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bstract

V/TiO2 and V/TiO2–Al2O3 (1:1 w/w basis) supports were characterized by TPR, Raman spectroscopy, and heats of re-oxidation o
re-reduced in CO at 770 K with a heat-flow calorimeter. Supports were pure anatase or rutile dispersed with hydrated aluminas
ibbsite, bayerite) subsequently calcined at 870 K. Raman spectroscopy of fully oxidized, air-exposed samples show the presence
olyvanadate species, but not of isolated monomeric species. Sample loadings were 4 wt.% and show different reduction and structu
uring TPR, vanadia reduced to V(III) and V(IV) in V/rutile and V/anatase, respectively, and multiple reduction peaks were obse

o crystalline V2O5 and amorphous vanadia. In V/TiO2–Al2O3 samples, vanadium coverages were 6–8�mol V m−2 yielding well-dispersed
morphous vanadia. Trends observed during TPR were: addition of bayerite phase to anatase or rutile increases H2 consumption by 100%

mplying formation of V(III) and V(II), respectively. However, with addition of boehmite or gibbsite to either titania phase, vanadia
nly to V(IV). Oxygen doses at 473 K of pre-reduced samples titrated about one-third of total vanadia content. Re-oxidation heat va

rom 400 to 500 kJ mol−1 O2 and represent oxygen–vanadium ion bond strengths within the dispersed vanadia. The heat values
han expected for re-oxidation of a bulk phase, and are indicative of the degree of stabilization provided by the support.
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. Introduction

Vanadium is a common metal contaminant of heavy distil-
ation residues that poisons the catalytically important zeolite
omponent of the FCC catalyst by entering its micropores and
ccelerating the dealumination and destruction of the fauja-
ite structure. The poisoning mechanism involves the reac-
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tion of vanadium oxidic species with high temperature st
during the regeneration stage during FCC, forming van
acid that attacks the aluminum and silicon sites within
faujasite framework[1]. Traditionally, transition metal leve
in the equlibrium FCC catalyst have been kept tolerabl
removing resids from the gasoil feedstock, yet in the inte
of increasing gasoline yields per barrel of crude, and as
sulfur crude stocks are becoming depleted, it has becom
essary to include increasing amounts of resid in the FCC
This issue is of particular importance to Mexico, which w
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rely principally on the Maya crude oil deposits for its energy
needs in the coming decades. The Maya crude feedstock[2]
unfortunately contains among the highest contents of sulfur
and metals content of any feedstock available. The principal
strategy of preventing vanadium poisoning of the FCC cata-
lyst, as noted in the recent patent literature[3], is to retard or
prevent vanadium species from entering the zeolite pores by
adding a refractory ingredient, typically a spinel phase or ba-
sic oxide, that can bind strongly with the vanadium, yet not be
catalytically active to adversely affect the product composi-
tion. The immobilization of vanadium may be due to the for-
mation of stoichiometric or non-stoichiometric mixed metal
oxide phases or solid solutions, whose exact composition may
depend on a number of factors, such as metal concentrations,
support synthesis, thermal pre-treatments, the presence of
stabilizing anions. The objective of this work was to probe
the redox properties of vanadia supported on several V-traps
prepared from titania and titania–alumina, and hopefully gain
more insight into the V-support interaction operative on these
materials.

