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Temperature-programmed reduction (TPR) and temperature-programmed sulfiding (TPS) were
used to characterize reduction and sulfiding properties of Fe-exchanged Y-zeolites and Fe-treated
Y-zeolites, which were prepared by treating NH,Y-zeolite with an aqueous ferric nitrate solution
(Fe-treatment), By considering their unique TPR and TPS patterns, it was confirmed that the Fe?”-
species in the Fe-exchanged Y-zeolites are stabilized inside the sodalite cages and the hexagonal
prisms. On the basis of the TPR and TPS characterizations, it was demonstrated that three types
of the Fe-species are present in the Fe-treated Y-zeolites: ion-exchanged species, small Fe oxide
clusters, and Fe oxide without interaction with the zeolite framework (including aggregated ferric
oxide), the proportion of which is dependent on the extent of the Fe-treatment. Prolonged Fe-
treatment weakens the interaction between the Fe-species and the framework oxygen atoms by
hydrolysis, and leads to the aggregation of the Fe oxides and to the formation of bulk ferric
oxide. The small Fe-oxide clusters. which are probably situated inside the supercages through a
coordination with the framework oxygen atoms, are responsible for the high activity for toluene

disproportionation in the presence of H,S.

INTRODUCTION

Zeolite catalysts are widely used for im-
portant industrial petroleum processes such
as fluid catalytic cracking (FCC), hydro-
cracking (HYC), isomerization, and dewax-
ing. In the recent decade, Idemitsu Kosan
Co., Ltd. has been developing resid hydro-
cracking catalysts, which contain modified
Y-zeolites, for hydrocracking atmospheric
residual oil in a fixed bed process. Espe-
cially the catalysts containing Fe-treated
Y-zeolites, which were obtained by treating
Y-zeolites with an aqueous solution of
Fe(NO,),, showed both high hydrocracking
activity and high selectivity to middle distil-
lates (/). One of the typical Fe-treated
Y-zeolites (FeHY-1), prepared from NH,Y
(LZY-82), exhibited high activity and low
coke deposition for toluene disproportiona-
tion in a flow of H,S/H, (2, 3). Detailed
investigation of FeHY-1 by means of ESR,
FT-IR, transmission electron microscope

€ 1993 Academic Press, Inc.

(TEM) (4, 5), and Méssbauer spectroscopy
(5, 6) has shown the presence of superfine
ferric oxide (particle size <I nm), which
strongly interacts with the zeolite frame-
work. Although a study of the nature of the
iron species in the catalyst has been made,
the mechanism of formation of the active
species has remained obscure. Further-
more, a quantitative determination of the
active species was urgently required for the
production control of the commercial Fe-
treated Y-zeolite catalysts.

Most studies of iron-containing Y-zeolite
catalysts have concentrated on Fe-ex-
changed Y-zeolites (Fe-Y) (7-13). Boudart
and co-workers reported the reversible oxi-
dation-reduction (Fe?* = Fe3*) of Fe ions
exchanged into Y-zeolite (7, 8). The redox
properties of Fe-Y were applied in the cata-
lytic decomposition of N,O by Hall and co-
workers (10-12). They reported that the sili-
con-substituted Fe-Y catalysts had higher
turnover frequencies for the decomposition
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of N,O than the conventional Fe-Y catalyst
(Si/Al molar ratio = 2.47) (12). More re-
cently, the Si/Al ratio was confirmed to have
a significant effect on the distribution of the
Fe cations in accessible (I, 1I', and/or II)
and inaccessible (1) sites of the zeolite (/3).
These results suggest that the catalytic and
redox properties of Fe-Y are strongly asso-
ciated with the location of the Fe ions in the
zeolite pores and with the state of the Fe
ions. Consequently, investigation of the re-
dox properties of these catalysts might pro-
vide structural information about the
iron-zeolite interaction. Moreover, the sul-
fidation properties of the catalysts could
also give useful information, since FeHY-1
showed high activity for toluene dispropor-
tionation in the presence of H,S (2).

The objective of this study was to exam-
ine the details of the reduction and sulfida-
tion properties of Fe-supported Y-zeolites,
which included both Fe-exchanged and Fe-
treated Y-zeolites, by using temperature-
programmed reduction (TPR) and tempera-
ture-programmed sulfiding (TPS). A series
of Fe-treated Y-zeolites, which were col-
lected during the preparation process of
FeHY-1, as well as two well characterized
Fe-exchanged Y-zeolites, were examined.
Investigations of the influences of prepara-
tion conditions on physicochemical proper-
ties and catalytic activities of Fe-treated
Y-zeolites have been reported (2, 3). In this
paper, the reduction/sulfidation properties
and the active Fe-species are elucidated and
an interpretation of the reduction and sulfi-
dation mechanisms of Fe-supported
Y-zeolites is presented.

EXPERIMENTAL
Catalyst Preparation

Two Fe-exchanged Y-zeolites were pre-
pared by treating two types of NH,Y-zeo-
lites (Linde: SK-41; UCC: LZY-82) with an
aqueous solution of FeSO, (0.25 M, 333 K,
60 min) under a nitrogen atmosphere, ac-
cording to the procedure reported by Boud-
art and co-workers (7). After exchanging
three times with ferrous ions, the zeolites
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FiG. 1. The change in physicochemical properties of
Fe/LZY({a)-(h) as a function of treatment time: (A) pH
(left) and temperature (right) of the zeolite suspension,
(B) the amount of supported iron (as Fe,O,) on the
zeolite, and (C) catalytic activity for toluene dispropor-
tionation.

were filtered and washed with hot distilled-
deionized water, and dried at room tempera-
ture in vacuo overnight. The Fe-exchanged
Y-zeolites obtained by treating SK-41 and
LZY-82 are denoted Fe-SK and Fe-LZY,
respectively. In addition, Fe-LZY(A),
which has been reported as ““FeHY-2" in
our previous report (2), was prepared by
treating J.ZY-82 with an aqueous solution
of FeSO, (1 M, 363 K, 120 min) in air.

