisition. Mo 3¢,
can be examined simultaneously. The catalysts were char-W 4f3, Ti 2pz/2, P 2p, Si 2p, and Al 2p core-level spectra
acterized by Fourier transform IR spectroscopy (FTIR) of were recorded. The binding energy (BE) of the Si 2p peak
adsorbed pyridine and deuterated acetonitAl® andH of the support at 103.4 eV was taken as the internal stan-
nuclear magnetic resonance (NMR), and X-ray photoelec- dard (accuracy withir:0.1 eV). Each spectral region of the
tron spectroscopy (XPS) techniques in an attempt to explain photoelectrons of interest was scanned a number of times
the relationship between the catalyst structure and the activ-to obtain a good signal-to-noise ratio. The intensity of the
ity and selectivity of the catalysts. peaks was estimated by calculating the integral of each peak
after subtracting an S-shaped background [22] and fitting the
experimental peak to a combination of Lorentzian/Gaussian

2. Experimental lines of variable proportions.
Solid-state MAS-NMR was performed on an MSL 400
2.1. Preparation of the samples Bruker spectrometer at room temperature. Frequencies of

161.96 8P signal) and 400.13 MHZH signal) were used.

Details about the preparation of metal-containing hexag- Samples were spun at 10 to 12 kHz, and spectra were taken
onal mesoporous silica (MeHMS) carriers have been pub- after 7 /2 pulse irradiation (6 and 4 pus, respectively). The
lished [21]. Two series of supported heteropoly acids were time interval between successive scans was 2 to 20 s, de-
prepared. The first was obtained by wet impregnation of pending on the spin-lattice relaxation times of the nuclei.
HMS and metal-containing HMS carriers with an aque- The number of scans was 100 to 30®1 spectra were
ous solution of 12-tungstophosphoric acid (Aldrich reagent referenced to an external sample of trimethylsilane (TMS
grade) of the appropriate concentration atQi. The sec- (0 ppm)), while3'P NMR spectra were referenced to an 85%
ond series of catalysts corresponds to 12-molybdophosphorHzPOy solution (0 ppm).
ic acid (Aldrich reagent) supported on the mesoporous ma-
terials, prepared as described above. The resulting solids2.3. Test reaction
were dried and calcined in a flow of air at 343 and 623 K,
respectively. The samples were designated HPW(HPMo)/ The catalysts were tested in the HDS reaction of DBT
MeHMS, where Me is Ti, Zr, and/or Z+ Al. The amount (1 wt% of DBT dissolved im-decaline (Aldrich, 99% pu-

of W(Mo) in each sample was about 17 wt%. rity)). The reaction was carried out in a bench-scale, high-
pressure down-flow reactor. To avoid hot spots, 0.25 g of
2.2. Methods catalyst was diluted with 0.5 g of SiC. After heating the cat-

alyst at 473 K for 0.5 h in an Nflow (100 ml/min), the
Framework vibration spectra in the range of 4000 to catalystwas activated in the stream of a mixtupeaidd HS
400 cnt! were recorded on a Fourier transform infrared (10:1) at a flow rate of 50 nimin at 623 K for 2 h. Activa-
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tion was followed by purging in a flow of Nat 573 K for Table 1

15 min. The system was pressurized withdi P = 30 bar, SgeT and XPS parameters for oxide and spent mesoporous-supported

and the liquid feed of 1 wt% DBT dissolved indecaline ~ HPMo and HPW catalysts

and H was passed through the reactor. The reaction con-Sample SBET Oxidic catalysts Spent catalysts

ditions for the Mo series were: 553-573-593 K, fiow (m?/9) BE (eV) BE (eV)

rate of 5800 ml (STPh, P = 30 bar, and weight hourly Mo3ds2 W 4f7z Mo3ds, Wk,

space velocity (WHSV)= 35 h~1. The samples containing ~ HPMo/HMS 751 233.3(58) 232.8 (16)

W were treated under the same conditions, except that the _ 231.8 (42) 229.7 (84)

temperatures were 553, then 563, and finally 573 K; the re- HPMO/TIHMS 532 22331351((550(;) 222392'79(5350(;)

action lasted 1 h atach temperature. Since the sulfidation pppo/zrHms 641 2334 (46) 232"7(54)

of tungsten oxide is more difficult than that of molybdenum 232.0 (54) 229.8 (46)

oxide [23], the activation of the tungsten precursor was ac- HPMo/ZrAIHMS 531 233.2 (58) 232.7 (40)

complished at a higher temperature than the activation of the 231.8 (42) 229.7 (60)

Mo counterparts (723 vs 623 K). HPW/HMS 74 3346'71 E:;S) 3325;14 (7237)
Samples were collected periodically and analyzed by ,p\w/Tikms 505 36.1((65)) 35.5((253))

GC with an FID (Varian chromatograph Model Star 3400 34.7 (35) 32.3(72)

CX) equipped with a DB-1 column (30 m 0.53 mm,
100% methylpolysiloxane, J & W Scientific as the station-
ary phase). In addition to unreacted DBT, biphenyl (BP) and
cyclohexylbenzene (CHB) were the only products detected.
The total DBT conversion was calculated as the disappear- S2s l

Peak percentages are in parentheses.

