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Depending on such variables as vanadium oxide content, calcination temperature and the content
of sulfur dioxide in the oxidizing atmosphere, wide variations in surface area, phase composition,
metal oxide—support interactions, and inter- and intraparticle metal oxide migration were observed
in y-alumina (PHF) catalysts containing iron oxide and vanadium oxide—two common contaminant
metal oxides found in refinery catalysts—under conditions simulating FCC or resid hydrotreating
catalyst regeneration. Samples were subjected to a wide range of calcination temperatures and were
tested for the catalytic oxidation of sulfur dioxide by thermal gravimetric analysis (TGA). Catalysts
were characterized by a number of techniques, including porosimetry, X-ray photoelectron spec-
troscopy (XPS), X-ray diffraction (XRD), and Mdssbauer and *'V-NMR spectroscopy. TGA tests
indicated that both iron and vanadium oxides catalyzed the formation of aluminum sulfate at lower
temperatures compared with blank alumina, but that iron—vanadium mixed oxides were inactive.
The results of this study suggest a possible need to incorproate sulfur dioxide in typical fluid catalytic
cracking (FCC) laboratory steaming experiments, especially if contaminant metal oxides have
been artificially introduced. Such incorporation may induce different metal oxide—metal oxide
interactions and alumina phase transitions compared with steamings in the absence of suifur dioxide

and may better test the true passivating potential of commercially available SO, additives.
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INTRODUCTION

Iron and vanadium are among the major
contaminants found in typical petroleum-
based refinery catalysts (/, 2). The influence
of oxidative treatments on vanadium migra-
tion and subsequent FCC catalyst activity
have been extensively studied (2-8). Vana-
dium pentoxide is generally immiscible with
alumina and certain metal oxides under oxi-
dizing conditions (9-/7). Group VIII met-
als, however, are generally miscible with
alumina and may easily form low-surface-
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area spinels at high temperatures (/2-19).
Little is known about the interaction of a
miscible oxide, like iron, with an immiscible
oxide, like vanadium, on the same catalyst
particle following high-temperature calcina-
tions. In addition, the influence of sulfur
dioxide, a by-product of regeneration pro-
cesses, on the iron-vanadium interaction is
not understood.

FCC catalyst regeneration, FCC SO, re-
moval, and resid hydrotreating catalyst re-
generation are three areas for which studies
of iron—vanadium-support interactions are
desirable. Vanadium poisons FCC catalyst
activity, iron alters FCC catalyst selectivity,
and both promote the oxidative adsorption
of sulfur dioxide in the FCC catalyst matrix
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(2,13, 20, 21). In addition, previous studies
of regenerated reside hydrotreating catalyst
showed that undesirable catalyst softening
and mesopore sintering correlate with the
formation of mixed iron—vanadium oxides
following high-temperature oxidations in
the presence of sulfur dioxide (22).

The purpose of this paper is to study the
interactions of iron and vanadium oxides
on an alumina support subjected to high-
temperature calcination treatments. In addi-
tion, the accumulation of aluminum sulfate,
which forms by the reaction of alumina with
sulfur trioxide, was monitored by thermal
gravimetric analysis (TGA) of the samples
exposed to sulfur dioxide. Following these
treatments, selected catalysts were ana-
lyzed by a number of techniques, including
XPS, ICP, XRD, porosimetry, Massbauer
spectroscopy, and 'V-MAS-NMR.

METHODS
Catalysts

The starting support for all catalysts was
PHF gamma-alumina extrudates (196 m*/g).
PHF is the American Cyanamid tradename
for highly pure gamma-alumina, which con-
tains only trace (ppm) quantities of sulfate
or contaminant metals such as Na or Fe.
The extrudates were crushed to a fine pow-
der (360 mesh) and dried at 540°C for 90
min prior to impregnation and calcination.
Catalysts were prepared by the incipient
wetness impregnation technique. Vanadi-
um-based catalysts were prepared by dissol-
ving vanadium triisopropoxide oxide (Alfa,
95-99%) in isopropanol (Mallinckrodt,
0.028% H,0). Vanadium tri-isopropoxide
oxide was chosen as the vanadium precur-
sor because its solubility was high in alcohol
and its use allowed 3-wt% V,0s levels to be
attained after a single impregnation. Due to
the water-sensitive nature of the vanadium
precursor, all impregnations were per-
formed in a nitrogen-purged glove box. Iron-
based catalysts were prepared by dissolving
iron nitrate nano-hydrate (EM Science) in
methanol (Aldrich, .04% H,O). After im-
pregnations were performed, samples were

dried overnight at 100°C in flowing nitrogen
using a small fixed-bed quartz tube. The
iron—vanadium catalysts were prepared by
first impregnating with vanadium, then dry-
ing at 100°C in nitrogen, then impregnating
with iron and drying at 100°C in nitrogen.
Separate impregnations were required be-
cause the iron and vanadium salts were not
soluble in the same alcohol. Vanadium was
impregnated first to ensure uniform cover-
age. Iron nitrate was chosen as the precur-
sor metal salt because of its high solubility in
methanol. Exposure of the water-sensitive
vanadium-impregnated support to a metha-
nol solution was deemed a less harmful way
to incorporate iron compared with an aque-
ous impregnation. Catalysts were calcined
for 2 hr in dry flowing air at temperatures
ranging from 500 to 900°C.

The surface coverage of V,0s on the alu-
mina support after calcination at 500°C was
about 25% monolayer for a 5-wt% V,0;
loading and about 50% monolayer for a
10-wt% V,0sloading, based on Raman anal-
yses of these (43) and other related samples
(29, 34). A 5-wi% V,0; and/or a 5-wt%
Fe.0, metal loading on the support was cho-
sen to simulate metal-contaminated regen-
erated resid hydrotreating catalysts found in
a typical refinery.

An iron-vanadium oxide standard,
FeVO,, was prepared according to the
method of Wong-Ng er al. (23), followed by
repeated washing in dilute (0.1 M) nitric acid
at 50°C to remove residual vanadium pent-
oxide. XRD analysis indicated high crystal-
linity of FeVO, with no traces of V,0:. A
standard of aluminum vanadate, AIVO,,
was supplied by Exxon.

Table 1 lists the catalysts, calcination
temperatures and analyses discussed in this
paper.