2. Experimental

2.1. Sample preparation
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2.2. Characterization

Temperature-programmed reduction experiments were
conducted using a 4 mm i.d. quartz reactor tube, with exit
stream connected to a Chrompak MicroGC capable of ana-
lyzing gas concentrations within intervals of 30 s. Sample size
was 0.1 g in each case, and each run was performed at a heat-
ing rate of 10 K min−1 in 5% H2/Ar flowed at 100 cm3 min−1.
Prior to TPR, samples were pre-oxidized in pure oxygen at
100 cm3 min−1 for 30 min at 870 K and cooled under oxygen
flow to room temperature, after which the gas was switched to
the reducing gas. Heats of re-oxidation of pre-reduced sam-
ples were obtained using a homemade Tian–Calvet calorime-
ter system similar to that described elsewhere[6]. In brief,
this instrument consisted of four components: (i) a calorime-
ter unit, consisting of two custom-designed heat-flux trans-
ducers (ITI Co., Del Mar, CA, USA) within a stainless steel
heat sink capable of being heated and maintained to 473 K;
(ii) stainless steel dosing section equipped with two capaci-
tance manometers (MKS Instruments, Billerica, MA, USA)
for measuring dosing and equilibration pressures; (iii) oil dif-
fusion pump system backed by mechanic pump and capable
of maintaining the system at 10−4 Pa under dynamic pump-
ing; (iv) high purity dosing and treatment gas storage system
consisting of 5-l spheres with glass high vacuum stopcocks.
Helium, hydrogen, and carbon monoxide were purified by
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The titania supports used were either pure anatas
hase (Sachtleben Chemie, 100 m2 g−1) or a pure rutile (R
hase, prepared by a precipitation method reported p
usly[4]. Mixed titania–alumina supports were prepared
echanically dispersing equal amounts (weight basis) of

itania (A or R) with one of three commercial, hydrated a
inas (Engelland Intercat) of the phases boehmite, gibb
nd bayerite, identified here as C, G, and B, respect
rior to mixing with the titania component, a portion (20
f the alumina component was peptized to impart mech
al resistance to the resulting particles. The peptization
edure employed was similar to that described by Ma
nd Mitchell[5], dispersing the 20% alumina portion in 1
NO3. The remaining 80% portion was mechanically mi
ith the titania component and then gradually added to
eptidized solution, after which the temperature was rais
43 K and held under constant agitation until the water e
rated completely. The sample was further dried at 3

or 4 h and calcined by heating at 4 K min−1 to 870 K over
n additional 4-h period. Powder X-ray diffraction analy
f all calcined samples show that in all samples the alum
omponent formed�-alumina crystallites, and that the cr
al structure of the starting titania component was reta
he BET surface areas of the mixed oxides ranged from

o 116 m2 g−1. Vanadium-impregnated samples of ca. 3 w
oading were prepared by the incipient wetness method
ng a solution of ammonium metavanadate–oxalic acid
atio). The samples were dried for 5 h at 423 K and then
ined at 770–813 K for 4 h. Vanadium content and sur
rea data are summarized inTable 1.
owing through copper turnings trap heated to 548 K
owed by activated 5 A MS trap maintained at 196 K. Qu
ample cells (20 mm o.d., 20 mm height) were loaded
a. 0.5 g finely ground sample powder. The sample was
educed by heating under vacuum (10−3 Pa) to 770 K an
hen exposing the sample to several 0.67 kPa doses o
rogen or carbon monoxide, evacuating the cell after 5
f exposure to each dose, and then exposing the sam
ne 33 kPa dose for 30 min, after which the sample
vacuated, allowed to cool, and inserted in the calorim
nit to stabilize at 473 K. Heats of re-oxidation were p

ormed at 473 K with small doses (0.2–1 kPa) of oxyg
ntroduced in succession, until the heat response wa
mall to measure. Equilibration times between doses
0–45 min. Heat-flow signals were amplified and reco
y computer using data-acquisition software (LABVIE
nd quantified by previous calibration with a powdered s
le of known heat yield. Gas consumption for each d
as determined as the difference between initial and
mounts of gas present in dosing section (20 cm3) and cel
eadspace (25 cm3), the latter of which was determined

he end of each run using helium. Differential heat p
ere formed by dividing the specific heat yield per d
y the amount of gas consumed in each dose. Lase
an spectroscopy was performed using a Jobin–Yvon T

pectrometer equipped with a triple-pass monochrom
CD detector, and a laser excitation wavelength of 514.5
he illumination area was 10�m, and spectra were co

ected with three scans over a 60 s period at a resoluti
.5 cm−1.
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Table 1
Surface area and vanadium content

Sample BET area (m2 g−1) V2O5 (%) V (%) V loading (�mol−1g) V coverage (�mol m−2)

A 67 6.19 3.47 681 10.2
AB 116 6.90 3.87 760 6.5
AG 92 6.92 3.88 762 8.3
R 32 6.16 3.45 677 21.2
RB 110 6.43 3.60 707 6.4
RC 112 6.80 3.81 748 6.7
RG 113 6.70 3.75 736 6.5