On the basis of the preparation procedure
for FeHY-1 (2, 3), a series of Fe-treated
Y-zeolites was prepared by treating LZY-
82 with a 0.250 M Fe(NO,), solution at room
temperature, followed by heating to 323 K.
Subsequently, the temperature of the zeolite
suspension was kept at 323 K for 2 h (see
Fig. 1A). Part of the suspension was filtered
at 10-30 min intervals, washed with hot dis-
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TABLE 1

Preparation Conditions for Fe-Exchanged and Fe-Treated Y-Zeolites

Catalyst Fe solution Fe soln./Y“ Treating conditions
(ml g™
Salt Conc" (M) Temp Time Atmosphere
Fe-SK FeSO, 0.25 20 333K 60 min" N,
Fe-LZY FeSO, 0.25 20 333K 60 min" N,
Fe-LZY(A)! FeSO, 1.00 40 363 K 120 min Air
Fe/LZY(a)-(0)" Fe(NO;), 0.25 8 293-323 K 15-150 min Air
FeHY-I Fe(NOy); 0.25 8 323K 120 min Air

“ Ratio of the volume (ml) of the aqueous iron salt solution to the amount {g) of the zeolite powder.
b Concentration of the iron salt in the aqueous solution.

¢ Fe-exchange treatment was repeated three times.

4 Fe—LLZY(A) was referred to as FeHY-2 in Ref. (2).

¢ Detailed preparation conditions are shown in the text and in Fig. 1. Fe/L.ZY (i) was obtained from the residual
slurry after cooling down to room temperature overnight.

tilled water, and dried at 363 K for 3 h in
static air. The resulting Fe-treated
Y-zeolites are denoted Fe/LLZY(a)-(h) de-
pending on the sampling time, as shown in
Fig. 1C. Fe/LZY(i) was obtained from the
residual slurry after cooling down to room
temperature overnight.

The preparation conditions for Fe-ex-
changed and Fe-treated Y-zeolites are sum-
marized in Table 1. Variations of the physi-
cochemical properties during the
preparation process of FeHY-1 are shown
in Fig. 1. The amounts of iron in the cata-
lysts, as well as the Si/Al molar ratios of
the catalysts, were measured with an X-ray
fluorescence spectrometer (XRF). The crys-
tallinity of the sample was determined by
X-ray diffraction (XRD) employing CuKa
radiation with an Ni filter. The unit cell pa-
rameters of the zeolite framework were de-
termined from the average 26 values of the
(642) and (555) peaks of the zeolite crystal,
which were corrected for the 26 value of
Si(111) as 28.443° with an Si crystal
(99.999%) as internal standard. Solid-state
Si NMR spectra were recorded on a JEOL
GX-270 FT-NMR equipped with a magic
angle spinning accessory, operating at a res-
onance frequency of 53.55 MHz. Prior to
NMR measurements, all samples were

equilibrated with water vapor in a desiccator
containing saturated CaCl, - 6H,0, in order
to avoid the spectral broadening for dehy-
drated faujasites (/4). The amount of sup-
ported iron species, the Si/Al molar ratio
(XRF and NMR), and the unit cell parame-
ter of the samples are listed in Table 2.

TABLE 2

Chemical Properties of Fe-Exchanged and
Fe-Treated Y-Zeolites

Catalyst Fe,O" Si/Al ratio ay
(wi%) {nm)
XRF NMR?
SK-41 Traces 2.55 2.6 2.473
Fe-SK 12.5 2.5 — 2.470
LZY-82 Traces 2.92 48 2.457
Fe-LZY 5.3 3. 2.451
Fe-LZY(A) 11.8 3.1 — 2.451
(FeHY-2)
Fe/LZY(b) 5.7 34 — 2.445
Fe/LLZY(h) 8.2 5.4 — 2.442
Fe/LZY(i) 9.9 5.4 — 2.439
FeHY-1 9.0 5.3 — 2.440

“ Amount of supported iron as Fe,0; measured by
X-ray fluorescence (XRF).

b Si/ Al molar ratio in zeolite framework determined
by ®Si MAS NMR.

¢ Unit cell parameter of zeolite framework deter-
mined by X-ray diffraction (XRD).



PROPERTIES OF Fe-SPECIES IN Fe-SUPPORTED Y-ZEOLITE BY TPR AND TPS 277

Catalytic Reaction

The activities of toluene disproportiona-
tion were measured with a high pressure
continuous flow micro reactor. Toluene
was fed at rate of 10 cm® h~! in a flow of
0.2 vol% H,S/H, (200 cm’® min~') under 6
MPa at 623 K. Other details on the activity
measurements have been described else-
where (2).

Temperature-Programmed Reduction
(TPR) and Sulfiding (TPS)

The instruments and the experimental
procedures for TPR and TPS have been de-
scribed in detail elsewhere (/5, /6). The
amount of catalyst used varied between
80 and 200 mg, dependent on the amount
of iron in the catalyst. In the case of
Fe/LLZY(a)-(1), the amount was maintained
at 110 mg. Before the TPR and TPS experi-
ments, all catalysts were calcined in situ at
650 K for 2 h in flowing dry air (30 c¢m’
min ~'). After calcination, the catalysts were
cooled to 300 K in the air and kept in flowing
pure Ar (20 cm® min~') at 300 K for more
than 60 min. Thereafter the Ar flow was
replaced with reacting gases [64.5% H./Ar
(20 cm® min ") in TPR, and mixing streams
of 64.5% H,/Ar (5.00 cm® min~') and 5.44%
H,S/Ar (9.42 ¢cm® min~') in TPS, respec-
tively] at 300 K for 90 min. Subsequently,
the temperature was increased to the de-
sired values (max 1350 K} at a constant heat-
ing rate, 8, of 10 K min~'. The air was dried
by passage through a moisture purifier (GL
Science Inc., Gas Clean Filter), while pure
Ar and 64.5% H./Ar were purified by pas-
sage through both a moisture purifier and
an oxygen purifier.