Catalyst Characterization

XPS spectra were recorded on a Surface
Science Instrument SSX-100 spectrometer
using monochromatic AlK a radiation (hy =
1486.6 e V) at a take-off angle of 35°. A typi-
cal sampling size for XPS analysis was 600
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TABLE 1

Catalysts, Calcination Treatments, and Analyses

Catalyst” Calcination Analyses
temp. (°C)
5% V.0 500 V-NMR TGA BET XPS ICP XRD:
700 V-NMR BET XPS XRD
800 XPS XRD
900 V-NMR BET XPS ICP XRD
10% V.0 500 TGA XRD*
5% Fe 0, 500 TGA BET XPS ICP XRD* MOSS
700 BET XPS ICP XRD
800 XPS XRD
900 BET XPS ICP XRD MOSS
10% Fe,0, S00 TGA XRD”
5% Fe 045% V, 04 500 V-NMR TGA BET XPS ICP XRD‘ MOSS
700 V-NMR BET XPS XRD
800 XPS
900 V-NMR BET XPS ICP XRD MOSS
5% Fe 0, ~ 5% V.0q 500 TGA XPS
(physical mixture) 900 V-NMR BET
Blank PHF alumina 500 TGA BET XRD!
700 BET
900 BET
AlVO, Standard 840 V-NMR XRD
FeVO, Standard 840 V-NMR XRD MOSS
Blank PHF + FeVO, mixture — TGA

“ All catalysts were supported on PHF y-alumina powder.

» XRD on TGA postmortem residue only.

¢ XRD on air-calcined sample and TGA postmortem residue.

wm at an analyzer pass energy of 100 eV.
Binding energies were referenced to alumi-
num 2p (74.5 eV).

Elemental analyses were performed on an
Applied Research Model 3560 ICP Atomic
Emission Analyzer with a precision of +5%.
Samples were prepared by standard acid di-
gestion. Surface area and porosity measure-
ments were determined by nitrogen desorp-
tion isotherms using the BJH method (44)
on a Micromeretics 2400 instruments. X-ray
diffraction patterns were recorded at stan-
dard conditions on a Scintag PAD V Diffrac-
tometer equipped with an Ortec intrinsic
germanium solid state detector. The X-ray
source was unfiltered CuK« radiation with
a beam intensity of 1.8 kW. Phase identifi-
cation was performed using the Powder Dif-
fraction File.

YFe Maossbauer spectra of the samples

were obtained through Dr. William Reiff of
Mossbauer Spectroscopy Consultants in
Bethlehem, Massachusetts. The catalysts
were analyzed with a conventional con-
stant-acceleration spectrometer operated in
the time mode using 100-mCi 57-Co/Rh ma-
trix as the gamma-ray source. Iron foil was
the reference. Least-squares Lorentzian fits
of the Maossbauver spectra were accom-
plished using a previous method (24). Vana-
dium-51-NMR spectra were obtained using
arotation synchronized spin echo technique
with magic-angle spinning (MAS) at a rate
of 5.5 kHz ona Varian CMX-200 spectrome-
ter. The resonance frequency for vanadium-
S1was 52.6 MHz. The magnetic field was 4.7
Tesla. All chemical shifts were referenced
against liquid VOCI; with use of a spinning
sample of solid sodium vanadate (NaVO,)
as a secondary reference material. In some
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SIV-MAS-NMR spectra of alumina-sup-
ported vanadium samples, a spurious peak
at about —40 ppm is observed due to an
artifact known as aluminum ‘‘aliasing.”
Aliasing sometimes occurs when two nuclei
have similar resonance frequencies (in our
case, aluminum (52.1 MHz) and vanadium
(52.6 MHz). Aliasing is usually minimized
by the appropriate choice of cutoff filters
and should be considered a minor instru-
ment artifact that does not influence the in-
formation content of the Y'V-MAS-NMR
spectra shown in this paper.

Thermal Gravimetric Analysis—
SO, Oxidation

TGA analyses were performed on a Du-
Pont 951 Thermogravimetric Analyzer cou-
pled with a DuPont 9900 Processor. The
source of the SO, gas was Matheson, avail-
able as a mixture of 10% SO,, 10% O,, and
argon balance. Dilution of the TGA analyses
were performed on a DuPont 951 Thermo-
gravimetric Analyzer coupled with a Du-
Pont 9900 Processor. The source of the SO,
gas was Matheson, available as a mixture
of 10% SO,, 10% O,, and argon balance.
Dilution of the SO, gas with argon prior to
contact with the sample was used to obtain
the desired dosing concentration: 5% SO,,
5% 0,, with argon gas as the balance. This
concentration was chosen to simulate the
expected partial pressures of sulfur dioxide
and oxygen under commercial resid hydro-
treating catalyst regeneration conditions.

TABLE 2

Programmed Catalyst Treatment for SO, Oxidation
by Thermal Gravimetric Analysis

Sample size 20 mg.

Pre-dry 700°C, 30 min in argon; cool to 200°C in
argon.

Ramp from 200 to 900°C (10°C/min) in 5% SO, +
5% O, + argon.

Hold at 900°C for | hr in 5% SO, + 5% O, +
argon.

Cool from 900 to 200°C in argon.

Resulfate sample: Ramp from 200° to about 600°C
(10°C/min) or until sample weight gain is
maximized.

Cool to room temperature in 5% SO, + 5% O, +
argon.

The flow rate of the gas was 100 cc/min.
Table 2 summarizes the programmed
treatment.

RESULTS
Elemental Analyses/XPS

Table 3 lists the bulk elemental composi-
tions for the 5% V,0s, 5% Fe,0,, and the
5% V,05-5% Fe,0, catalysts after various
calcination temperatures expressed both as
atomic metal ratios (V/Al and Fe/Al) as well
as atomic ratios normalized to the observed
ratio at 500°C. Compositions were deter-
mined by ICP. Analogous results are shown
in Table 4 for surface concentrations by
XPS.