3. Results and discussion

3.1. Temperature-programmed reduction

TPR profiles for the seven samples studied are shown
in Fig. 1. Reduction of vanadia supported on the five
TiO2–Al2O3 samples is registered by a single broad reduction
peak. The mixed oxides containing rutile (RB, RG, RC) have
peak maxima centered at 793–795 K, whereas the anatase-
containing mixed oxides AG and AB have reduction peaks
centered at 801–803 K. The location ofTmax are generally
dependent upon support type and vanadia loading[7]. Since

there is only slight variation in the latter parameter amongst
these samples, it is likely that the anatase component is re-
sponsible for the higherTmax values. On the other hand, the
V/A and V/R samples show multiple reduction peaks. The
pure anatase-supported vanadia showed an early onset of re-
duction at 668 K, a major component peak centered at 794 K,
and a high temperature reduction centered at 938 K. In the
rutile-supported vanadia sample, the reduction formed a prin-
cipal peak centered at 793 K, but contained a high temperature
shoulder to this peak, centered at 838 K. Although the V load-
ings in these samples are similar to those in the TiO2–Al2O3
supports, there was notable particle sintering in the pure ti-
tania supports during the thermal treatments, decreasing the
surface area and hence yielding considerably higher vana-
dia surface densities. It has been reported[8] that there is
a theoretical monolayer capacity of 0.1 wt.% V2O5 m−2 of
support surface, which corresponds to about 11�mol V m−2.
This capacity was indeed exceeded with V/R and V/A is near
this limit, thus bulk V2O5 particles were formed along with a
dispersed vanadia phase. This was confirmed by the Raman
data, which are discussed below. Hydrogen consumption lev-
els during TPR are shown inTable 2. Again, it should be
noted that the vanadium loading is approximately the same
in all samples. Yet the H2 consumption of V/R is twice that of
V/A. Comparison of consumption levels with the theoretical
H consumption suggests that fully oxidized vanadia reduces
t
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Fig. 1. TPR Profiles of V/TiO2 and V/TiO2–Al2O3 samples.
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o V(IV) in V/A and to V(III) in V/R. In the TiO2–Al2O3 sup-
orts, the combination of bayerite with either anatase or r

eads to a two-fold increase in H2 consumption relative to th
onsumption levels experienced with vanadia supporte
ach respective pure titania support. The implication is
(V) reduces to V(III) in V/AB and nearly down to V(II) i
/RB. The mixing of gibbsite or boehmite with anatase

utile components does not lead to major changes in v
ium reducibility. In these cases, the H2 consumption level
uggest reduction of V(V) to V(IV). The multiple reducti
eaks in V/A and V/R are due to the presence of diffe

orms of vanadia, crystalline V2O5 being one of them. Ye
ultiple reduction peaks can also result from a process t

tagewise, which has been shown to be clearly the case
ulk V2O5. In the work of Bosch et al.[9] three prominen
eduction peaks were found and attributed to the three
eduction process.

2O5 → 1/3 V6O13→ 2 VO2 → V2O3
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Table 2
H2 consumption and vanadium content in TPR experiments

Sample V (%) V loading (�mol g−1) H2 concentratios (�mol g−1) Theoretical H2 concentrations (�mol g−1)

VV → VIV VV → VIII VV → VII

A 3.47 681 563 681 1362 2044
AB 3.87 760 1180 760 1519 2279
AG 3.88 762 784 762 1523 2285
R 3.45 677 1205 677 1354 2032
RB 3.60 707 2030 707 1413 2120
RC 3.81 748 638 748 1496 2244
RG 3.75 736 886 736 1472 2208

whereupon V(V)→ V(V,IV) → V(IV) → V(III). The 793 K
peak appearing in both V/A and V/R is the same as these
peaks appearing in the other samples, and likely corresponds
to a dispersed vanadia species. Given that crystalline V2O5
reduces at higher temperatures, it is likely that these crystals
are responsible for the 838 K shoulder peak in V/R and the
938 K peak in V/A. The lower temperature of the shoulder
peak in V/R implies a greater degree of interaction between
the V2O5 crystallites and the rutile particles than in V/A.