The H, consumption was determined with
a thermal conductivity detector (TCD; Oh-
kura Riken Co., Ltd.) in both TPR and TPS,
and the H,S concentration in the reactant
gases was analyzed with a UV spectropho-
tometer (Japan Spectroscopic Co., Ltd.,
875-UV, set at 212 nm) in TPS. In the TPR
chart positive peaks indicate H, consump-
tion, whereas negative peaks show H, and
H,S consumption in the TPS chart.

RESULTS

Physicochemical Properties and
Catalytic Activity

The variations of the physicochemical
properties and catalytic activities for the
samples during a treatment of FeHY-1 are
shown in Fig. 1. As the same observations
have already been presented in Figs. 1 and
2 in Ref. (2), only some distinguished prop-
erties of this series of Fe-treated Y-zeolites
are briefly described. The preparation pro-
cess can be divided into three stages: sus-
pending of the Y-zeolite (LZY-82) in an
Fe(NO;); solution at room temperature,
heating the suspension to 323 K, followed
by isothermal treatment at 323 K. During
the first stage, the amount of supported iron
increases to 5-6 wt% Fe,0, after 30 min
stirring of the suspension at room tempera-
ture [Fe/LZY(b)]. Nevertheless, the tolu-
ene disproportionation activity does not in-
crease significantly compared with that of
the original LZY-82. In the second stage, as
the temperature of the suspension is raised
from room temperature to 323 K, the activ-
ity of the resulting catalyst increases sharply
to reach its highest value, while the amount
of supported iron increases slightly to 7.6
wt% [Fe/LLZY(e)]. The subsequent isother-
mal treatment in the third stage brings about
a gradual decrease in the activity, while
the amount of iron stays nearly constant
[Fe/LLZY(e)—(h)]. Throughout all stages, the
Si/Al molar ratio (by XRF) increases stead-
ily from 2.9 to 5.4 with treatment time and
the crystallinity of the Y-zeolite structure
decreases about 50% (2). As shown in Table
2, leaving the residual zeolite slurry at room
temperature overnight results in an apparent
increase in the amount of iron to 9.9 wt%,
while the zeolite framework does not change
much [Fe/LZY(i)]. Further details of physi-
cochemical properties and catalytic activity
are given in Refs. (2, 3).

TPR and TPS of Fe-Exchanged Y-Zeolite

Figure 2 shows the TPR patterns of three
different Fe-exchanged Y-zeolites calcined
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FiG. 2. TPR patterns of Fe-exchanged Y-zeolites:
(a) Fe-SK, (b) Fe—LZY, and (c) Fe-LZY(A).

at 650 K for 2 h in flowing air. In a separate
TPR experiment, bulk Fe,O, (Rare Metallic
Co., Ltd., 99.999%) was reduced com-
pletely to metal with an asymmetric peak
around 720 K, in conformity with results
reported by Wimmers et al. (/7). The TPR
patterns of the Fe-exchanged Y-zeolites
such as Fe-SK and Fe-LLZY are composed
of two well-separated reduction peaks at
low temperature (a peak) and high tempera-
ture (8 peak). Fe-LZY(A) also gives two
well-separated peaks, but its « peak is much
larger than that of Fe-LZY, although its 8
peak shows the same profile and position as
that of Fe-LZY.

Quantitative TPR analysis of Fig. 2 dem-
onstrates clearly that all iron in the three
samples is reduced from Fe** to metallic Fe
under the TPR conditions (T,,: 1350 K,
holding time at 7, : 60 min). In the case of
Fe-SK and Fe-LZY, the H,-consumption
ratios of the B8 to « peaks ([8])/[a]) are esti-
mated to 2.0, while the reduction tempera-
tures of Fe-LZY (ay;: 626 K, 8;;: 1298 K)

INAMURA ET AL.

are appreciably higher than those of Fe—SK
(o 578 K, B;: 1154 K), especially for the
B peak. The H, consumption of the a peak
for Fe-LZY(A), however, is much larger
than that of the 8 peak (about 70% to the
total H, consumption), and it can be decom-
posed into two peaks, a main peak at 652
K and a shoulder at 724 K. The temperature
of the latter is in fair agreement with that
of reduction of bulk Fe,O,, suggesting that
Fe-LLZY(A) contains a significant amount of
aggregated ferric oxide, probably deposited
on the external surface of the zeolite.

In order to elucidate what is occurring
with the structure of the supported Fe and
the zeolite crystal during the TPR treatment,
X-ray diffraction (XRD) measurements for
Fe-SK and Fe-LZY were conducted after
reduction treatment at appropriate tempera-
tures (7,4 between 300 and 1350 K in TPR
(8: 10K min~', holding time at T,.,: 30 min).
No diffraction peaks corresponding to Fe
compounds (Fe,O,;, metallic Fe, etc.) were
detected for any sample. Figure 3 shows the
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F16. 3. X-ray crystallinity of Fe-exchanged Y-zeolite
as a function of reduction temperature in TPR: ()
Fe-SK and (@) Fe-LLZY. Before TPR treatment, the
catalyst was calcined at 650 K for 2 h in flowing air,
except for the dried sample. The reduction temperature
at 300 K in this figure signifies only calcination treat-
ment without any reduction. The symbols a;; and 8,
show the peak temperatures of the a and 8 peaks,
respectively, for Fe-SK (suffix 1) and Fe—-LZY (suffix
In.
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F1G. 4. TPS patterns of Fe-exchanged Y-zeolites: (a)
Fe-SK, (b) Fe-LZY. and (c) unsupported Fe,O; as a
reference compound.