All vanadium in the samples was in the

TABLE 3

Catalyst Bulk Composition by ICP

Normalized Fe/Al Normalized

Catalyst Calcination V (wt%) Fe (wt%) Al (wt%) V/Al

temp. (°C) V/Al Fe/Al

5% V.0 500 2.50 — 49 0.051 1.00 —_ —

900 2.59 — 49 0.052 1.02 _ —

5% Fe 0, 500 - 3.30 48 — — .068 1.00
700 — 3.38 50 — — .068 1.00

900 — 3.36 48 — — 070 1.03

5% V,0~5% Fe 04 500 2.55 3.25 49 0.052 1.00 066 1.00
900 3.2§ 3.25 48 0.053 1.02 .067 1.02
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TABLE 4

Catalyst Surface Composition by XPS

Catalyst Calcination  Binding energy v Fe Al ViAL ViAl FeiAl FeiAl
temp. ('Cy teV) (Atom™@)  {Atom™ i (Atom%) {Normalized) (Normalized)
Fe v
(2paa) 12032)
8% VL0 S00 — ST 1.0 — iss 0.028 1.0 —_ —
700 — 5171 1.1 — 344 0.032 1.1 — —
800 — S17.3 11 — 334 0.033 1.2 — —
900 — S17.3 35 — LA 0.111] 4.0 — —
§% FeyOy 500 T2 — — 0.4 358 -— — 0.01] 1.4
700 711.4 — — 0.4 368 — — 0.011 1.4
K THL3 — — 0.5 R — — 0.015 4
K 7iES — — 0.6 338 — — 0.017 1.6
37 VL0585 TeaOr SO0 708 St7 0.8 0.4 54 0.023 1.0 0.011 Lo
700 s 85172 1.1 0.4 REX 0.032 1.4 0.012 1.1
8O0 T ST 1.3 0.4 30 0,038 1.7 0.012 1.1
(1) L s172 37 0.5 0.0 0.123 54 0.017 1.6

+ 5 oxidation state as inferred from the va-
nadium 2p ., binding energy of about 517.1
eV. No V(IV) was detected. All iron in the
samples was in the +3 oxidation state as
inferred from the iron 2p;., binding energy
of about 711.5 eV. Table 4 shows that the
surface V/Al ratio increases fourfold from
about 0.028t00.111 for the 5% V,0s catalyst
and over fivefold from 0.023 t0 0.123 for the
5% V,04~5% Fe,O; catalyst as calcination
temperature increases from 500 to 900°C.
However, over this same range of calcina-
tion temperatures, bulk V/Al ratios are rela-
tively constant for the two catalysts, as seen
in Table 3.

Porosity

Table 5 shows that the 5% V,O, catalyst,
the iron—-vanadium catalyst, and, to a lesser
extent, the physical mixture of 5% V,0; and
5% Fe,0, catalysts lost significantly more
surface area compared to the 5% Fe,0, cata-
lyst or the alumina blank after 900°C calcina-
tion. Iron, like nickel, has little effect on the
macroporosity of the support. The loss in
surface area was most pronounced for the
5% Fe.0,-5% V,0s catalyst. At tempera-
tures of 700°C or less, all catalysts had
roughly the same surface area of about
170-190 m?/gram and a pore volume of
about 0.44-0.51 cc/g. Figure 1 shows that

the catalyst pore volume decreased and that
the catalyst mesopore diameter increased in
the following order:

Physical mixture

ALLO, = 5% Fe,0, < 5% Fe 0, + 5% V.04
< 5% V,05 < 5% Fe.0,-5% V,0x.

X-ray Diffraction

Table 6 lists phases detected by X-ray
diffraction in samples following various
calcination treatments. At calcination tem-
peratures of 700°C or lower, only y-alumina
was detected in all catalysts. However, at
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FiG. 1. Pore distribution of catalysts after 900°C
calcination: (a) 5% Fe, O, or blank alumina (190 m?/g).
(b) physical mixture $% Fe,0, + 5% V,0s (122 m'/g),
(c) 5% V,0; (43 m¥g), and (d) 5% Fe,0,-5% V,0%
(5 m*/g).
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TABLE §

Porosity of Catalysts

Catalyst Calcination BET surface Surface area Pore volume Average pore

temp. (°C) area retained (N, BJH) diameter

(m*g) (%) {cclg) (4V/A)A
3% V.0« 500 191 100 0.47 98
700 189 99 0.47 99
900 44 23 0.18 164
S% Fe,0, 500 184 100 0.48 98
700 175 95 0.46 105
900 157 &S 0.44 112
50 V,0:=5% Fe,0;, 500 190 100 0.44 93
700 173 91 0.45 104
900 6 3 0.02 133
PHF alumina blank S00 191 100 0.51 107
700 183 96 0.50 109
900 161 84 0.49 122
59 V,0¢ + 59 Fe.O, 900 122 64 0.45 148

(physical mixture)

900°C, the 59 V,O; catalyst formed #-alu-
mina and a minor phase of crystalline vana-
dium pentoxide; the 5% Fe,O; catalyst and
the blank alumina remained in the y-alumina
phase; finally, the iron—vanadium catalyst
formed a mixture of 8- and k-alumina
phases, as well as a minor phase of crystal-
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F16. 2. Normalized Mossbauer spectra of 5%
Fe,0,-5% V,0s catalyst calcined at 900°C. Spectra ob-
tained at (a) 293 K, (b) 77 K, and (¢) 4.2 K.

line vanadium pentoxide. Supporting XRD
diffractograms for these assignments are
presented later.

Mdasshauer Spectroscopy

Figure 2 shows normalized Massbauer
spectra obtained at (a) 293, (b) 77, and (¢)
4.2 K for the 5% Fe,0,-5% V,0, sample
calcined at 900°C. Analogously, Figure 3
shows normalized spectra obtained at (a)
293, (b) 77. (¢) 4.2, and (d) 1.4 K for the
5% Fe,0, sample calcined at 900°C. For the
500°C samples, only 293-K spectra were ob-
tained and were similar in character to those

TABLE 6

XRD Analyses of Catalysts after Calcination

Catalyst Calcination XRD phases
temp. (°C)
5% V.0 500, 700, 800 y-Alumina (Major)
900 #-Alumina (Major)
V.0« (Minor)
5% Fe,O4 500, 700, 900 y-Alumina (Major)

59 V0.5 FeaO 500, 700, 800 y-Alumina (Major)
900 3-Alumina (Minor)
K-Alumina (Mgjor}

V.0 (Minor)

PHF alumina blank S00. 700, 900 y-Alumina (Major)
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FiG. 3. Normalized Mossbauer spectra of 5% Fe,O,
catalyst calcined at 900°C. Spectra obtained at (a) 293
K. (b) 77 K. (¢) 4.2 K, and (d) 1.4 K.

shown in Figs. 2 and 3. All spectra shown
in these figures contain a superparamagnetic
doublet, which has been assigned by others
to Fe(+3) ions absorbed into the alumina
lattice as a solid solution (/4-19). Since dif-
ferent sample sizes were used, the spectrain
Figs. 2 and 3 are normalized. Normalization
has no bearing on determinations of the iso-
mer shift or the quadrupole splittings dis-
cussed below.