3.2. Raman spectroscopy

Raman spectra for the samples (fully oxidized state) are
shown inFig. 2. Most prominent are the strong and broad
phonons for anatase (640, 519, and 398 cm−1) and rutile (609,
441, and 240 cm−1), where each phase is present[10,11].
Crystalline V2O5 is identifiable from anatase and rutile by
phonons appearing at 996, 706, 533, 308, and 285 cm−1 [12],
and these are evident in the spectra of V/A and V/R. All sam-
ples were air-exposed during the analysis, thus the surface
vanadia species are likely to be hydrated or even covered by
a monolayer of moisture. Notably missing from these spec-
tra is the presence of an intense peak at 1015–1030 cm−1 at-
tributable to the vanadyl stretch band of isolated, monomeric
vanadia species. Instead, there is a very broad, weak maxi-
m ts
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sample. This was evidenced by increases in heat yields as
dosing progressed, and appeared to be an activated process,
assessed by the unusually broad heat response peaks and per-
sistent gas emission rate with time, as monitored by the pre-
cision pressure gauges. Reduction with carbon monoxide at
770 K was considered to be adequate to reduce the vanadia
species to the same average oxidation state achieved with
hydrogen, yet not leave molecular or atomic residues on the
sample surface that may be titrated by oxygen at 473 K or
higher. The mechanism of hydrogen trapping is under in-
vestigation. The initial differential heat values ranged from
430 to 600 kJ mol−1 (molecular oxygen basis), decreasing
to between 400 and 500 kJ mol−1 O2. Higher heat values on
average (470 kJ mol−1) were recorded for V/RB, V/RG, and
V/AB and lower average values were observed for V/RC and
to a certain extent V/A (400 kJ mol−1). The highest heat val-
ues (500–600 kJ mol−1) recorded correspond to the first two
doses for V/R, in which amongst all samples the large H2
consumption amount during the TPR experiment suggest that
vanadia may have reached the oxidation state V(II). In gen-
eral, the differential heat values decline with increasing oxy-
gen uptake, dropping off rapidly for total oxygen consump-
tion levels beyond 80�mol g−1, and a final oxygen residual
pressure of about 1 kPa. The final point registered for V/R
was left to equilibrate for 12 h and gave a barely detectable
heat peak too broad to quantify. Comparison of total oxygen
u gen
c
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o 73 K
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o the
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um centered at 995 cm−1, and in rutile-containing suppor
similarly weak band at about 830 cm−1. Both features ma
e due to, respectively, vanadyl stretch and V–O–V vibrat

n dispersed polymeric vanadia species. Bands attribut
ispersed vanadia will shift and appear more intensely w
ehydrated, although this experiment was not possible to

orm with the equipment available.

.3. Re-oxidation calorimetry

Heats of re-oxidation at 473 K are shown for all sa
les inFig. 3, using CO as the reducing gas during the
eduction. In earlier experiments, the samples had been
educed in hydrogen, and with several samples there

notable amount of gas released during the oxygen
ng procedure, presumably water formed by the reactio
osed oxygen with a residual amount of hydrogen that
een trapped during reduction and not degassed from
ptake at 473 K with total vanadium content and hydro
onsumption amounts from TPR are tabulated inTable 3. Al-
hough there are differences between the techniques, s
bservations can be made. If re-oxidation of vanadia at 4
ere completely reversible, one would expect a O2/H2 ratio
f 0.5 for any oxidation state achieved by vanadia during
re-reduction step. Clearly, the O2/V ratios are considerab
maller than 0.5 in all samples, showing that the oxyge
nly able to titrate between 20 and 38% of the total van
resent. The V species most likely being titrated corres

o those that reduce in TPR below 800 K. The O2/H2(TPR)
atios are also low and reflect several issues: with V/RB
atio is half the O2/V value due to the unusually large H2
PR consumption level caused by a presumed H trap
apacity of this support material during H2 treatment. V/R
as a similar O2/H2(TPR) ratio, for either the same reas
r because the crystalline V2O5 in this sample did not pre
educe with the CO treatment at 770 K. Crystalline V2O5 is
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Fig. 2. Raman spectroscopy of oxidized V/TiO2 and V/TiO2–Al2O3 samples: (a) 100–700 cm−1 region; (b) 800–1100 cm−1, amplified 3×for detail. (♦):
anatase, (×): rutile, (�) crystalline V2O5.