Mo3d MoS,

ance of DBT. Selectivity on BP and CHB are given by equa- l
tions (1) and (2), respectively,
XBP

Sgp= —————100, (1)
XBP + XCHB

XCHB
Schg = ——— 100 (2)
XBP + XCHB
wherex; is the degree of conversion foth components of

the reaction mixture.

(c)

3. Resultsand discussion

3.1. XPSdata

Counts per second (au)

Analysis of the Mo 3dj, W 4f7/2, Si 2p, Ti 22, P 2p,
and Al 2p core levels provided useful information about the
chemical state of the elements and their relative proportions
at the surface of the samples. Table 1 gives the binding en-
ergies of Mo 3dj;, W 4f;/, electrons for oxide and used
catalysts. The distribution of the Mo(W) oxidation state is ; : : : e
expressed as a percentage of the area. Fig. 1 shows the XPS 224 228 232 236 240
spectra of the spent HPMo/MeHMS and Fig. 2 of the spent BE (eV)
HPW/MeHMS catalysts. The BE of Ti 3p at 459.2 eV
did not change in the oxide and spent catalysts, confirm- Fig. 1. XPS spectra of Mo 3d core levels for spent HPMo/HMS (a) and
ing that the oxidation state of titanium is constant (Ti(IV)). HPMo/MeHMS catalysts, modified with different cations: Ti (b), Zr (c),
The value of the BE for Ti 2, was slightly higher than ~ and Zr+Al(d).
for pure TiQ,, which may be due to the change in the co-
ordination number of the cation arising from the electron to the W(VI) species [25]. A small percentage of the partially
transfer between the cation and the supported molybdenunreduced W species is present in the oxide samples (BE of W
and tungsten species. The BE value of P 2p at 133.9 eV4f7pat34.7 eV) (Table 1). The BE for Mo 8¢ at 233.1 and
for the spent HPMo/TiHMS catalyst was higher than that 231.8 eV for the supported HPMo samples corresponds to
of the freshly prepared Ti@supported HPMo, with a BE at  the presence of fully oxidized molybdenum (Mo(VI)) [26]
132.9 eV [24]. and partially reduced molybdenum (Mo(V)) species [27],
The BE of the W 44> core electron levels at 36.1 eV for  respectively, coordinated by?0 and/or OH" ions. The per-
the supported oxide HPW catalysts (Table 1) can be relatedcentage of the latter species is almost the same as for HPMo
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Fig. 3. XPS atomic MgSi ratios for spent versus calcined mesoporous—
supported catalysts. Circles and squares correspond to HPMo- and
HPW-supported catalysts, respectively.

Fig. 2. XPS spectra of W 4f core levels for spent HPW/HMS (a) and HPW/
TiIHMS (b) catalysts.

supported on HMS, modified with Ti and Zr. The presence
of partially reduced Mo and W species in the oxide sam-  The BE (35.4 eV) of spent, supported HPW catalysts
ples may be due to: (i) electron transfer between the sup-suggests the presence of oxysulfide; the BE at 32.4 eV cor-
ported Mo and W and the support modified by cations, which responds to Wglike species [32] (Table 1). Unlike sup-
can occur during preparation due to a strong interaction andported HPMo catalysts, the relative percentage of oxysulfide
(i) photoreduction of the oxide species when the sample is and sulfided tungsten species did not change for the spent
exposed to the X-ray source in the chamber of the spectrom-HPW/HMS and HPW/TIHMS catalysts (Table 1). In addi-
eter see [24,28]. tion to the more difficult sulfidation of the W oxide species
With the exception of HPMo/HMS, the resolution of the compared to the Mo oxide, due to differences in the polar-
XPS Mo 3d (W 4f) spectra was poor for all the spent cata- ization of the metal-oxygen bond [33], the percentage of
lysts (Figs. 1 and 2). This was due to the presence of differentsulfide W species in the HPW/TIHMS catalyst was signifi-
types of surface molybdenum or tungsten species. As resultcantly larger than that found for the HPMo/TiHMS catalyst.
of the spectral fitting, species with BE of Mo Jglat 232.8 The effect of the cation in the HMS support on the dis-
and 229.7 eV were identified in the spent HPMo catalysts; tribution of the supported active metals (Mo or W) was es-
they are assigned to Mo(VI) in an oxide and/or oxy-sulfiding timated from the XPS atomic intensity ratios (Mo(Y))
surrounding [29] and to Mo(IV) of Mo§ respectively [30].  measured for the spent catalysts on different supports and
The formation of Mo oxysulfide species (like Me&?™) plotted against the same ratio measured for the oxide sam-
is caused by the presence of tetrahedral molybdate groupsples (Fig. 3). From Fig. 3 it is clear that the dispersion of
which interact strongly with the support and which are diffi- the Mo species was affected by the type of the modifying
cult to reduce and sulfide. The peak on the side of the Mo 3d cation in the support. Introduction of Zr and Al into the HMS
spectra (low binding energy) for the spent catalysts, charac-led to a greater dispersion of oxide molybdenum species on
teristic of the 2s level of & species¥ 2262 eV) [31], was the surface of the support (Fig. 3). This is probably due to
poorly resolved (S 2p spectra not reported here). the disintegration of the large oxoanions into smaller struc-
The percentages of the different molybdenum species, tures, which remain well dispersed on the surface due to
obtained from the Mo 3¢, core electron levels, are listed in  the stronger interaction between the anions and the modified
parenthesis in Table 1. The following features are a conse-support. However, with the exception of HPMo supported on
guence of the type of atom introduced into the HMS: (i) To- ZrAl/HMS, all the spent HPMo catalysts had higher &b
tal transformation of Mo oxysulfide species to Mo®as ratios, indicating a better dispersion of molybdenum sulfide
not achieved for all catalysts. The pretreatment and reactionspecies, especially in the case of the sample containing Zr.
conditions in this study were probably insufficient for reduc- Supported HPW samples had the same ratios in the oxide
ing and sulfiding the tetrahedrally coordinated molybdenum and the spent catalysts with respect to the type of the sup-
species. (ii) The greatest amount of Mo&as observed for  port (Fig. 3); this indicates that the uniform state of the W
HPMo/HMS. (iii) The percentage of Mo oxysulfide species species is the same before and after the reaction. TH& W
was > 40% for HPMo supported on cation-modified HMS ratios are lower than the M&i ratios, suggesting aggrega-
supports, indicating a strong interaction between the sup-tion of anchored tungstophosphate anions and of sulfide W
ported Mo species and the support. species on the surface of the supports.
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Fig. 4. IR spectra of HPMo/HMS (A, a—c), HPMo/TiIHMS (A, d—f), HPMo/ZrHMS (B, a—c), and HPMo/ZrAIHMS (B, d-f) after different temperature
treatments at 343 (a, d), 523 (b, e), and 623 K (c, f). Dashed line corresponds to bulk HPMo.