Table 7 shows room-temperature isomer
shifts of 0.33 and 0.22 mm/sec for the 3%
Fe,0, catalyst after 500 and 900°C calcina-
tions, respectively, which do not differ sig-
nificantly within the moderate experimental
uncertainty of =0.07 mm/sec. The respec-
tive isomer shifts for the 5% Fe,0,-5% V,0q
catalyst are 0.59 and 0.57 mm/sec after 500
and 900°C calcinations. These isomer shifts
indicate the presence of ferric iron in the
samples (/4, 25, 26), in agreement with the
XPS results. Within the experimental uncer-
tainty, the isomer shifts of the 900°C sam-
pels in Table 7 obtained at reduced spectrum
temperatures are more or less the same for
the 5% Fe,0, catalyst but decrease for the
5% Fe.0,-5% V,0s catalyst. The Maoss-

bauer spectra unfortunately do not confirm
or rule out the presence of tetrahedral iron in
the samples due to the experimental scatter
(28).

Values for the room temperature quadru-
pole splittings in Table 7 are relatively con-
stant within the experimental uncertainty
for the 5% Fe,0, catalyst as the calcination
temperature increases from 500 to 900°C.
However, for the 5% Fe,0,-5% V,05 cata-
lyst, these values decrease markedly from
1.05 to about 0.74 for the 500 to 900°C sam-
ples at room temperature.

A room temperature Méssbauer spectrum
of the FeVO, standard was similar to that
reported by Robertson (47). None of the 5%
Fe,0,-5% V.,0¢ samples in Table 7 showed
evidence of any FeVQ, formation, a result
that was also verified in separate Raman
analyses (43).

Y NMR (Magic Angle Spinning)

Figure 4 shows ¥ V-MAS-NMR spectra of
several reference vanadium (+5) com-
pounds, including AIVO, (a), V,Os (b), and
FeVO, (c). The featureless spectra of
FeVO, (c) reflects the close proximity of
iron, a paramagnetic metal, to the vanadium
in the compound, which dampens the vana-

dium signal. Previous work in our labora-
tory using both XRD and V-NMR analyses

|
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FiG. 4. ""V-MAS-NMR spectra of reference vana-
dium (+5) compounds: (a) AIVQO,. (b) V,0., and
(¢) FeVO,.
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TABLE 7
Mossbauer Results
Catalyst Calcination Spectrum Isomer shift Quadropole splitting
temp. (°C) temp. (K) (mm/sec)? (mm/sec)*
5% Fe,0, 500 293 0.33 0.99
900 293 0.22 1.21
77 0.34 0.91
4.2 0.34 1.12
1.4 0.39 1.14
5% Fes0y=5% V.0« 500 293 0.59 1.08
900 293 0.57 0.74
77 0.28 0.60
4.2 0.43 0.65

“ Uncertainty is =0.07 mm/sec, relative to iron foil.

of selected samples has shown that dis-
tances (V,0s crystallite sizes) of less than
approximately 50 A cause sufficient signal
dampening to occur (37).

Figure 5 shows ¥'V-MAS-NMR spectra of
5% V-0s catalysts after calcination at 500
(a), 700 (b), and 900°C (c), as well as the
spectra of reference vanadium pentoxide
(d). Except for a sharp band at about 40
ppm due to an instrument artifact (alumina
aliasing), the spectra at 500 (a) and 700°C (b)
were identical. The broad **hump’’ at about
0 ppm indicated a well-dispersed surface
vanadate phase. Indeed, separate Raman
analyses (43) detected a broad band at about
930-940 cm ! for the 500 and 700°C samples
of 5% V,0s, indicating a well-dispersed. tet-
rahedrally coordinated metavanadate spe-
cies (VO,), as confirmed in other studies
(9, 29-32). The spectrum of the 5% V,Os
sample after 900°C calcination (c) is similar
to reference V,0; (d), except for a feature
at about —200 ppm, the origin of which is
discussed below. Under static NMR condi-
tions, a similar sample gave an NMR spec-
trum similar to that reported in the literature
(33, 34).

Figure 6 shows ' V-MAS-NMR spectra of
the 5% Fe,0,-5% V.0, sample after calcina-
tion at S00 (a), 700 (b), and 900°C (¢), as
well as the spectra for reference vanadium
pentoxide (d). The spectra of the samples

calcined at 500 (a) and 700°C (b) are feature-
less, apparently due to the close proximity
of iron to vanadium on the surface, How-
cver, the spectrum of the 900°C sample (¢)
contains substantial contributions from
crystalline vanadium pentoxide on the cata-
lyst surface, with a spectrum similar to that
of the reference (d). Significantly, separate
Raman analyses (43) detected no iron-
vanadium mixed oxide formation, such as
FeVO,. Also of note, the feature at about
—200 ppm was not detected in Fig. 6¢ for
the 5% V,04-5% Fe,0, sample, unlike Fig.
Sc for the 5% V.0, sample. The —200 ppm

,t%@l@m

‘Hm
(LT

m::immwmw W

Relative Intensity

200 150 100 50 0 -50 -100-150-200-250-300-350-400
3, ppm

FiG. 5. Effect of calcination temperature on *'V-
MAS-NMR spectra of 5% V,0; catalyst: (a) 500°C,
(b) 700°C. (c) 900°C, (d) reference V,0. and (*) ‘*alu-
mina aliasing””—instrument artifact.



ALUMINA-BASED IRON-VANADIUM CATALYSTS 9

(d) i i
M»mwmﬂwmww% " MMI\WENMMMMW
z b
2 Wiy
%.:: © ,‘\uU!Um.j,ﬂlm.l,“m‘inn. "
g (b} ) N
(a) i o i A,

-50 -100 -150 -200 -250
&, ppm

Fic. 6. Effect of calcination temperature on *'V-
MAS-NMR spectra of 5% Fe.0:;-5% V.Os catalyst:
(a) 500°C. (b) 700°C. (¢) 900°C, and (d) reference V,Ox.

feature was clearly not related to the spectra
of AIVO, in Fig. 4a. In fact. AIVO, was not
detected in any of the samples. *'V-MAS-
NMR spectra of a physical mixture of the
5% Fe,0, and 5% V,0, samples after 900°C
calcination were also obtained, but were es-
sentially featureless.

