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TiO2-pillared clay (PILC) with high surface area, large pore vol-
ume, and large interlayer spacing was used as the support for mixed
Fe2O3 and Cr2O3 as the catalyst for selective catalytic reduction
(SCR) of NO with NH3. The Fe/Cr ratio was varied at a fixed total
amount of oxide dopant of 10% (wt). The Fe–Cr/TiO2-PILC with
Fe/Cr= 3 showed the highest activity. Compared with commercial
V2O5/TiO2 catalysts, the activity (on a per gram basis) of the doped
pillared clay was approximately twice as high under H2O- and SO2-
free conditions and was approximately 40% higher under conditions
with H2O and SO2. In addition, its activity for SO2 oxidation was
only 20%–25% of that of the V2O5-based catalysts. TPD of NH3 on
the Fe–Cr/TiO2-PILC catalyst showed that both M==O and M–OH
(M==Fe or Cr) were necessary for the SCR reaction. In situ IR spec-
tra of NH3 showed that there was a higher Brønsted acidity than
the Lewis acidity on the surface under reaction conditions and that
there existed a direct correlation between the SCR activity and the
Brønsted acidity among pillared clays with different Fe/Cr ratios.
These results, along with the transient response to O2, indicated
that a similar mechanism to that on the V2O5 catalyst was opera-
tive. The TiO2-pillared clay used as the support also contributed to
the high activity of the Fe–Cr catalyst. The TiO2 pillars combined
with the tetrahedral SiO2 surfaces of the clay apparently gave rise
to a high dispersion of Fe2O3. c© 1996 Academic Press, Inc.

INTRODUCTION

Selective catalytic reduction (SCR) of nitrogen oxides
with ammonia is of increasing commercial interest for
stationary source applications. V2O5/TiO2-based catalysts
are presently used. A comprehensive review on the
subject is available (1). The mechanism of the reaction
on V2O5/TiO2 is reasonably understood, although several
different mechanisms have been proposed (1–5). Despite
the high activities of the vanadia-based catalysts, major
disadvantages remain and there are continuing efforts for

1 Address all correspondence to Ralph T. Yang at his present address
at the University of Michigan. Current address for Linda S. Cheng is UOP,
50 E. Algonquin Rd., Des Plaines, IL 60017.

developing new catalysts (1); pillared clays are particularly
promising (6–10).

As a unique two-dimensional zeolite-like material, pil-
lared interlayer clay (PILC) has attracted increasing inter-
est for both its adsorption (11, 12) and catalytic properties.
Pinnavaia (13), Burch (14), and Figueras (15), have given
comprehensive reviews on the preparation, characteriza-
tion, and applications of pillared clay as catalysts.

Because of its large pores, the early interest in PILC was
in the possibility of replacing zeolite as the catalyst for fluid
catalytic cracking. However, this possibility failed to realize
due to excessive carbon deposition and limited hydrother-
mal stability of the pillared clay structure. These problems
would not arise for the SCR reaction because the SCR con-
ditions are far less severe than the FCC conditions. Besides
FCC, PILCs have been studied for catalyzed alcohol de-
hydration, alkylation, and other acid catalyzed reactions.
A pillared titanium phosphate was used as the support for
V2O5 for the SCR reaction (14).

Both Lewis and Brønsted acid sites exist on pillared clays,
with a larger proportion being Lewis acid sites. The acidity
and acid site types (Brønsted or Lewis) depend on the ex-
changed cations, preparation method, and the starting clay.

Our discussion will begin with the Brønsted acidity be-
cause of its importance in selective catalytic reduction of
NO by NH3 (2, 7, 17). Two sources for Brønsted acidity
have been discussed in the literature. One derives from the
structural hydroxyl groups in the clay layer (18). The most
likely proton site for some smectites (e.g., montmorillonite)
is located at the Al(VI)–O–Mg linkage, where Al(VI) is the
octahedrally coordinated Al, and Mg is one that has sub-
stituted an Al in the octahedral layer. For other clays, e.g.,
beidellite and saponite, the proton sites are located at the
Si–O–AlOH groups resulting from isomorphous substitu-
tion of Si by Al in the tetrahedral layer. Another source
of protons derives from the cationic oligomers which upon
heating decompose into metal oxide pillars and liberate
protons. It has been reported from many studies that both
Lewis and Brønsted acidities decrease with temperature of
calcination (15, 18). The disappearance of Brønsted acidity
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is attributed to the migration of protons from the inter-
layer surfaces to the octahedral layer within the clay layer
where they neutralize the negative charges at the substitu-
tion atoms (such as Mg). However, it is known that upon
exposure to NH3 the migration can be reversed so the pro-
ton is again on the surface to form ammonium ions. This is
important to the SCR reaction.