3.2. FTIR study

3.2.1. Integrity of the Keggin structure

The IR spectra of the samples heated at different tem-
peratures reveal a change in the intensity and position of
the characteristic IR bands of the Keggin anion structure
in bulk HPMo and HPW as well as on the surface of sup-
ported HPMo and HPW. The IR spectra of the HPMo and
HPW acids, supported on HMS and metal-substituted HMS
carriers, and after exposure to different calcination temper-
atures are shown in Figs. 4 (HPMo) and 5 (HPW). The IR
spectra of bulk HPMo and HPW are also presented in the
corresponding figures. It is well known [34] that the Keg-
gin structure of HPMo and HPW acids consists of ong PO
tetrahedron surrounded by four trimetallic groups of three
edge-sharing M@(M = Mo or W) octahedra. The IR spec-
trum of bulk HPMo (Fig. 4) shows bands at 1065, 963, 873,
and 787 cm?, assigned to the stretching vibrationg(P—
Q4), vadMo-0O), vagdMo—Oy,—Mo), and va(Mo—-O—Mo),
respectively, which characterize the Keggin unit [24]. The
bands at 1080, 982, 891, and 793 (Fig. 2a) characterize thq:ig. 5. IR spectra of HPW/HMS (a—c) and HPW/TIHMS (d—f) after differ-
heteropoly anion vibrations in the HPW acid [34] (Fig. 5). enttemperature treatments at 343 (a, d), 523 (b, €), and 623 K (c, f). Dashed
The bands at 1080 and 982 ticorrespond to the stretch-  line corresponds to bulk HPW.
ing vibrations of P—@and W=0; bonds, respectively, while
the other two bands correspond to W@ vibrations. to the bridging W—@-W bonds in the heteropolyanion. The

Some of the bands of the supported HPAs (1200 to bands, which characterize the (Pff@symmetric vibrations
400 cntt) were partially or fully covered by the bands of at 1063 and 1080 cn in all the supported HPMo and HPW
the supports (Figs. 4 and 5). Two strong bands appeared insamples, respectively, were strongly masked by the intense
the spectrum of HMS-supported HPMo at 966 and 800tm  band of the HMS support at 1090 ct In the spectra of
(Fig. 4A,a), caused by the overlapping of the IR absorption the HMS-supported HPMo this appeared as a shoulder at
bands of silica close to 967 and 802 thand those of the  about 1060 cm! in the strong 1090 crrt carrier band. Con-
HPMo acid at 963 and 787 cm. A band of very low in- sequently, the Keggin unit is mainly characterized by the
tensity at about 876 crt was also observed. The Keggin stretching modes assigned to terminal Me—O and bridging
structure was preserved in the HMS-supported HPW sample,Me-Q,—Me bonds.
as revealed by the presence of bands at 983 and 898 cm All the bands of the phosphomolybdate and phospho-
(Fig. 5a). The strong band at about 808 nmay be dueto  tungstate heteropolyanions were present in the IR spectra
the overlapping of the support band and the band assignedof the supported samples and underwent a frequency shift

®

Intensity (au)