Thermal Gravimetric Analysis—
SO, Oxidation

Figure 7 shows typical TGA spectra for
blank alumina (a), 5% V,Os (b), and 10%
V,0s (c¢) catalysts. Common to all spectra
was a low-temperature shoulder at about
230°C as well as a high-temperature peak
ranging from 770°C for blank alumina (a),
581°C for the 5% V,0s sample (b), and 494°C

SO, (gas)

l 230C

494°C

581°C

Retative Sample Weight

Al2{S04)3

200 400 600 800 900 ~————— 900 —» Temperature 'C

0 40 80 120
Delta Time (minutes)

FiG. 7. Thermal gravimetric analyses of aluminum
sulfate formation in catalyst samples. Reaction se-
quence:

SOs(g) — SO;lads) + O,

catalyst
SO:g) + ALOy — Al(SO,), — ALO; + SOs(g).
A tsurface) A
Catalysts: {a) alumina blank, (b) 597 V.05, and (¢) 105
Va0x.

for the 10% V,0 sample (c). The low-tem-
perature shoulder is attributed to chemi-
sorbed sulfur dioxide (20. 35, 36), whereas
the high-temperature peak is due to the for-
mation of aluminum sulfate on the surface,
as demonstrated in similar earlier sulfur di-
oxide oxidation studies under isothermal
conditions (35, 36). The reaction sequence
associated with Fig. 7 and derived from the
results of earlier related studies (35) was as
follows:

SO,(ads) + 0y ——— SO4(g) + AlLO; —— Al(SO,); —— SO,(g) + ALO;.

Catalyst

The role of the catalyst (metal oxides) is
to promote the oxidation of sulfur dioxide
to the more reactive sulfur trioxide, which
reacts with hydroxyl groups on the alumina
surface to form aluminum sulfate. As alumi-
num sulfate forms, the sample gains weight.
As the temperature increases further, alumi-

A (Surface} A

num sulfate decomposes to alumina plus
gaseous sulfur dioxide and the sample loses
weight.

The amount of aluminum sulfate formed
on the catalyst surface was typically less
than one monolayer for all samples. The
maximum sample weight gain was similar
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TABLE 8

TGA-SO, Oxidation Results®

Catalyst Temperature at Initial sample color Final residue color

maximum sample
weight gain (°C)

PHF alumina 770 White White

5% Fe 04 590 Tan Tan

5% V.0y 581 Yellow Light green/yellow

10% Fe,0, 53t Tan Yellow/tan

10% V,05 494 Yellow Yellow

3% V,0:-3% Fe,0; 507 Light green Light green

5% V,0¢ + 5%Fe,0, S84 Light green Light green

(physical mixture)

10% FeVO, Std. + 758 Light green Light green

90% PHF Al,O,

Silica (Cabosil EH-5) No peak White White

“ See Table 2 for oxidation program.

for all catalysts (about 3—4 wt%;). Calculat-
ing a molecular diameter for adsorbed sulfur
trioxide of about 0.1 m*/umole (following
the method of Nam and Gavalas (35)), a
4-wt% gain in sample weight corresponds to
about 25% coverage of the surface (190 m>g)
by sulfates.

The assignment of the high-temperature
peak in Fig. 7 to aluminum sulfate forma-
tion/decomposition was further verified in a
control experiment in which pure aluminum
sulfate (Alfa, reagent) decomposed under
the TGA test conditions over a 760-800°C
temperature range. This temperature range
brackets the reported thermal decomposi-
tion temperature of aluminum sulfate,
770°C, as reported in the CRC tables.

Table 8 lists the peak temperature and
residue color of several catalysts subjected
to the TGA-programmed SO, oxidation
treatment described in Table 2. The initial
and final colors of the samples in Table 8
were more or less the same, indicating negli-
gible “‘gross’ degradation of the sample
during the TGA test. The uncertainty in the
peak temperatures was about *10°C. Total
metals loading had the strongest impact on
the peak temperatures in Table 8. The most
active catalysts (i.e., those having the low-
est peak temperatures) contained 10 wt%

total metals in the order: 10% V,O; (494°)
> 5% Fe,0,-5% V.04 (507°) > 10% Fe,0;
(531°C). Among the least active catalysts
were alumina and a physical mixture of
FeVO, standard (10 wt%) and alumina, with
peak temperatures of 770 and 758°C, respec-
tively. Blank silica (Cabosil EH-5, 300 m*/g)
was essentially inert.

Effect of Oxidizing Atmosphere on
XRD Patterns

Table 9 shows the phase compositions of
several samples either after air calcination
at 900°C or after the TGA test, which also
reached temperatures of 900°C in an SO-/0,
atmosphere (see Table 2). Table 9 shows
that the type of oxidizing atmosphere had a
significant effect both on the alumina phase
formed as well as on the interactions of the
metals in the samples. The 5% V.04 sample
formed #-alumina and crystalline vanadium
pentoxide after calcination in air at 900°C,
whereas only y-alumina was detected in the
spent TGA residue. #-Alumina and vana-
dium pentoxide were also detected on the
spent 10% V,0s sample, as seen in Table 9.
In the 5% Fe,0,-5% V.05 sample, a mixture
of &-alumina, k-alumina, and vanadium
pentoxide was formed after calcination at
900°C, whereas a mixture of y- and 8-alumi-
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TABLE 9

Effect of Oxidizing Atmosphere on the Catalyst XRD Phases

Catalyst

XRD phases after air calcination”

XRD phases after SO, TGA test”

5% V505 6-Al,0; (Major)
V.0« (Minor)

10 9% V05 —_

59 Fe 0O, y-AlLO; (Major)

10% Fe,0, —

59 V.0=5% Fe.0x 5-ALO, (Minor)
K-AlLQO; (Major)
V.0« (Minor)

PHF alumina blank v-ALO; (Major)

Fig. 8b v-AlLO; (Major) Fig. 9b

—_— #-Al,0; (Major) —

V.04 (Minor)

— y-ALO; (Major) —
Fig. & y-AlO; (Intermediate) Fig. 9¢
8-AlO; (Intermediate)
V,0¢ (Minor)
v-Al,O: (Major)

Fig. 8a Fig. 9a

“ After 900°C calcination—See Table 6.
P After TGA test—See Table 2

nas, vanadium pentoxide, and a minor
mixed iron-vanadium-oxide phase were de-
tected in the spent TGA residue. For the
blank PHF alumina sample and the iron
sample, only the y-alumina phase was pres-
ent, regardless of oxidizing atmosphere, as
shown in Table 9. Supporting XRD diffrac-
tograms for the assignments reported in Ta-
ble 9 are shown as Figs. 8 and 9 for selected
900°C air-calcined samples of SO,-TGA
samples, respectively.