effect of reduction temperature on the X-ray
crystallinity of the zeolite framework, which
is defined as the ratio of the sum of the six
intensive diffraction heights due to Y-zeolite
[(331), (511), (440), (533), (642), and (555)]
of the reduced sample against that of the
original dried sample. For both Fe-ex-
changed Y-zeolites, a calcination treatment
at 650 K in air resulted in a decrease of about
40% in the X-ray crystallinity. However,
the following reduction treatment did not
change the X-ray crystallinity up to the re-
duction temperature at ca. 1000 K for
Fe-SK and at ca. 1200 K for Fe-LZY. As
the reduction temperature is increased be-
yond this critical temperature, the X-ray
crystallinity decreases abruptly to zero.
The TPS patterns of two Fe-exchanged
Y-zeolites and bulk Fe,O; are shown in Fig.
4. In a similar manner as the TPR results,
the TPS patterns show that the sulfidation
processes of the Fe-exchanged Y-zeolites
are different from that of bulk Fe,O;. For

bulk Fe,0,, an H,S consumption emerges
at ca. 400 K and lasts up to ca. 1000 K,
accompanied by an H, consumption with
slight retardation (or at higher temperature).
The final product after TPS at 1350 K has
beenidentified as FeS (troilite) by XRD (16).
On the other hand, the Fe-exchanged Y-
zeolites are sulfided mainly in three temper-
ature regions: (I) a slow adsorption of H,S
during the isothermal period at 300 K, and
a subsequent H,S-evolution peak at 380 K
for both Fe-SK and Fe-LZY; (II) a set of
an H,S-evolution and an H,-consumption
peak at 608 K for Fe-SK and at 586 K for
Fe~-LZY; and (I1I) a sharp and strong H,S-
consumption peak at 1225 K for Fe-SK and
at 1310 K for Fe-LZY. Since the H,S-evolu-
tion peak in region I (peak 1) is also observed
in the TPS pattern of the original Y-zeolite
(see Fig. 7), peak 1 can be assigned to a
desorption of weakly adsorbed H,S mole-
cules on the zeolite. The simultaneous ap-
pearance of the H,S evolution and the H,
consumption in region 11 (peak 1I) is consid-
ered to be due to the following hydrogena-
tive desorption of adsorbed sulfur atoms on
the catalyst:

S

Similar hydrogenative desorption of sulfur
has been observed in the TPS of MoO,/
Al O; (18) and CrO./ALO, (19). This phe-
nomenon is observed when the metal oxide
particles are so small that the substitution
reaction of a metal-O to a metal-S bond al-
ready proceeds at the first stage of sulfida-
tion. The excess sulfur should be removed
by hydrogenation at higher sulfidation tem-
perature, mainly because the ion radius of
S?- is much bigger than that of O?~. As
the H, consumption in peak 111 is negligibly
small, in region II1 apparently only H,S con-
sumption occurs.

In order to obtain further information
about the sulfidation mechanism of Fe-ex-
changed Y-zeolites, a second TPS experi-
ment was conducted subsequently to a first
TPS treatment for Fe—SK. After tempera-
ture-programmed sulfidation up to 650 K,

+ H,— H,S. (1)

on cat
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FiG. 5. TPS patterns (H,S) of Fe-SK: (a) normal
TPS pattern (the same pattern has already shown in
Fig. 4a) and (b) second TPS pattern after first sulfidation
at 650 K for | h.

followed by isothermal sulfidation at 650 K
for 1 h and cooling down to room tempera-
ture under the sulfiding gases, the second
TPS was run. After the TPS treatment up
to and at 650 K, peak I and peak 11 are
unchanged, but peak Il has disappeared as
shown in Fig. 5b. Similarly, the TPS pattern
of Fe-SK after the TPR (H,/Ar) treatment
up to and at 650 K for | h comprises only
peak I and peak I1Il. Apparently, a sulfida-
tion treatment at 650 K has the same effect
on the successive TPS patterns of the Fe-
exchanged Y-zeolite as a reduction treat-
ment at 650 K.

TPR and TPS of Fe-Treated Y-Zeolite

The TPR and TPS (H,S) patterns for a
series of Fe-treated Y-zeolites [Fe/
LZY(b)-(i)] are presented in Figs. 6 and 7,
respectively. In the beginning of the Fe-
treatment [Fe/LLZY(b), Fe/LZY(c)], the
TPR patterns are identical to that of the Fe-
exchanged Y-zeolite (Fe-LZY in Fig. 2b).
However, the high-temperature reduction
peak (B8 peak) gradually broadens and shifts
to lower temperature after the subsequent
heat treatment, without any detectable
change in the shape and position of the low-

INAMURA ET AL.
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FiG. 6. TPR patterns of a series of Fe-treated
Y-zeolites [Fe/LZY(b)-(i)].

temperature reduction peak (o peak). It is
noteworthy that the H,-consumption ratio
of the B to a peaks stays constant at 2.0
(*0.1) throughout the whole preparation
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Fi1G. 7. TPS patterns (H,S) of LZY-82 and a series
of Fe-treated Y-zeolites [Fe/LZY(b)-(i)].
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process [Fe/LZY(b)-(h)]. With Fe/LZY(i),
a broad B8 peak appears at around 1263 K
and a new reduction peak between the o
and B peaks is discernible around 890 K
(denoted ' peak).

It is obvious from the TPS patterns in
Fig. 7 that peak I of all samples does not
change in shape and position but decreases
about 209% in intensity with Fe-treatment,
compared with that of the original LZY-82.
On the other hand, peak Il and peak IlI
show distinct changes with Fe-treatment,
suggesting that these peaks may reflect
some structural change in the supported iron
species as well as in the zeolite framework.
In the process of the Fe-treatment, the sec-
ond H,S-evolution peak (peak I1) accompa-
nied by the H,-consumption peak synchro-
nously shifts from 627 K [Fe/LLZY(b)] to 584
K [Fe/LZY(h)] and increases in intensity.
At the first stage of the treatment {Fe/
LZY(b)], peak IlI appears at 1310 K in
agreement with that of Fe-LZY. and de-
creases significantly in intensity, while shift-
ing to slightly higher temperature with Fe-
treatment. On the contrary, a broad H,S
consumption at 800—1200 K increases in in-
tensity in place of peak I11. The TPS pattern
of Fe/LZY(i) can be differentiated from that
of the others especially in terms of peak II.
It shows two well-separated H,S-evolution
peaks in region II: a sharp and strong peak
at 497 K, and a broader and smaller peak
at 557 K, while a sharp H,S-consumption
peak appears between peak 1 and peak 1I at
415 K. The twin H,S-evolution peaks of Fe/
LZY(i) can also be classified as region 11
peaks, which appear as a result of reaction
(1), because twin H,-consumption peaks are
observed synchronously with the H,S evo-
lutions in the TPS experiments (the H,-con-
sumption side of the TPS patterns is not
shown in Fig. 7).