1400 1200 1000 800 600 400
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and/or broadening (Figs. 4 and 5). This is in agreement with and 5B). All the bands ascribed to the Keggin unit in
the 3P NMR results, which also show that tR&P signal ~ the MeHMS-supported HPMo samples were still present at
underwent a significant shift from that of the hydrated un- 623 K but with low intensity (Figs. 4A and 4B). When the
supported HPW and HPMo acids. It is assumed that the temperature was increased to 523 K, the band at 983 cm
Keggin structure remained on the HMS support after im- due to thevasvibration of W=0, was present in the spectra
pregnation with HPMo and HPW acids, as shown by the of HMS-supported HPW acid (Fig. 5). However, above this
agreement between the IR bands of the bulk and the sup-temperature the band shifted to the region of lower energy
ported heteropoly acids (Figs. 4A,a and 5a). Introduction of compared with the observed for the fresh-prepared sample
Ti into the HMS support hardly influenced the structure of (Fig. 5b and c), indicating that the anion was less cohe-
the supported HPMo; the bands were preserved (Fig. 4A,c).sive due to its interaction with the support. The bands at
A more significant change in the position and broadening of 896 and 808 cm, arising from the vibrations of the bridg-
the IR bands of HPMo was observed after introduction of zr INg W-Q,-W bonds, became less intense. The same was
and Zr+ Al cations into the silica; this was more pronounced °bserved for the TiHMS-supported HPMo and HPW up to
in the second case (Fig. 4B): (i) The Modand split into 623 K. o ) N

two bands at 960 and 945 cth (ii) New bands appeared There was no significant change in the position of the IR
at 912 and 749 cmt. (jii) The intensity of the 960 cmt bands for the ZrHMS- and ZrAIHMS-supported HPMo sam-
band of the AlZrHMS-supported HPMo sample was higher ples with increasing temperature (up to 623 K) (Fig. 4B).

than that of the ZrHMS-supported sample. This indicates zfr’;"vev‘;zrmt?;::; ddtso‘g’g;eK'etiz g‘;ﬁtnssng’\é?g‘&m tar)“pera'
strong dlstortlon of the heteropolyamo.n'and the presencemode shifted to 962 ot for the ZrHMS- and ZrAIHMS-
of new species on the surface. The splitting of the band at-

tributed to the Me=O; bond and the appearance of the band supported HPMo dueto the interaction betwegn the r_noc_ilfled
1 support and the supported molybdenum species, as indicated
at 749 cnm+ is related to the presence of a lacunary-type het- . S
. : X . above. Trace bands corresponding to vibrations of the Keg-
eropolyanion with a defective Keggin structure, for example,

o in unit were still recognizable in the spectra of the sample
PMoy1039’~ [35]. The strong band at 960 crhindicates a g 9 P P

. : pretreated at 623 K.
strong interaction between the support and the molybdenum
species and the formation of Si—-O-Mo and/or Zr(Al)-O-Mo 35 5 Nature of the acid sites

bonds, as reported elsewhere [6]. 3.2.2.1. FTIR of adsorbed pyridine. The spectra recorded
Incorporation of Ti into the HMS-supported HPW led to  after the adsorption of pyridine at room temperature on
a shift in the bands related tagW-0r) mode (to 972 cm*) mesoporous-supported HPMo and HPW acid catalysts, out-
and va W-Op-W) (to 897 cm't), compared with those of  gassed at 393 K, are shown in Figs. 6A and 6B, respec-
bulk HPW (Fig. 5d). This was probably due to the interaction tjvely. The spectra show bands at 1453 and 1543 %m
of the cation-modified support surface, which weakens the attributed to coordinately bonded pyridine on Lewis acid
interaction between the bonds in the heteropolyanion, lead-sites and pyridinium ion on Brgnsted acid sites, respec-
ing to a significant distortion and loss of heteropolyanion tively. As shown in Fig. 6, the supported acids retained
symmetry. at least some of their characteristic Brgnsted acidic prop-
Upon heating of the supported HPW and HPMo acids, erties. The number of Lewis acid sites in these samples
they behaved differently on mesoporous materials, depend-should be proportional to the increase in the number of
ing on the cations introduced into the support (Figs. 4 exposed atoms, since silica shows only weak Lewis acid-

(A) L (B)

Intensity (au)
G5
Intensity (au)

(d)

1700 16‘00 15‘00 14‘00 1300 1700 16I00 15I00 14‘00 1300
-
Wavenumbers (cm’) Wavenumbers (cm™)

Fig. 6. IR spectra of adsorbed pyridine on HPMo (A) and HPW (B) catalysts supported on HMS (a), TiIHMS (b), ZrHMS (c), and ZrAIHMS (d).
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Table 2
Total DBT conversion, selectivity to BP formation obtained at 573 K,
[CHB]/[BP] selectivities ratio, and activation energieBa€y) of meso- 2316
porous-supported HPMo and HPW catalysts 2306
Samples r Conversion Sgp? [CHB]/ Eact

(mmol/ (%) [BPPR  (kJ/mol)