Figure 10 compares the baseline-cor-

rected XRD patterns of the 5% Fe,0,-5%
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FiG. 8. Eftect of 900°C air calcination on XRD pat-
terns of catalysts: (a) blank alumina, (b) 5% V,0q, and
(¢) 59 Fe,0,-5% V.0«.

V.0 catalysts after air calcination (a) and
after TGA SO, oxidation treatment (b). The
(a) and (b) patterns of Fig. 10 differ signifi-
cantly due to the different alumina phases
present in the two samples, as noted in
Table 9.

A series of small peaks labelled **1" lo-
cated between 25° and 30° two theta in pat-
tern (b) of Fig. 10 may comprise an iron—-va-
nadium mixed oxide labelled as FeVO, and
most likely FeVO,. While these peaks are
relatively small in pattern (b), they were
very prominent in commercially regener-
ated spent resid hydrotreating catalysts

i
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FiG. 9. Effect of TGA SO, oxidation test on XRD
patterns of catalysts: (a) blank alumina. (b) 5% V,0s,
and (¢} 5% Fe,0,-5% V,0;.
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Relative intensity

Two-Theta

Fig. 10. Comparison of XRD patterns for 5%
Fe,0,-5% V,0s catalyst: (a) after 900°C calcination,
(b) after TGA S0, oxidation. and (1) FeVO, mixed
metal oxide.

(rich in iron and vanadium oxides) that had
undergone exlensive mesopore sintering
and loss in attrition resistance following
high-temperature decoking in the presence
of sulfur dioxide (22).

Effect of Oxidizing Atmosphere on
Alumina Crystallite Size

Table 10 shows differences in the sizes
of alumina crystallites in selected samples
subjected to different oxidizing atmo-
spheres, i.e., either air calcination at 900°C
or after the TGA test listed in Table 2. The
results in Table 10 were calculated by apply-
ing the Scherrer equation to the 400 and 440
peaks (at 45.6° and 66.5° two theta) of the
XRD patterns and averaging the results.

Table 10 shows that the alumina crystal-
lite size of blank PHF alumina was the same,
about 45-50 A regardless of oxidizing atmo-
sphere. However, the alumina crystallite
size in the 5% V,0, sample was 175 A after
air calcination at 900°C compared with only
55 A after the TGA test. Finally, the crystal-
lite size for the 5% V,04-5% Fe,0; sample
after air calcination at 900°C was 270 A
compared with only 115 A after the TGA
test.

These results show that metal oxide—sup-
port interactions as well as the type of oxi-
dizing atmosphere have significant effects
on sintering of alumina crystallites in the
samples. Air atmospheres seemed to cause

more sintering of the alumina crystallites
than did the SO,/0, atmosphere of the TGA
test.

DISCUSSION
Intraparticle Vanadium Migration (SPS)

The results of Table 4 suggest that exten-
sive vanadium migration to the particle sur-
face occurs at high calcination temperatures
and that the vanadium migration is en-
hanced when iron is present. Moreover, the
bulk analyses of Table 3 show that vanadium
is not being volatilized from the catalysts
under the calcination conditions employed.
Concentrations of iron in the 5% Fe,0, cata-
lyst and the 5% V,0-5% Fe.,0O, catalyst
remain relatively constant both on the sur-
face (Table 4) and in the bulk (Table 3) over
this same range of calcination temperatures.

Though vanadium migration is known to
occur under conditions similar to those in
our study, (2-8) intraparticle vanadium mi-
gration that is enhanced by iron has not been
observed before. The relatively constant
Fe/Al ratio suggests that iron either remains
fixed on the catalyst surface at temperatures
from 500 to 900°C, or that iron is absorbed
into the alumina lattice as low as 500°C.
Modéssbauer results below suggest that both
may occur.

Origin of =200 ppm Feature in
V-NMR Spectra

The origin of the —200-ppm spectral fea-
ture in the 5% V,05 sample calcined at 900°C
(Fig. 5¢) is not well understood, however,

TABLE 10

Effect of Oxidizing Atmosphere on Alumina
Crystallite Size (A)

Catalyst After After
900°C air TGA test
calcination (Table 2)
PHF alumina blank 45 50
5% V.0 175 5S
5% V,04-5% Fe 0, 270 115




ALUMINA-BASED IRON-VANADIUM CATALYSTS 13

sodium contamination (e.g., formation of
sodium vanadate) and instrument artifacts
have been ruled out. Two distinct surface
vanadate species are known to exist on alu-
mina supports with similar surface cover-
ages of vanadium oxide—octahedrally co-
ordinated decavanadates and monomeric
tetrahedrally coordinated metavana-
dates—based on both Raman and static
NMR measurements (34). The —200-ppm
feature is hypothesized to be one of these
two surface vanadates, whereas the 0-ppm
feature is due to crystalline vanadium pent-
oxide.

Interestingly, the absence of the - 200-
ppm teature in the 5% V.0-5% Fe,0, sam-
ple calcined at 900°C (Fig. 6¢) may be due
to signal dampening by the close proximity
of the surface vanadate species above to the
ferromagnetic iron in the sample. However,
the size of the vanadium pentoxide crystalli-
tes in the coimpregnated iron—vanadium
sample may apparently be large enough (at
lecast 50 A (37)) as not to be dampened by
the iron.

Interparticle Vanadium Migration (NMR)

The featureless *'V-NMR spectra exhib-
ited by the physical mixture of 5% V,Os
and 5% Fe,0; after 900°C calcination may
indicate that vanadium has migrated trom
the 59¢ V.0« particles to the 5% Fe,O, parti-
¢les. where the close proximity of the vana-
dium to the paramagnetic surface iron would
damp out the vanadium NMR signal. More-
over, the net surface coverage of vanadium
on the 307 V.Oq particles after this migration
occurred apparently may have been less
than once monolayer and, thus. insutficient
to tform a bulk ¢rystalline vanadium pentox-
ide phase (9). Vanadium does not volatilize
from the catalyst under these conditions, as
indicated in Table 3.

The results of the physical mixture experi-
ment indicate that interparticle migration of
the vanadium may occur at 900°C under our
conditions. We cannot quantify the extent
of the migration. Interparticle vanadium mi-
gration was first demonstrated by Occelli

(45). The work was later duplicated by Alto-
mare ¢t al. (5), who demonstrated interparti-
cle vanadium migration using physical mix-
tures of vanadium-doped silica~alumina
microspheres and conventional zeolite-con-
taining microspheres. Their steaming exper-
iments at about 800°C confirmed that about
809 of the vanadium on the vanadium-
doped particles had migrated to the vanadi-
um-free particles (5).