A major advantage of pillared clays for SCR applica-
tion (to replace the commercial V2O5/TiO2) is its potential
resistance to poisoning. The chemistry of poisoning of the
Brønsted acid sites in the SCR reaction is reasonably under-
stood (17). A significant contributor to catalyst poisoning is
apparently the deposition of As2O3 and other vapor species
(that exist in combustion systems) within the pore struc-
ture of the vanadia catalyst. This problem can be alleviated
by a catalyst design suggested by Hegedus and coworkers
(19), which consists of a bimodal pore size distribution in
the V2O5/TiO2–SiO2 catalyst; one group of pores is of the
order of microns (macropores) and the other group is of
the order of angstroms (micropores). The poisonous vapor
species in the combustion gas such as As2O3 deposit on the
walls of the macropores due to their low diffusivities. Since
the macropores serve as feeder pores to the micropores,
they provide the function of filters of poisons. The pore
structure of any catalyst made of pillared clays would be un-
avoidably bimodal. The commercially available clays such
as montmorillonite are of particle sizes of microns or frac-
tions of a micron. A pelletized (or washcoat) PILC catalyst
will contain feeder (or poison filter) pores in the interpar-
ticle spaces, whereas the intraparticle micropores contain
the active catalyst surface for the SCR reaction.

The literature on TiO2-PILC is scanty compared to other
pillared clays. Research on TiO2-PILC was initiated by
Sterte (20, 21), who first reported the synthesis of tita-
nium pillared clay using TiCl4 solution in hydrochloric acid.
Yamanaka et al. (22) later prepared TiO2-PILC with the
hydrolysis of Ti isopropoxide as the intercalating agent.
TiO2-PILCs prepared from different Ti-alkoxides, partic-
ularly Ti(OEt)4 were discussed by Del Castillo and Grange
(23). Bernier et al. (24) studied the influence of tempera-
ture on TiO2-pillared clay synthesis. Yang et al. (6) reported
SCR activity on TiO2-PILC, along with other pillared clay
catalysts. SCR activity of TiO2-PILC, particularly sulfated
forms, was studied by Del Castillo et al. (10).

In this study, a substantial improvement on the SCR activ-
ity of TiO2-PILC is achieved by adding dopants. The reason
for choosing TiO2-PILC is that TiO2-PILC has the following
desirable characteristics:

(a) high thermal and hydrothermal stability among all
the pillared clays as demonstrated by TGA results (24);

(b) large pore sizes that allow further incorporation of
active ingredients without hindering pore diffusion (21);

(c) Intercalating TiO2 between the SiO2 tetrahedral lay-

ers is a unique way of increasing surface area and acidity of
the TiO2 support;

(d) TiO2 support interaction with the metal oxide
dopants is another advantage resulting in higher catalytic
activity;

(e) Titania-based SCR catalysts have been found to be
highly resistant to SO2 poisoning, and also possess durabi-
lity (25).

The objective of this work is to extend the earlier work
through optimization of TiO2 pillared clay preparation con-
dition and to investigate the relationship between the prop-
erties of TiO2-PILC and their catalytic properties after the
addition of Fe2O3 and Cr2O3 for the SCR reaction. The ra-
tio of the mixed oxides was an important factor for its SCR
activity.

EXPERIMENTAL

Catalyst Preparation

The starting clay for the preparation of TiO2-PILC was
purified montmorillonite, i.e., a purified-grade bentonite
powder from Fisher Company, with particles less than or
equal to 2µm. The pillaring agent, a solution of partially hy-
drolyzed Ti-polycations, was prepared by first adding TiCl4
into 1–2 M HCl solution. The mixture was then diluted by
slow addition of distilled water with stirring to reach a final
Ti concentration of 0.82 M. HCl in amounts corresponding
to final concentrations in the range 0.11–0.60 M were used
in the preparation.