(hgea) 3 T
HPMo/HMS 39 16.9 63.9 0.56 a g w 2274
HPMo/TiHMS 41 17.8 56.4 0.77 8o 7
HPMo/ZrHMS 39 17.7 756 032 149 g | @
HPMo/ZrAIHMS 61 25.8 7.7 0.29 109 £ q
HPW/HMS 62 26.7 81.0 0.24 15 (b)
HPW/TIHMS 110 47.2 97.4 0.03 145

a Calculated at the same DBT conversion (20%). (©
@ &\

ity. Consequently, the high intensity of the band due to

pyridine adsorbed on Lewis acid sites in the samples is

result of the different Lewis acid sites capable of adsorb- 4

ing pyridine: M@+, zr*t, Ti*t, and/or AP+ cations. The Wavenumbers (cm')

surface Bronsted acid SIt?S in the supported HPMo andFig.?. IR spectra of CBCN adsorbed at room temperature on HPMo cata-

HPW catalysts are associated with molybdenum Mo lysts supported on HMS (a), TIHMS (b), ZrHMS (c), and ZrAIHMS (d).

OH) and tungsten species BV-OH), respectively. The ob-

served trend for the Lewis acid sites was Mo/ZrHMS

Mo/TiHMS > Mo/HMS = Mo/AIZrHMS, whereas the ob-  on the hydroxyl groups, in agreement with the published

served trend for the Brgnsted acid sites was Mo/ZrHMS  data [36]. This assignment is consistent with the values

Mo/HMS = Mo/TiHMS > Mo/AIZrHMS (Fig. 6A). It is for zeolite Y and ZSM-5 after CECN sorption on Si-OH

assumed that the acidic component is the largest for the Zr-(2278 cnm?) [37]. The observed trend in the intensity of

containing HPMo/HMS catalyst. Introduction of both metals the 2274 cm! band of the samples was Mo/ZrHMSMo/

(Zr and Al) into the HMS support led to a decrease in the TiIHMS >> Mo/HMS = Mo/AIZrHMS. The lower intensity

acidity of the supported HPMo. This suggests a change in of the 2274 cm? band of the Mo/ZrAIHMS sample is re-

the HPMo structure, brought about by the dispersion and/or lated to the greater dispersion of the deposited molybdenum

the stronger interaction with the support, as confirmed by the phosphate species due to a stronger interaction with the sup-

higher XPS atomic M¢Si ratio. port surface. This is in agreement with the results of the XPS
The HPW catalysts supported on HMS and TiHMS and FTIR measurements of adsorbed pyridine.

showed higher Brgnsted acidity (Fig. 6B) than the supported  The band at 2306 cnt was assigned to the interaction

HPMo catalysts. The intensity of the bands representing of the CD;CN molecule with Lewis acid sites, which can

Bregnsted acidity was higher for the HPW/HMS sample, be bonded to coordinatively unsaturated tetrahedral Ti and

while the introduction of Ti into the HMS support caused Zr ions incorporated into the silica matrix [38] as well as

a decrease in Brgnsted acidity. This means that the acidicto Mo. Considering the intensity of the 2306 thband,

protons were retained in the acidic HPW phase on the sur-the trend in acidity was Mo/ZrHMS- Mo/HMS = Mo/

face of the mesoporous materials, as supported by the lowelTiHMS > Mo/AIZrHMS. The increase in the frequency of

XPS atomic W Si ratios as compared to those of the oxide- the IR band to 2316 cmt can be assigned to the presence

1 1 1 1 1
2400 2350 2300 2250 2200 2150

supported HPMo catalysts (Table 2). of stronger Lewis acid sites, most probably due to the pres-
ence of highly unsaturated Mo atoms, which formed upon
3.2.2.2. FTIR of adsorbed deuterated acetonitrile.  Infor- evacuation. The change in the intensity of the bands at 2306

mation about the strength of Lewis acid sites was obtainedand 2316 cm! was related to the steric hindrance of the
from the position of the coordinatively bonded acetonitrile deuterated acetonitrile, reducing the accessibility of the ex-
bands from 2300 to 2330 cm, since the frequency usu- posed atoms on the surface. The latter was correlated with
ally increases with the acid strength of Lewis acid sites. the surface area of these samples (Table 1). The band in-
Fig. 7 shows the net infrared spectra of §IN adsorbed  dicative of the CRCN interaction with the strong Lewis
on HMS-supported HPMo samples. The use of the spec-sites at 2330 cmt, caused by nonframework aluminum, was
trum of pure mesoporous silica as a reference was publishechot observed, as we showed for an AlZrHMS support [21].
elsewhere [21]. The single=£N stretching vibration band  This phenomenon was explained in terms of the covering of
at 2274 cmi! in the spectrum of HMS, the intensity of the support surface with molybdenum polyphosphate anions
which decreased strongly for Mo/HMS and Mo/AlZrHMS, and/or the formation of an Al-O—Mo bond during the prepa-
is associated with weakly bonded acetonitrile molecules ration of ZrAIHMS-supported HPMo.
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Fig. 8.31P NMR spectra of bulk and mesoporous-supported HPMo (A) and HPW (B) catalysts.