[ron Interactions (Méssbauer)

All spectra shown in Fig. 2 and 3 contain a
superparamagnetic doublet, which has been
assigned to Fe(+ 3) ions absorbed into the
alumina lattice (/4-19). However, the calci-
nation temperature at which this solid solu-
tion formed has varied in the literature,
ranging from 400 (/6) to 1050°C (/7). More-
over, one study showed that both a solid
solution and a well-dispersed surface Fe,O;
particle of less than 100 A size was formed
if at least 1 wt% Fe was impregnated on
y-alumina and then calcined at 600°C (/5).

The quadrupole splitting is inversely pro-
portional to the iron particle size and pro-
portional to the degree of iron dispersion
(/4. 26, 27). XRD analyses failed to detect
crystalline Fe,0); phases (with a limit of de-
tection of 50 A crystallite size) in the sam-
ples. Moreover, separate Raman studies
(43) did not detect any crystalline Fe,O,
phases in the samples. except for the 5%
Fe O, samples twhich contained only traces
of «-F¢-0;). Thus. the sharp decreasce in the
guadropole splitting for the 50¢ V.0,-5%
Fe O, sample with increase in calcination
temperature (Table 7) may possibly indicate
a decrease iniron dispersion, or perhaps an
increase in the Fe—Fe interaction caused by
the loss in surface area.

Mossbauer spectra of samples subjected
to subambient temperatures is another
method used to detect crystalline I¢,0,
phases in a sample. since the size of an
Fe,O; particle is proportional to the temper-
ature at which the conversion from super-
paramagnetic to ferromagnetic behavior oc-
curs (14, 27).
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FiG. 11. Massbauer spectra of reference ferromag-
netic a-Fe,0; showing hyperfine Zeeman splitting (25).

Ferromagnetism results in the 6-line Zee-
man pattern shown in Fig. 11 for reference
bulk a-Fe,0,. The lack of magnetic hyper-
fine splitting at temperatures as low as 4.2
K for the 5% Fe-0,-V,0; catalyst in Fig. 2¢
and as low as 1.4 K for the 59 Fe,O, catalyst
in Fig. 3d suggests that the iron may be
substituted for aluminum in the alumina lat-
tice. However, surface crystalline a-Fe,O,
species could also exist (/5). XPS or ESCA
analysis of the samples in a severely reduced
state would be useful for quantifying the
surface iron, which reduces to metallic Fe,
and the absorbed iron, which reduces to
Fe(+2) (15, 28). These experiments were
not pertormed. However, Raman studies of
these same samples showed that the iron
was generally well dispersed. with only
traces of crystalline a-Fe,O, found in the 5%
Fe,O, sample after calcination temperatures
ranging from 500 to 900°C (43).

TGA Results

Since sulfate coverage on the samples was
similar and never exceeded a quarter mono-
layer during the TGA test (as confirmed by
the absence of aluminum sulfate by post-
mortem XRD in Table 9), the high-tempera-
ture peak in Fig. 7 was the pertinent mea-
surement in the TGA experiment. This peak
gave an indication of the intrinsic catalyst
activity for oxidizing SO, from which metal
oxide—metal oxide interactions might be in-
ferred.

Our TGA test results confirm that iron

oxide and vanadium pentoxide had high ac-
tivities for oxtdizing sulfur dioxide to the
trioxide (20, 36). Moreover, the fact that the
5% Fe,0;-5% V.0, sample had high activity
whereas the Fe VO, /alumina sample had low
activity (similar to the alumina blank) sug-
gests that:

1. Surface V,0Osand Fe,O, phases acceler-
ate SO, oxidation.

2. Mixed-metal FeVO, oxide is inactive
for SO, oxidation.

3. Iron and vanadium oxides do not form
significant amounts of FeVO, or related
mixed oxides in the 5% Fe,0,-5% V,0;
sample.

Metal Oxide—Support Interactions

Figures 12 and 13 exemplify a variety of
metal oxide—support interactions that occur
as a function both of dispersed metal oxide
type as well as the oxidizing atmosphere. In
the samples subjected to air calcination, a
variety of alumina phases were observed.
In the 5% V,0O; catalyst, the predominant
phase was #-alumina (Fig. [2a), as suggested
by XRD results in Fig. 8b. In the 5% Fe.O,
sample (Fig. 12b), Mdssbauer results in Fig.
3 suggested that iron may be present in the
form of small (<50 A) a-Fe>0, surface ox-
ides or that Fe(+3) ions may be absorbed
into the alumina lattice, or both. Also, Ra-
man analyses confirmed the cxistence of
traces of a-Fe,O, crystallites (43) (Figure
10b). In the 5% Fe,0,-5% V.0O; catalyst, a
mixture of 8- and k-aluminas was formed
after high-tcmperature air calcination (Fig.
12¢), as suggested by XRD results in
Fig. 8c.

On the other hand, in the samples sub-
jected to the TGA treatment, a surprisingly
greater retention of the y-alumina phase was
observed. The 5% V.O¢ catalyst, the 5%
Fe,0, catalyst, and the 5% Fe,0s-5% V.0,
catalyst (Figs. [3a, 13b, and 13c. respec-
tively) all contained predominantly +y-alu-
mina as well as a surface phase of aluminum
sulfate (less than monolayer coverage). In
Fig. 13c. the 5% Fe.,0,-5% V,0;s catalyst
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had a mixture of both y-alumina and 6-alu-
mina. XRD analyses in Table 9 and Figs.
8-10 formed the basis for most of these as-
signments.

Metal Oxide—Metal Oxide Interactions

Figures 12¢ and 13c exemplify differences
in metal oxide-metal oxide interactions in

the 5% Fe,0,-5% V,O. samples as a func-
tion of oxidizing atmosphere. As seenin Fig.
13¢, minor crystalline phases of vanadium
pentoxide and an iron-vanadium-mixed ox-
ide labelled as FeVO, were detected, based
on the results in Fig. 10 and Table 9. How-
ever, FeVO, formation was not observed
following calcination in air at 900°C (Fig.
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and (c) 57 V,0:-5% Fe.0s.
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12¢) based on the XRD results in Table 9.
The formation of FeVO, in the TGA sample
residue may result from surface iron oxide
“‘precipitating out of solution’’ due to the
formation of the aluminum sulfate overlaver
on the catalyst surface. This **precipitated””
iron oxide may then react with the migrating
vanadium to form the FeVO, species de-
tected by XRD in Fig. 10b. While such a
mechanism is only hypothesized, it is inter-
esting to note that no FeVO, species is ob-
served in any air calcined sample.