DISCUSSION

Reduction and Sulfidation Properties of
Fe-exchanged Y-zeolite

The reduction of Fe-exchanged Y-zeo-
lites, such as Fe—SK and Fe-LLZY, can be

considered to consist of two steps, leading
to the o peak (low-temperature) and the 8
peak (high-temperature). From the quantita-
tive TPR analysis of Fig. 2, the reduction
pathway is presumed to proceed as Fe'*
Fe’" in the a peak and Fe** — Fe in the 8
peak. Applying this idea to the XRD results
after TPR treatments (Fig. 3), itis concluded
that the reduction of Fe** — Fe’* proceeds
without change of the zeolite framework
structure. In contrast, the reduction of
Fe’* — Fe is always attended by complete
destruction of the zeolite. The conservation
of the zeolite framework structure in the
reduction process of Fe** — Fe’* is consis-
tent with the view of reversible oxida-
tion-reduction relationships between Fe’*-
and Fe**-exchanged Y-zeolites proposed
by Boudart and co-workers (7, 8). Accord-
ing to their estimation by Mdssbauer spec-
troscopy, most of the Fe’* ions of the dehy-
drated Fe’'-Y (Si/Al = 3.0) are in the
hexagonal prisms (S, sites), and the others
in fourfold coordination near the hexagonal
window sites opening into the sodalite cages
(S,) and the supercages (S;. and/or S;)
(7-9). The former and the latter Fe ions are
bonded to six and three framework oxygen
atoms, respectively. A crystallographic
study of the distribution of Fe ions in
Y-zeolite showed that the oxidation of Fe*~
to Fe'* brings about a migration of the Fe
ions of the hexagonal prisms (§; sites) to the
S, sites (9). Accordingly, the S,. sites may
be the sites of the Fe?*-exchanged Y-zeolite
(Fe’"-Y), which was calcined to Fe’*-Y
and reduced again to Fe’*-Y in the a peak
in TPR. In any case, the Fe’* ions in
Fe2*-Y can be expected to be stabilized in
the zeolite pores and they cannot be reduced
until the temperature is high enough that
the zeolite framework commences to break
down. The assignment of the 8 peak is con-
firmed by the apparent difference of the g
peak temperature between Fe~SK (1154 K)
and Fe-LZY (1298 K), because a zeolite of
higher Si/Al framework exhibits a higher
stability against hydrothermal treatment
(20) and hence the stability of Fe-LZY
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FiG. 8. Possible contribution of the ion-exchanged
species and the aggregated ferric oxide to the TPR
profile of Fe-LZY(A) in Fig. 2c.

(Si/Al = 4.8 by Si NMR) is estimated to
be much higher than that of Fe-SK (Si/Al
= 2.6).

Another interpretation for the two reduc-
tion peaks may be a view that Fe'" ions
positioned at different sites in the zeolite are
reduced at different temperatures. Accord-
ing to studies on Ni*"-exchanged Y-zeolite
(21), Ni** ions positioned at S, and/or Sy
sites were reduced at 793 K and those posi-
tioned at S; sites at 1093 K. In the case of
the Fe-exchanged Y-zeolite, however, this
interpretation is excluded by the fact that
the H,-consumption ratios of the 8 and «
peaks (|8]/[a]) stay constant at 2.0 for both
Fe-SK and Fe-LZY, which are considered
to have different fractions of the cation sites
accessible for Fe ions (12, 13).

The exceptionally small [8]/]«] ratio for
Fe—LZY(A) can be accounted for by assum-
ing that an additional reduction peak due to
aggregated ferric oxide is superimposed on
the a peak of the Fe-exchanged Y-zeolite.
Figure 8 schematically shows the contribu-
tions of the ion-exchanged species and the
aggregated ferric oxide to the TPR profile
of Fe—-LZY(A). According to the previous
discussion, the real contribution for the re-
duction of ion-exchanged Fe’* to Fe’*
should be equal to half the amount of H,
consumed in the B8 peak ([ad,, = [81/2).
Assuming that the aggregated ferric oxide
(or bulk Fe,0;) is reduced to metallic Fe
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and the Fe** to Fe?* ions in the « peak, the
amount of H, consumption for the aggre-
gated ferric oxide ([Fel,.,) can be deter-
mined as

[Fe]dep = [a] — [B]/z (2)

with [«] and [8] the amount of H, consump-
tion in the « and B peaks, respectively.
Applying Eq. (2) to the TPR of Fe-LZY(A),
the H, consumption due to the reduction for
the aggregated ferric oxide is estimated to
be 66% of the total H, consumption.
Recently we reported the sulfidation
mechanism of Co,0, with varying crystallite
size in connection with the catalytic activi-
ties of the resulting cobalt sulfides, as deter-
mined by means of TPS, XRD (/6), and
X-ray photoelectron spectroscopy (XPS)
(22). The TPS patterns of bulk Fe,O; used
tn this study seem comparable to those of
the cobalt oxide calcined at 573 K
[Co-0(573)], of which the sulfidation pro-
ceeds mainly via an O-S anion exchange
followed by reduction of the lattice oxygen
atoms (/6, 22). As expected from the TPR
reduction properties, the sulfidation of the
Fe-exchanged Y-zeolite also proceeds in a
quite different way as that of bulk Fe,O;.
A large amount of H,S is already consumed
by adsorption on the Fe-exchanged Y-zeo-
lite at 300 K. The adsorbed H,S molecules
are partly desorbed in peak I (380 K). As the
sulfidation temperature is increased further,
peak II (a set of an H,S evolution and an
H, consumption) appears without any pre-
ceding H,S consumption and H, evolution at
the lower temperature. Taking into account
the fact that the previous TPS (sulfidation)
treatment at 650 K as well as the TPR (re-
duction) treatment at 650 K bring about the
disappearance of peak Il in the second TPS
measurement (Fig. 5b), the reaction occur-
ring in peak Il can not only be considered the
hydrogenative desorption of sulfur [reaction
(1)], but also the reduction of hydroxyl
groups and/or oxygen atoms attached to
Fe’* ions, resulting in the reduction of the
Fe**-exchanged Y-zeolite (Fe3*-Y) to the
Fe?*-exchanged Y-zeolite (Fe’*-Y). By
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considering the presence of Fe’*-0* -
Fe’* bridges located inside the sodalite cage
in the dehydrated Fe’**-Y (8), the reaction
of the Fe-exchanged Y-zeolite during the
TPS up to peak II may be described as
follows:

Oxidation at room temperature (300 K)
2Fe* (*) + $0, + H,O =
(dehydrated Fe’*-Y)

2 Fe**(OH) (") (3)
(hydrated Fe**-Y)

Calcination at 650 K

2 Fe’* (%)

or

2 Fe'" (OH) (*) — 2
Fe'' -0’ -Fe*'(*) + H,O (4)
(dehydrated Fe'*-Y)

TPS (sulfidation) treatment up to peak 11
at 300 K

Fe'*—0% -Fe'*(*) + H.S —

Fe?’"(OH) (*) + Fe’*(SH) (*) (5-1)

or

Fe’ -0’ -Fe**(*) + H,S —

Fe'*-S* —Fe** (*) + H,O (6-1)

in peak 11

Fe**(OH) (*) + $ H, —
Fe* (*) + H,O (5-2)
(dehydrated Fe?*-Y)

and

Fe'(SH) (*) + 1 H? >
Fel*(*) + H.S (5-3)

or

Fe’*-S2--Fe**(*) + H* -

2 Fe?*(*) + H,S. (6-2)

The symbol (*) refers to the species situated
at some ion-exchanged sites in the zeolite.
The existence of either the hydrogensul-
fide anion species Fe’*(SH)™ or the
Fe'*-S2-—Fe** bridge species during the
sulfidation process in Fe**-Y has not been

established in this study. Nevertheless, the
TPS treatment up to peak II may be re-
garded to have the same effect as the TPR
treatment up to the o peak, in view of the
fact that the dehydrated Fe?*-Y is pro-
duced in either treatment.

Peak III, a steep H,S-consumption peak
at the higher temperature in TPS, can be
compared with the 8 peak in TPR from the
standpoint of the zeolite framework destruc-
tion as a limiting-step of both reactions, al-
though peak 11l involves the sulfidation re-
action of Fe?*-Y probably to FeS and the
B peak represents reduction to metallic Fe.
After the sulfidation in peak 11, the resulting
dehydrated Fe?*-Y, in which the Fe!* ion
is still bonded to some framework oxygen
atoms, is too stable to be subjected to fur-
ther reduction and/or sulfidation until the
temperature emerging peak III. Once the
framework of the zeolite begins to decom-
pose at a sufficiently high temperature, the
Fe’" ion can easily be sulfided to FeS as

Fe’*(*) + H,S— FeS + H,O (7)
(dehydrated Fe’*-Y)

or a combination of the following reactions:
Fe?*(*) + H, — Fe’ + H,O (8-1)
Fe’ + H,S — FeS + H,. (8-2)

One question still remains why a tempera-
ture difference between peak 11l and the 8
peak exists of +71 K (1225-1154 K) for
Fe-SK and +12 K (1310-1298 K) for
Fe-LZY. There might be a different thermal
stability of the Fe-containing Y-zeolite in
the presence of H,S/H, mixtures and pure
H,.

Reduction and Sulfidation Properties of
Fe-treated Y-zeolite

At the first stage of the preparation, it is
evident from the TPR in Fig. 6 and TPS in
Fig. 7 that the Fe-species in Fe/LZY(b) can
be regarded to be the same as those in the
Fe-exchanged Y-zeolite (Fe-LZY). On the
other hand, the low-temperature shifts of
the B8 peaks in TPR in the process of the Fe-
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treatment (Fig. 6) suggest a structural or site
change of the Fe-species, which make them
easier to reduce than those in the Fe-
exchanged Y-zeolite. The decrease in the
number of ion-exchanged species with the
treatment is identified by comparing the in-
tensities of peak III in Fig. 7, which is as-
signed to the sulfidation of the Fe** ions at
the ion-exchanged sites to FeS as described
in reaction (7), or (8-1) and (8-2). Peak IlI
decreases significantly in intensity from Fe/
LZY(b) to Fe/LLZY(h). The increase of the
broad H,S-consumption peaks at 800—1200
K at the expense of peak Il in TPS also
indicates that the Fe-species at the ion-ex-
changed sites are transformed into a new
state which is easier to sulfide. For this H,S-
consumption peak, the change of the sulfi-
dation property by proceeding the Fe-treat-
ment is more significant than that of the re-
duction property (the 8 peaks in TPR). This
indicates that the sulfidation of the Fe-spe-
cies in the Fe-treated Y-zeolite becomes
easier than the reduction. One possible ex-
planation for the ease of sulfidation may be
a strong attraction ability of the Fe-species
to H,S. It may well be that H,S effectively
weakens the interaction between some kind
of Fe-species and the framework oxygen
atoms. After all, the results of both TPR and
TPS data suggest that the Fe-species in the
Fe-treated Y-zeolite are first introduced in
the zeolite pores as the ion-exchanged spe-
cies, and become more reactive under both
reduction and sulfidation on proceeding the
Fe-treatment.