3.3. 3P and 'H NMR spectra new line ato = —7.1 ppm is related to the stronger interac-
tion of HPMo with the Zr cation, whereas the broad lines at
3.3.1. 3P NMR spectra o = —4.9 and—4.1 ppmindicate the presence of dehydrated

Figs. 8A and 8B show thé'P NMR spectra of meso-  molybdophosphate anions. It is assumed that the interac-
porous supported HPMo and HPW acid catalysts, respec-tion of supported HPMo with the carrier is rather weak on
tively. Freshly unsupported HPMo exhibited an intense, HMS and TiHMS and much stronger on ZrHMS. Although
sharp line with a chemical shife(= —4.2 ppm) (Fig. 8A), there are no spectra for the ZrAIHMS-supported HPMo, we
indicating a uniform phosphorus environment in the highly suggest that this interaction must be much stronger on the
hydrated structure of HPMo acid [39]. The small peak close surface of the ZrAIHMS support, due to the presence of Al
to the main peak at = —4.5 ppm is attributed to the fact in addition to Zr. It is well known [42,43] that alumina is
that the hydration of the sample is not uniform. Similar to unsuitable for supporting polyanions.
molybdophosphoric acid, the small difference in the chem-  The3P NMR spectrum of HMS-supported HPW showed
ical shift (¢ = —15.2 and —15.0 ppm) of the3lP NMR a broader and more intense bandat —15.5 ppm, sim-
lines (Fig. 8B), characterizing [PY¥040]3~ anions in fresh ilar to that of bulk HPW acid after heating at 473 K
unsupported HPW acid [40], is due to the presence of het- (Fig. 8B). According to Lefebre [44], the chemical shift
eropoly acid molecules with different numbers of crystal- of o = —15.7 ppm is due to HPW which does not inter-
lization water molecules. Increasing the temperature of cal- act with the surface of the silica support. The downfield shift
cination of bulk heteropoly acids up to 473 K led to the of the 3P NMR resonance te-13.7 ppm for HPW sup-
broadening of theé’'P NMR signals (Fig. 8), which cor-  ported on TiHMS is caused by the stronger interaction of
responds to the formation of an anhydrous phase with athe heteropoly anions with the surface of metal-modified
preserved Keggin unit due to the loss of crystallization wa- silica; species of the type (Me—O)[Hz_,W12POyq]" 3
ter [41]. form as a result of the partial compensation in the charge

HPMo and HPW acids, supported on HMS, and metal- of polyoxoanions by positively charged Ti cations. Further-
containing mesoporous materials revealed the broad line ofmore, formation of lacunary-type heteropoly anion, such as
the3P NMR (Fig. 8) compared to that of bulk acids (Fig. 8) [PW11039] Keggin units, cannot be ruled out.
after heating up to 473 K. This is attributed to the distor-
tion of the heteropoly anion symmetry resulting from: (i) the 3.3.2. 'H NMR spectra
interaction between the molybdophosphate or tungstophos-  Figs. 9A and 9B show théH NMR spectra of unsup-
phate anion and HMS or the metal-modified support and ported and mesoporous-supported HPMo and HPW acids,
(i) a loss of crystallization water molecules during the heat- respectively. The spectra of bulk HPMo and HPW show two
ing process. HPMo, supported on HMS and TiHMS, had strong and sharp peaks with almost the same chemical shifts
31P NMR lines ato = —4.1 ppm (Fig. 8A), characteristic ato = 6.4 and 7.3 ppm and at = 6.8 and 7.6 ppm re-
of strongly dehydrated HPMo; the Keggin unit, however, spectively, suggesting that the protons have two different
was preserved, as was found in a previous study [21]. Theenvironments, depending on the degree of hydration. The
31p NMR spectrum of HPMo supported on Zr-containing peaks disappeared after heating to 473 K; broader, symmet-
HMS showed that thé!P lines had broadened and shifted ric signals were observed at= 8.0 ppm for unsupported
considerably (Fig. 8A). The upfield shift of the resonance HPMo and ats = 5.0 ppm for HPW acids. ThéH NMR
signal suggests that the heteropoly anion was destroyed; thesignal remained the same for all the supported samples after
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Fig. 9.1H NMR spectra of bulk and mesoporous-supported HPMo (A) and HPW (B) catalysts.

calcination at 473 K. ThéH NMR signal was substantially 4
broader for HPMo acid supported on Ti- and Zr-containing

HMS compared to that of HPMo on HMS only (Fig. 9A).