Alumina Pore Sintering Model

Metal oxide additives, pretreatment at-
mospheres and even particle morphology
can accelerate or decelerate the rate of sur-
face-area loss and phase transformations in
alumina catalysts (/3, 38). An alumina pore
sintering model proposed by Johnson sug-
gests that phase transformations in alumina
proceed by a mechanism involving the con-
densation of hydroxyl groups between adja-
cent alumina crystallites, forming Al-O-Al
linkages at high temperature (38). Stabiliz-
ing metals slow this phase transformation
by replacing or capping off hydroxyl groups
on the alumina surface, thus reducing the
rate of Al-O-Al formation (38). In our
study, XPS, NMR, XRD, and porosimetry
all showed that vanadium pentoxide may
catalyze the dehydroxylation of surface hy-
droxyl groups and destabilize the catalyst
pore structure and phase composition, espe-
cially at higher temperatures. This phenom-
enon has also been observed by others (9,
39-41).

However, when a catalyst containing va-
nadium pentoxide was exposed to sulfur di-
oxide under the conditions of our TGA test,
the alumina retained significantly more of
the y-phase, as seen by comparing the re-
sults in Table 9. The model of Johnson ap-
pears to account for these observations
since surface overlayers of aluminum sul-
fate may stabilize the alumina by retarding
the rate of condensation between adjacent
hydroxyl groups.

The enhanced rate of surface area loss for

the 5% Fe,0,-5% V.0q catalyst, compared
with the 5% V,0s catalyst in Table 5, may
be a consequence of two different surface
vanadate species in the two respective cata-
lysts. Complementary Raman studies
showed that vanadium existed primarily as
a metavanadate monomer species (VO, %) in
the 5% V,0s samples compared with a
pyrovanadate dimer species (V,05%) in
the 5% Fe,0,-5% V,0s samples over the
500-800°C temperature range (43). Al-
though the diffusivities of these two vana-
date species on the catalyst surface have not
been measured, the higher rate of surface-
area loss for the 5% Fe,0,-5% V,0O4 sample
may indicate more rapid diffusion of the pyr-
ovanadate compared with the metavanadate
specics and thus enhanced rates of dehy-
droxylation of the alumina surface under our
oxidation conditions.

Impact of Sulfur Dioxide in Laboratory
Aging of FCC Catalvsts

The results of this study suggest a possible
need to incorporate a sulfur dioxide treat-
ment step during typical laboratory aging of
fresh FCC catalyst, especially if contami-
nant metals have been artificially intro-
duced. Sulfur dioxide reacts to form an alu-
minum sulfate overlayer on the catalyst
surface, which results in different metal ox-
ide—metal oxide interactions and alumina
phase changes compared with calcinations
free of sulfur dioxide. The interactions im-
pact directly on alumina (phase stabiliza-
tion) and indirectly on the supported metals,
iron and vanadium.

Typically, FCC catalysts are laboratory
aged by doping with vanadium precursors
and/or by steaming at high temperatures to
equilibrate the catalyst under simulated
FCC regeneration conditions (3-8). The
most commonly used FCC aging procedure
was defined by Mitchell (46). This has gener-
ally been the accepted industry practice.
However, steam alone may not be sufficient
to simulate actual conditions in an FCC re-
generator. As our study shows, sulfur diox-
ide, a combustion by-product, can influence
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the catalyst surface chemistry and phase
transformations. Steam itself simply accel-
erates the formation of phases that are al-
ready thermodynamically stable at the given
temperature (3. /3, 38).

In the literature, only two references
could be found which dealt with the impact
of sulfur dioxide on metal oxide—metal ox-
ide or metal oxide—support interactions un-
der typical FCC regeneration conditions.
The first introduces a new vanadium trap
called CVP-4 and emphasizes the *‘impact
of sulfur™ in testing the true passivating po-
tential of this and similar materials (42).
(CVP-4 is a physical mixture of dolomite
(calcium-magnesium oxide) and sepiolite
(magnesium silicate) particles (42)). The
second deals with vanadium migration and
the thermodynamics of sulfate poisoning of
passivating agents in FCC regeneration (3).

Laboratory catalyst aging procedures em-
ploying artificial metals loading followed by
steam deactivation should be reexamined to
assess the need for a possible sulfur dioxide
treatment step. The results of this study
show that significant changes occur in alu-
mina-based samples that may well occurtoa
similar extent in sieve-based FCC catalysts,
which also contain alumina.

CONCLUSIONS

I. Wide variations in surface-area stabil-
ity, phase composition, metal oxide-metal
oxide interactions, and interparticle metal
oxide migration were observed in PHF -
alumina samples containing iron and/or va-
nadium oxides that were subjected to oxi-
dizing conditions chosen to simulate FCC
or resid catalyst regeneration conditions.
Samples were subjected to calcination tem-
peratures from 500 to 900°C and were also
tested for the oxidation of sulfur dioxide by
thermal gravimetric analysis (TGA).

2. In the calcined samples, vanadium mi-
grated to the catalyst particle surface at ele-
vated temperatures, forming crystalline
phases of vanadium pentoxide and ¢-alu-
mina. This effect was enhanced in the pres-
ence of iron, with additional phases of alu-
mina formed.

3. TGA tests indicated that both iron and
vanadium oxides catalyzed the formation of
sulfur trioxide from sulfur dioxide and thus
promoted the formation of aluminum sulfate
at lower temperatures compared with blank
alumina. Iron-vanadium mixed metal ox-
ides were apparently inactive. Vanadium-
containing samples subjected to the sulfur
dioxide TGA test retain the vy-alumina
phase, unlike samples subjected to air calci-
nation, which formed other low-surface-
area alumina phases. Interestingly, XRD ev-
idence suggested that iron-vanadium mixed
oxides may form during the TGA test,
whereas no such interaction was observed
during air calcination.

4. The results were interpreted in terms of
an existing model for hydrothermal sintering
of aluminas.

5. The results of this study suggest a4 possi-
ble need to incorporate a sulfur dioxide
treatment step during typical laboratory
aging of fresh FCC catalyst, especially if
contaminant metals have been artificially in-
troduced. Sulfur dioxide reacts to form an
aluminum sulfate overlayer on the catalyst
surface, which results in different metal ox-
ide-metal oxide interactions and alumina
phase changes compared with calcinations
free of sulfur dioxide. The impact of sulfur
dioxide in FCC steaming procedures should
be assessed.
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