also present in V/A, yet O2/H2(TPR) is higher than O2/V,
which may be due to a minority amount of the un-reduced
V2O5 and the presence of more easily reducible V species,
marked by the lowest temperature reduction peak of any of
the samples studied. Perhaps the closest correspondence be-
tween TPR and re-oxidation calorimetry experiments exists
with the samples V/AG, V/RC, and V/RG, since their TPR
profiles are similar, showing maximum reduction rate near
the 770 K pre-reduction temperature used in the calorimetry
experiment, and vanadia reduces to V(IV) in all three. Only
one-third of the reduced vanadia species re-oxidizes at 473 K
(V(IV) → V(V)) in these samples. Calorimetric studies are
in progress at 673 K to see if the extent of re-oxidation of
vanadia is higher at this temperature.

4. Reducibility and structure of supported vanadia

A considerable number of studies have concerned the re-
ducibility of vanadia supported on different supports. On pure
titania supports, at high vanadia surface densities, crystalline
V2O5 co-exists with a dispersed phase of polyvanadates[8].
The same type of dispersed species may be present in the
TiO2–Al2O3 samples, where vanadia surface densities are
low enough to not form bulk V2O5. The dispersed phase cor-
responds in TPR to the reduction peaks centered at 793 K,
and its structure can be identified by the weak Raman bands
located above 700 cm−1 and below 1000 cm−1. The absence
of a vanadyl stretch band (V = O) in the 995–1030 cm−1 shift
region rules out the existence of isolated monomeric vanadyl

Table 3
Oxygen consumption during re-oxidation at 473 K of samples pre-reduced at 770 K in CO

Sample V (%) V loading (�mol g−1) O2 consumed (�mol g−1) O2 consumed/V
content

O2 consumed /H2
consumed (TPR)

A 3.47 681 130 0.19 0.23
AB 3.87 760 100 0.13 0.08
AG 3.88 762 135 0.18 0.17
R 3.45 677 65 0.10 0.05
RB 3.60 707 100 0.14 0.05
RC 3.81 748 115 0.15 0.18
RG 3.75 736 116 0.16 0.13
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Fig. 3. Differential heats of re-oxidation at 473 K. Samples were pre-reduced
at 770 K in CO gas.

species, which are typically found at low surface densities
in V/SiO2, but not normally in V/TiO2 at any surface den-
sity level[10,11,13]. Thus, the polyvanadate structure likely
consists of inter-linked VO4 subunits with an abundance of
bridge-bonded oxygens (V–O–V) but without vanadyl termi-
nal groups. It is also possible that given the presence of room
moisture during Raman studies, there is an abundance of ter-
minal hydroxyl groups attached to V cations in the dispersed
phase.

The calorimetric studies were limited to a maximum tem-
perature of 473 K due to equipment limitations in operating
temperature. It is clear from the total oxygen uptakes of all
samples that this temperture was too low to re-oxidize com-
pletely the supported vanadia. As mentioned in the previous
section, in the samples where vanadia was reduced to the
+4 state, the O2 uptakes represent only one-third of total V
content, and in samples (i.e. V/R) where the degree of reduc-
tion was deeper, the re-oxidation amount is even less than
this. Despite this, it is still possible to interprete re-oxidation
heats in terms of the vanadia–oxygen bond strengths. Studies
by Anderson and Kung[14] with high temperature calorime-
try of V/Al 2O3 catalysts show that re-oxidation heats corre-
late strongly with degree of V reduction, as well as with V
loading. In their study, the supported vanadia reduced from
V(V) to V(IV). From this starting point of V(IV), samples
with low V coverages gave initial heats of re-oxidation of
2 r
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�H = −306 kJ mol O2
−1. It is then expected that the samples