This was probably due to the stronger interaction of the pro-

tons with the metal-containing support. HPW acid supported 3r
on HMS and TiHMS showedH NMR spectra that were
about as broado(= 4.9 and 5.2 ppm, respectively) as for  x
the fixed protons after the dehydration of polyanions. -

2r m  HPMo/TiHMS
3.4. Evaluation of catalystsin HDS of DBT ® HPMo/ZrHMS
A  HPMo/ZrAIHMS

Table 2 lists the results of the catalytic tests at 573 K, 1L ; :m%mfs
giving the intrinsic activityy, and the steady-state DBT con- o HPW/HMS
version. DBT conversion occurred as follows: HPW/TIHMS s . !
> HPW/HMS > HPMo/ZrAIHMS > HPMo/ZrHMS = 0,00165  0,00170 ~ 0,00175  0,00180  0,00185
HPMo/TiHMS > HPMo/HMS. Irrespective of the carrier, 1T (K"

the samples prepared with tungsten precursors were more
active than those prepared with Mo precursors. The Ti mod- Fig. 10. Arrhenius plots of HDS of DBT over mesoporous-supported HPMo
ification of the HMS carrier led to an increase in the catalytic and HPW catalysts.
activity of the HPW/HMS catalyst, while the introduction of
Zr and Zr+ Al to the HPMo/HMS samples had a stronger
effect on BP formation and total DBT conversion, respec-
tively. HPW/HMS 566 K
As expected, the increase in the reaction temperature led
to an increase in the catalytic activity of all the samples.
Fig. 10 presents the Arrhenius plots of the temperature de-
pendence of the rate constants. Table 2 gives the activation
energies, derived from the Arrhenius plots. Regardless of the
carrier, the HPW catalysts had higher apparent activation en-
ergies than the HPMo-containing catalysts. For the Zr- and
ZrAIHMS-supported HPMo catalysts, the Arrhenius slopes ~ HPMO/THVS - ——————— 584 K
were roughly parallel, indicating approximately the same ac- !
tivation energy for DBT conversion (Table 2). HPWITIHMS F 554| K .
Considering the temperature at which the catalysts 540 560 580 600
reached 20% DBT conversion (Fig. 11), the lowest tempera-
ture of the HPW/TiIHMS sample showed that it was the most
active catalyst. Fig. 12 shows the temperature dependencerig. 11. DBT conversion of 20% as a function of reaction temperature for
of BP formation during the HDS of DBT. As expected, the mesoporous-supported HPMo and HPW catalysts.

HPMo/HMS . 532 K

HPMo/ZrAIHMS  p—— 563 K

HPMo/ZrHMS N 575 K

Temperature for DBT conversion of 20% (K)
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100 b ‘q\ HPWhMs  ® HPMoHMS the ratio of rim to ggige siFes of MeBNS,), Table 2 lists
N ® HPMo/ZrAIHMS [CHB]/[BP] selectivity ratios calculated at 20% of DBT

90+ \'\g HPWITIHMS 4 HPMo/ZrHMS conversion. From this table, the [CHBBP] ratio of all the
S N v HPMoTTHMS catalysts suggests low stacking of the MOSS,) particles
s 80r and that this stacking increases with increasing tempera-
ks ture. In other words, the MeBNS,) phase has a smaller
§ nor number of edge sites compared to the rim sites. Further-
é.; 6ol more, the most active HPW/TIHMS catalyst has the low-

est [CHBJ/[BP] ratio. Considering the rim-edge model of
501 Daage and Chianelli [49], this suggests that the high activ-
ity of those catalysts is linked with the largest number of the

40 , A . . s rim sites formed on the Weatrticles.
540 560 580 600 620 Itis well known that the formation of well-dispersed Mo
Temperature (K) species on the support surface is essential for the prepara-

tion of high-performance HDS catalysts. Surface properties
such as acidity affect the dispersion and the local environ-
ment of the metal species. The results show that the sam-

increase in temperature led to a decrease in the BP forma ples are very acidic, which strongly influences the conver-
. P : . sion and product selectivity to HDS of DBT over sulfided
tion of all the samples due to the higher selectivity toward

CHB products. Of the supported HPMo catalysts, the higher samples. This supports the hypothesis that acidity enhances

S selectty of 0% BT conversion o HeMoZrHMS 10 21 00 Aernt st e e 1 DS anc
and HPMo/ZrAIHMS (Table 2) indicates that these catalysts 9 ' '

have lower hydrogenation activity than the HPMo/HMS and gon bethetn T[Ple gmdltyt a;d t%e.t reaﬁ?]\”t? ofr;[he catlalysii.
HPMo/TIHMS samples. ompared to the Brgnsted acidity of the fresh samples, the

The activity data show the following: (i) The activation HPMo catalysts, supported on ZrHMS and ZrAIHMS car-

energy changes with the composition of the support and the''€rs: exh|b|teq 'the highest DBT conversion and the. high-
metal precursor used (HPMo/HPW). (ii) The most reactive est BP seleg’qwty (Table 2), despite the difference in the
catalyst is HPW/TIHMS. (iii) All the catalysts have higher Brgnsted acidity. HPMo/ZrAIHMS had the lowest Brgnsted

selectivity to biphenyl (calculated at 20% DBT conversion) acidity (Fig. 6A). Furthermore, the tem(;))erature, at Wh,iCh
than to cyclohexylbenzene formation. (iv) The selectivity the HPMo/ZrAIHMS sample reached 20% DBT conversion

to BP of HPMo/ZrHMS and HPMo/ZrAIHMS are aimost  (Fi9- 11) was lower, showing that this catalyst was the most
the same, 75.6 and 77.7%, respectively. Although no in- reactive catalyst of all the supported HPMo. cat.alysys. This
termediate hydrogenated products such as tetrahydrodibenSU99€sts that the presence of Bransted acid sites is one of
zothiophene (TH-DBT) were observed, they may neverthe- Fhe necessary cond|t|on§ for the HDS of DBT, this flndlpg
less have been present; they are often undetectable, becaudg Similar to the conclusions reached for the HDS of thio-
their desulfurization rate is extremely fast [45]. The reac- Phene [50]. _ _ _

tion scheme is proposed to occur by two reaction routes in The difference in the catalytic behavior does not seem to