There are at least two possible explana-
tions for the changes in the state of the Fe-
species in the zeolite. One is the migration
of Fe ions from inside the sodalite cages
and/or hexagonal prisms to inside the super-
cages. The Fe-oxide species inside the su-
percages are considered to facilitate the re-
duction and the sulfidation because of a
smaller size restriction. This idea was pro-
posed by Suzuki and co-workers for Ni**-
exchanged Y-zeolite, the Ni’* ions in which
were supposed to migrate from inside the
sodalite cages to inside the supercages by
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treatment with an aqueous NaOH above pH
10.8 (21, 23). The other is a decreasing inter-
action between the Fe-species and the
framework oxygen atoms. This situation
can be expected to occur when the Fe-oxide
clusters such as di- or polynuclear u*-oxo-
iron complexes are formed by hydrolysis of
Fe ions followed by calcination. The forma-
tion of the small Fe-oxide clusters was cor-
roborated by the EXAFS (extended X-ray
absorption fine structure) analysis for the
same series of the Fe-treated Y-zeolites, in
which it was found that the contribution of
the Fe atoms with second-nearest Fe neigh-
bors was apparently enlarged on proceeding
the Fe-treatment (24). On the other hand,
the invariance of the « peak and |B)/|a] ratio
at 2.0 in TPR during the treatment indicate
that the stabilization of the Fe’ ™ ions against
reduction is maintained to some extent even
though the reduction of the Fe>* -species (8
peak) shifts to lower temperature. Thus the
resulting Fe-oxide clusters are still stabi-
lized through a coordination with the frame-
work oxygen atoms. In contrast to the con-
stant peak position of the « peak in TPR,
peak Il in TPS shifts to lower temperature
on proceeding the Fe-treatment. The ease
of reduction of the Fe**- to Fe’*-species in
peak Il (TPS) compare with that in the «
peak (TPR) may be due to the stronger re-
ducing ability of H,S/H, mixtures than
that of pure H, (25). One can conclude that
the sulfidation of Fe-oxide species by an
H,S/H, mixture is more structural sensitive
than the reduction by H,. It is interesting
to determine the exact position and the de-
tailed structure of the Fe-oxide clusters in
Y-zeolite. However, on the basis of the
present data alone it can not be discussed
in further detail.

The prolonged Fe-treatment of the zeo-
lite suspension causes substantial changes
on both the TPR and TPS patterns of
Fe/LZY(i). Although the 8 peak in the TPR
of Fe/LLZY(i) seems to shift continuously to
lower temperature with the treatment, the
o’ peak around 890 K appears abruptly after
the broad « peak around 600 K (Fig. 6i).
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Concurrently, the twin H,S-evolution peaks
(with the twin H,-consumption peaks) ap-
pear in place of the single peak II in TPS
(Fig. 71). It is conceivable that an oligomer-
ization of the small Fe-oxide clusters pro-
ceeds with the prolonged Fe-treatment and
that small Fe-oxide species are formed with
much weaker interaction to the framework
oxygen atoms (probably still situated inside
the supercages). The reduction of such spe-
cies can be much easier than that with coor-
dination to the framework oxygen atoms,
and thus assigned to the «' peak in TPR.
Additionally, the Fe-oxide species reduced
at the o’ peak may be distinguished for the
reduction temperature from the aggregated
ferric oxides on the external surface of the
zeolite, which are observed for Fe-LZY(A)
and reduced at 724 K in TPR.

In spite of the slight modification of the
TPR pattern of Fe/L.ZY(i), there is a pro-
nounced variation in the shape of the TPS.
[t is proposed that minor iron species can
play an important role in changing the whole
sulfidation process. As can be seen in the
TPS of Mo0Q,/ALLO; (18), CrO;/AlLLO; (19),
Co0/ALLO;, (26), and CoO/Si0, (16, 22, 25),
sulfidation of highly dispersed oxides on
support (small Fe-oxide species) occurs at
much lower temperature than that of bulk
oxide (crystalline Fe,0,), mainly since H,S
1s not limited by diffusion (/6, 25). The sul-
fidation of the Fe-oxide species, which are
reduced in the o’ peak in TPR, thus can be
attributed to the H,S-consumption peak at
415 K, and may form Fe§, _ . in this tempera-
ture range. The resulting FeS, |, is partially
reduced at higher temperature to form a
more stable sulfide, FeS,, ., (0 = x’' < x),
according to the following reaction:

FeS,., + @ — x)H,—
FeS,., + x — x)YH,S. (9

This hydrogenative desorption of the sulfur
should be attributed to the smaller peak at
the higher temperature side of the twin
peaks (at 557 K), since such easily sulfidable
Fe-oxide species is regarded as a minor
compound. The remaining bigger peak at

the lower-temperature side of the twin peaks
(at 497 K) is accordingly assigned to the
same peak II as that of Fe/LZY(b)-(h) (at
627-584 K). The low-temperature shift of
87 K for peak II of Fe/LZY(i) compared
with that of Fe/LLZY (h) cannot be explained
only on the structural change of the Fe-
oxide clusters, because the previous tem-
perature difference of peak Il between Fe/
LZY(h) and Fe/LZY(b) is observed only 43
K. A possible explanation for the unexpect-
edly low-temperature shift may be the accel-
erative reduction of sulfur atoms catalyzed
by FeS§, .. formed mainly at 417 K. Similar
phenomena were reported in case of the sul-
fidation of Co promoted MoO,/Al,O; by
TPS (27), and the reduction of unsupported
FeMo, CoMo, and NiMo sulfide catalysts
by temperature-programmed sulfur extrac-
tion (28). In all cases, the promoter atom
plays a role in increasing the reducibility of
the sulfided-Mo precursor. It may be con-
cluded that the twin hydrogenative H,S-de-
sorption peaks in TPS indicate the presence
of at least two different kinds of Fe-oxide
species inside the zeolite pores from the
point of view of the interaction to the frame-
work oxygen atoms. This idea is confirmed
by comparing the TPS patterns of the vari-
ous kinds of Fe-treated Y-zeolites with the
estimated H,-consumption for the aggre-
gated ferric oxide obtained from the TPR
data, which should involve the contribution
of the a’ peak. It is shown in Fig. 9 that the
twin hydrogenative H,S-desorption peaks in
TPS appear whenever aggregated ferric ox-
ide is present.