The solution was aged for 12 h at room temperature prior
to its use. A 4-g amount of bentonite was dispersed in 1.0 L
of distilled water by prolonged stirring (5 h). The amount of
pillaring agent required to obtain a Ti/clay ratio in the range
5–20 (mmol of Ti)/(g of clay) was then added to the rigor-
ously stirred suspension. The resulting product was left in
contact with the solution for 18 h and then separated by vac-
uum filtration and washed with distilled water repeatedly
until the liquid phase was free of chloride ions (by the silver
nitrate test). The final product was air dried at 120◦C for 12 h
and then calcined at 300◦C for 12 h. The sample was then
ground and sieved to 100–325 mesh. Subsequently the pil-
lared clay was impregnated with Cr2O3 using Cr(NO3)3 so-
lution, followed by impregnation of Fe2O3 using Fe(NO3)3

solution. The catalyst was then dried at 120◦C for 12 h and
calcined at 400◦C in air for 12 h.

Characterization

a. N2 adsorption at 77 K. A Quantasorb Surface Area An-
alyzer (Quantachrome Corporation) was used to measure
N2 adsorption isotherm at liquid N2 temperature (77 K).
BET surface areas were calculated from the isotherms.

b. X-ray diffraction. A Nicolet/Stoe transmission powder
diffractometer with CuKα radiation was used to measure
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the X-ray diffraction patterns of samples which were
mounted with the clay crystals unoriented.

c. ICP-AES. The composition of the clay samples was
determined by a Thermo Tarrel Ash 61 inductively coupled
argon plasma atomic emission spectrometer (ICP-AES).
Details on the ICP-AES analysis procedures can be found
elsewhere (26).

Catalytic Activity Measurement

The test reactor consisted of a quartz tube containing a
quartz frit support. A catalyst sample was placed on the
frit and covered with a layer of glass wood. The heating
element was a coiled Nichrome wire. The reactor tempera-
ture was controlled by an Omega CN-2010 programmable
temperature controller.

The flue gas was simulated by blending gaseous reactants.
Two sets of flow meters were used to control the flow rates
of the reactants. High flow rates (i.e., N2, NH3 or NO/N2)
were controlled by rotameters, whereas the low flow rates
(i.e., SO2, O2) were controlled by mass flow meters (FM
4575 Linde Division). The premixed gases (0.8% NO in
N2 and 0.8% NH3 in N2) were supplied by Linde Division.
Water vapor was generated by passing nitrogen gas through
a heated gas-wash bottle containing distilled water. The
tubings of the system were wrapped with heating tape to
prevent the deposition of ammonium sulfate. NO concen-
tration was continually monitored by a chemiluminescent
NO/NOx analyzer (Thermo Electron Corporation, Model
10). To avoid errors caused by the oxidation of ammonia
in the converter of the NO/NOx analyzer, an ammonia trap
containing phosphoric acid solution was installed before
the sample inlet. The standard conditions for the activity
measurements are given in Table 1. Product N2 concen-
tration was also analyzed with a gas chromatograph (Gow
Mac Series 550) installed with a molecular sieve 5A column
using He as the diluent gas. In addition, the reaction prod-
uct was also analyzed with an on-line mass spectrometer
(UTI-100C).

TABLE 1

Standard SCR Reaction Conditions

Gas Concentration

NO 1,000 ppm
NH3 1,000 ppm
O2 2.0%
SO2 (when used) 1,000 ppm
H2O (when used) 8.0%
N2 Balance
Volume hourly space velocity 60,000 h−1

Flow rate 500 cm3 (STP)/min
Catalyst amount 0.3 g
Temperature 473–698 K

Besides pillared clay catalyst samples. V2O5/TiO2 and
WO3–V2O5/TiO2 catalysts were also used for comparison.
These catalysts were prepared by incipient wetness impreg-
nation as described elsewhere (17). The WO3–V2O5/TiO2

catalyst had the same composition and surface area as a
European commercial SCR catalyst as described by Tuenter
et al. (27). In addition, a commercial vanadia-based cata-
lyst obtained from a major supplier in the United States
(designated as Company X, name withheld under secrecy
agreement) was also used for comparison.