Fig. 12. Selectivity toward BP formation (%) as a function of the reaction
temperature for mesoporous-supported HPMo and HPW catalysts.

Refs. [46—-48]: be related to the surface area of the catalysts. The intrinsic
activity, related to the surface area of HPMo supported on

bBT — BP ZrAIHMS, was the highest (Fig. 13); nevertheless its total
} ¥ 3) surface area was the lowest (Table 1). Since all the HPMo
TH-DBT — CHB. and HPW samples, supported on metal-containing meso-

Based on this proposal we assume that the reaction mechporous carriers, do not contain any XRD patterns, the oxide
anism in our study proceeds through a “parallel reaction molybdenum species were well dispersed on the surface,
mechanism,” in which CHB formation does not rely on €ven at a relatively high Mo(W) loading. The best disper-
the sequential hydrogenation product of BP. Therefore, BP sion was observed for HPMo supported on ZrAIHMS, as
may be classified as a product of C—S bond hydrogenolysis,confirmed by the lower intensity of the 2274 thband of
whereas CHB is probably derived from DBT hydrogena- the OH groups (Fig. 7) as well as by the higher XPS atomic
tion followed by desulfurization. According to the rim-edge Mo/Si ratio (Fig. 3).

model proposed by Daage and Chianelli [49] for unsup- ltis, therefore, concluded that the stronger interaction be-
ported Mo$ catalysts, the active sites for BP and CHB tween the electronegative molybdophosphate anions and the
formation may be the rim and edge plus rim sites, respec- electropositive Zr and Al cations leads to the considerable
tively. This is because of the steric hindrance of the ad- distortion of the heteropoly anion, even during the impreg-
sorption of the DBT molecule on the edge sites, induced nation process, and consequently to its destruction and to a
by its large size. Since the selectivity to HYD is related to better dispersion of oxide molybdenum species.
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However, the M@Si ratio of the spent HPMo/ZrAIHMS
catalyst decreased significantly, indicating an agglomera-
tion of the molybdenum sulfide phase. The Mo species of
the spent HPMo catalysts, supported on HMS, Zr-, and Ti-
containing HMS, showed better dispersion. However, for the
latter two catalysts this dispersion is not linked to the disper-
sion of the molybdenum sulfide phase (MdSecause the
percentage of Mo at a higher oxidation state is high in these
catalysts (Table 1). This may be due to the fact that during
sulfidation, the sulfur is incorporated into the bulk of the
HPA and splits the molybdophosphate anions into smaller
anions. This leads to the better dispersion of the molybde-
num species and the formation of oxysulfide species.

The high proportion of oxysulfide molybdenum species
in the HPMo catalysts supported on Zr- and Ti-containing
HMS (Table 1) led to a lower specific activity per gram of
catalyst (Table 2). It is assumed that the M&) species,
which formed at the support interface, probably act as a
support for the Mog phase, thus stabilizing the very small
Mo$, particles. This stabilization may be more difficult to
achieve in the HPMo/HMS sample without the cation, de-
spite the higher XPS M(Si ratio (Fig. 3). Moreover, hy-
drogenolysis is suppressed by the presencex& &hd sul-

fur adsorbed on the molybdenum phase, whereas the hy-

drogenation of DBT is promoted by43 [51]. Therefore,
the greater KIS adsorption should increase on MoSta-
bilized by MoQ.S, species. It is assumed that$l ad-
sorption on the agglomerated MpBhase is lower for the
HPMo/ZrAIHMS catalyst, considering the lower proportion
of oxysulfide molybdenum species, which leads to lower hy-
drogenation selectivity (Table 2).

Introduction of Ti into the HMS carrier during the HDS
of DBT causes a change in the product distributions for

B. Pawelec et al. / Journal of Catalysis 223 (2004) 86-97

Bragnsted acidic character, as revealed by the IR spectra of
adsorbed pyridine (Fig. 6B). In view of the above-noted
mechanism, the number of active sites for hydrogenation in-
creases and is favored by the greateStadsorption on the
dispersed Wgspecies £ 70%) (Table 1).

It is assumed that supported polyphosphates of Mo and
W on mesoporous carriers are good oxide precursors for the
active sulfided phase of the catalysts for the HDS of DBT.
The change in the total DBT conversion and selectivity to BP
and CHB formation of the catalysts is strongly influenced
by the cation introduced into the HMS catrrier; this cation
leads to a change in the structure and surface properties of
the supported catalyst.
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