Taking into account the above considera-
tions, a plausible interpretation of the TPR
and TPS results for the Fe-treated
Y-zeolites is schematically presented in Fig.
10. Judged by the presence of peak III as a
strong H,S consumption in TPS, ion-ex-
changed species can be identified as the
dominant species at the first stage of the Fe-
treatment. The second-appearing dominant
species, which is supposed to be the small
Fe-oxide clusters located inside the super-
cages with strong interaction to the frame-
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FiG. 9. The estimated amount of the aggregated ferric
oxide obtained from the H,-consumption of the TPR
data by using Eq. (2) in text versus the amount of
supported iron as Fe;O; in the various kinds of Fe-
treated Y-zeolites. The symbols open circle and filled
diamond indicate that the sample shows single and twin
peak-1I's in TPS, respectively.

work oxygen atoms, appears in the place of
the ion-exchanged species when the heat-
treatment is applied. This transformation
can be confirmed by evaluating the lower
temperature shifts of either the 8 peak in
TPR or peak Il in TPS, as well as the de-
crease in intensity of peak 1l1. Finally, Fe
oxide without interaction to the zeolite
framework oxygen atoms is produced and
this leads to the aggregated ferric oxide by
the redundant Fe-treatment. The presence
of these species is clearly discernible from
the existence of the twin peak II in TPS,
and the amount is evaluated from the H,
consumptions of the « and 3 peaks in TPR.
Accordingly by combining the TPR and TPS
data, we can differentiate between three ma-
jor types of Fe-oxide species in and/or on
the zeolite.

Activity for Toluene Disproportionation

The activity of the Fe-treated Y-zeolites
for toluene disproportionation increases
dramatically by applying the heat-treatment
up to 323 K [Fe/LZY(b)-(e)], suggesting
that new acidic properties are generated in
the presence of H,S (2). This increase in
activity apparently coincides with the for-
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mation of the small Fe-oxide clusters (inside
the supercages) at the expense of the ion-
exchanged species, as shown in Fig. 10. Al-
though the mechanism for generating the
new acidic sites is still obscure, it can be
presumed that toluene molecules cannot ap-
proach the ion-exchanged species even in-
side the sodalite cages as well as that inside
the hexagonal prisms. The high activity can
be accounted for by the formation of small
Fe-oxide clusters inside the supercages.
From comparisons of TPR and TPS results,
it is evident that these Fe-species are still
coordination to the framework oxygen
atoms to stabilize the oxidic state (probably
Fe’*) under both reductive (TPR) and sul-
fidic (TPS) conditions. It might be presumed
that the stabilization of the oxidic state holds

TPS Peak III
.
ion-exchanged type
Peak 1I
shift to lower-temperature
-« , > - >
single:peak twin peaks
TPR [Fel,,- o {{Fel,,, > 0
B peak shift to lower-temperature
El
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F1G. 10. Possible Fe-species distribution estimated
from TPR and TPS results against the treatment time
for the Fe-treated Y-zeolites: (A) ion-exchanged spe-
cies, (B) Fe-oxide clusters inside the supercages with
strong interaction to the framework oxygen atoms, and
(C) Fe oxide without interaction to the zeolite (includ-
ing the aggregated ferric oxide).
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even under the reaction conditions (0.2
vol% H.S/H,, 6 MPa at 623 K). lino and
co-workers have proposed that the adsorp-
tion of H.S on such oxidic Fe-species ac-
counts for the generation of the unique acid-
ity required to catalyze the hydrocracking
reaction as well as the toluene dispropor-
tionation (I, 2, 6).

On proceeding the Fe-treatment, the in-
teraction between the Fe-species and the
framework oxygen atoms is weakened by
hydrolysis and eventually the Fe oxides ag-
gregate to form the bulk ferric oxide. From
the standpoint of the production control, it
is desirable that the Fe-treated Y-zeolite
should be taken out at a time when the
amount of the small Fe-oxide clusters inside
the supercages reaches its maximum, and
when the amount of the aggregated ferric
oxide is still at a minimum, as shown in
Fig. 10. Judged from the activity maximum,
the most active species may be attributed
to the small Fe-oxide clusters just modified
from the ion-exchanged species. It should
be pointed out that both the 8 peak (TPR)
and peak I1 (TPS) steadily shift to lower
temperatures as long as the Fe-treatment is
continued. A more exact production control
for the active catalyst might be feasible by
determining the optimum temperature of the
B peak and/or peak II.

It should be also noted that zeolite-related
acid sites must be considered to account for
the actual activity. For instance, it has been
established that an extralattice aluminum
species of steam dealuminated Y-zeolites
(29) as well as the framework aluminum (30,
31) strongly affects the acidity of a zeolite
catalyst. Taking our results consideration,
however, the active Fe-species is likely to
account for a large part of the activity in our
catalysis system.

CONCLUSIONS

Reduction and sulfidation properties of a
series of Fe-treated Y-zeolites as well as Fe-
exchanged Y-zeolites are investigated by
TPR and TPS. As the Fe’*-species in the
Fe-exchanged Y-zeolite are stabilized inside

the sodalite cages and/or the hexagonal
prisms, both reduction and sulfidation of the
Fe’*-species are difficult until the tempera-
ture is high enough that the zeolite frame-
work commences to break down, in contrast
to the easy reduction of the Fe?*- to Fe’*-
species. The aggregated ferric oxide depos-
ited on the zeolite surface can be quantita-
tively distinguished from the ion-exchanged
type species by evaluating the TPR profile.

At the first stage of the preparation of
the Fe-treated Y-zeolite, the Fe-species are
introduced in the zeolite in the ion-ex-
changed form. In the process of the Fe-treat-
ment, the Fe-species adopt the new struc-
tures and become more reactive under both
reduction and sulfidation. This is accounted
for by the formation of small Fe-oxide clus-
ters inside the supercages, which are still
coordination to the framework oxygen
atoms, and exhibit a high activity for toluene
disproportionation in the presence of H,S.
A prolonged heat-treatment causes the
oligomerization of the Fe-oxide clusters be-
cause of a lowering of the interaction with
the zeolite, and the aggregation of the Fe
oxides to bulk ferric oxide.

These changes of the Fe-species in the
zeolite can be clarified and quantified by
combining TPR and TPS techniques, as
shown in Fig. 10.
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