with vanadia reduced to the lowest oxidation state will show
the highest initial heat values. This corresponds in our study
to V/R, V/RB, and V/AB samples, which indeed are samples
with higher initial heats, although V/RG is also within this
trend, and it does not reach a vanadia reduced state lower than
V(IV). To resolve this matter further requires re-oxidation
studies at higher temperatures to re-oxidize all vanadia sites,
yet the association between re-oxidation heat values and de-
gree of reduction is clearly borne out here. More importantly,
the re-oxidation heat values relate directly to structural fea-
tures of the surface V structures. This is especially true for
the V/TiO2–Al2O3 samples because of their similarity in V
coverages, the extent of reduction of V species (except in
the case of V/RB), and the percentage of re-oxidized sites
at 473 K. The fact that the heat values are in general higher
than the values for bulk re-oxidations listed above is a clear
indication that the oxygen sites involved are from highly-
dispersed, submonolayer V species, rather than from multi-
layer V. As reported in[14], vanadyl oxygens and oxygen ions
that bridge vanadium ions with Al(III) support ions should
be more difficult to remove or add, and thus would register
higher re-oxidation heats, than oxgyens that bridge two vana-
dium ions. The re-oxidation heats measured in four out of the
five V/TiO2–Al2O3 samples averaged 480± 15 kJ mol O2
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eat values declined slightly at first, then significantly
roached zero as re-oxidation became complete. In hi
overage samples, initial heats were lower (170 kJ mol O−1)
ith each oxygen dose, although the heats recorded
omplete oxidation were higher than with the low cover
amples. Such behavior could be explained by the form
f particle agglomerates of partially reduced vanadia, w
re then re-dispersed upon re-oxidation, a feature that
e operative on other supports, including titania[14,16–18]
s a reference point for heat values, Feng and Vohs[15] re-
orted several enthalpies of oxidation at 425 K between
anadium oxides: V2O3 → V2O5 �H = −343 kJ mol O2

−1,
2O3 → V2O4 �H = −380 kJ mol O2

−1, V2O4 → V2O5
he sample V/RC gave heat values in the 400 kJ mol O2
ange, implying that the oxygen site involved here is m
abile than in the other samples.

. Conclusions

The characterization of vanadia supported at similar l
ngs on several vanadium trap additives composed of pu
ania and mixed titania–alumina supports showed that v
ia is stabilized as dispersed polyvanadate species a
icrocrystallites of V2O5. As shown by TPR, the avera
xidation state of vanadium is dependent upon the su
aterial. With pure titania supports, the pure rutile prep

ion proved more capable than the pure anatase prepara
educing vanadia to a low average oxidation state. Also
o lower surface areas, vanadia coverages in these sa
xceeded theoretical monolayer coverage and show mo
erse vanadia reducibility. In mixed TiO2–Al2O3 supports
anadia coverages were similar and below theoretical m
ayer, hence the vanadia coverage is amorphous and mo
orm. Vanadia reducibility in these supports was influen
y the type of hydrated alumina precursor used, showin
rage oxidation states of between V(III) and V(V) follow
PR, with exception to the case of the rutile-bayerite
ort, in which case the hydrogen consumption during
ould correspond to reduction of vanadia to V(II). Alt
atively, the support may be trapping hydrogen during
PR experiment, although more work is necessary to
tantiate this claim. Re-oxidation at 473 K of samples
educed in CO at 770 K did not lead to complete re-oxida
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of reduced vanadia species, although trends in heats of re-
oxidation at 473 K can be interpreted in terms of re-oxidation
of the immediate surface layers, using the model mentioned
in [14]. The differential heat values vary between 400 and
500 kJ mol O2

−1, which are higher than the values expected
for bulk re-oxidation of vanadium oxides, and give a di-
rect measure of the oxygen–vanadium bond strengths exist-
ing on surfaces and dispersed layers of supported vanadia.
These results thus showed that very similar oxygen–metal
ion bond strengths (480 kJ mol O2

−1) exist in the dispersed
vanadia layers of the V/TiO2/Al2O3 samples studied here,
but a weaker bond-strength (400 kJ mol O2

−1) operative in
vanadia supported on rutile-boehmite.
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