SO3 Analysis

To measure the amount of SO3 from SO2 oxidation dur-
ing the SCR reaction, a conventional wet analysis method
was adopted. With the same reactor as the one used for
measuring the catalyst SCR activity, the effluent was bub-
bled through a BaCl2 solution, where all SO3 was captured
and precipitated as BaSO4. The precipitate was collected
on an ashless filter paper which was burned along with the
precipitate in a crucible, so the amount of the precipitate
was accurately measured.

TPD Analysis

TPD analysis was carried out with the same system as
the one used for the activity test, except that the diluent
gas was helium. Elution peaks were detected by a gas chro-
matograph equipped with a thermal conductivity detector.
In each TPD experiment, a sample weighting 0.10 g was
placed in the reactor and experiments were conducted in
the following steps:

(a) Pretreatment: Different oxidation states of SCR
catalysts have been shown to have a marked influence on
the presence of surface oxygen or hydroxyl groups on the
surface; hence, the effects of different oxidation pretreat-
ments were investigated. The “NH3-reduced” samples were
obtained after NH3 adsorption at 150◦C and subsequent
TPD up to 450◦C. The reoxidized samples were those oxi-
dized in O2 at 250◦C for 1.5 h.

(b) Adsorption: After the pretreatment, the catalyst was
purged in He for an hour. The probe molecule, NH3 or
NO, was then adsorbed from a flowing gas stream at room
temperature for 2 h. The mole fraction of NH3 or NO was
3000 ppm in He. Helium was then used to purge the system,
which usually took an hour.

(c) TPD: The temperature-programmed desorption was
performed by ramping the temperature at 10◦C/min from
25◦C to 450◦C. The desorbed molecules were detected by
a gas chromatograph as well as a mass spectrometer, using
He as the carrier gas. Water produced from dehydroxyla-
tion was desorbed simultaneously with NH3. The NH3 TPD
spectrum was obtained by subtracting the water desorption
spectrum obtained with the same catalyst which had not
adsorbed NH3.
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FTIR Characterization

Infrared spectra were measured with a Nicolet Impact
400 FT-IR spectrometer. Self-supporting wafers of 1-cm
diameter were prepared by pressing approximately 20-mg
pillared clay samples. The in situ IR spectra of NH3 ad-
sorbed on the pillared clay were recorded by using an IR
cell that allowed the sample to be treated at different tem-
peratures and different gas atmospheres.

RESULTS AND DISCUSSION

Optimization of TiO2-Pillared Clay as Catalyst Support

The preparation conditions of the TiO2-PILC are listed
in Table 2. The degree of hydrolysis and oligomerization
of titanium cations in hydrochloride solution was affected
by various factors, mainly Cl and Ti concentrations, as dis-
cussed by Nabivanets and Kudritskaya (28). As a result
the characteristics of the final intercalated clays will be dif-
ferent. With a Ti4+ concentration of 0.82 M, the influence
of the HCl concentration was studied. The concentration
of the HCl solution was varied from 0.11 M to 0.60 M.
The surface areas of the pillared clay samples are shown in
Table 3. The surface area and pore volume were strongly in-
fluenced by the Ti/clay ratio, with 10 and 20 mmol/g yielding
desirable results. At a fixed Ti/clay ratio, the surface area
increased as the HCl concentration was decreased. How-
ever, the effect of HCl concentration on the micropore size
distribution was just the opposite, which will be discussed
later. Since the HCl concentration controlled directly the
hydrolysis and polymerization of titanium (IV) in the hy-
drochloric solution, it also led to different polymeric species
that determined the final pillared clay pore structure.

The chemical compositions of the montmorillonite clay
and three TiO2-PILC samples were measured with ICP-
AES analysis and are shown in Table 3. The conditions
for the synthesis of the last two samples were identical,
except for the TiCl4 concentration, which were 10 and 5
mmol Ti/g clay, respectively. From the data in Table 3, it is
seen that during intercalation, the alkali and alkaline earth
cations were replaced. The cation exchange capacity (CEC)
of the montmorillonite clay was calculated from the chem-
ical composition given in the Table. The CEC of the clay

TABLE 2

Synthesis Conditions of TiO2-Pillared Clays

[HCl], Ti
Sample M mmol/g clay

TiO2-PILC-11 0.11 20
TiO2-PILC-12 0.60 20
TiO2-PILC-13 0.11 10
TiO2-PILC-14 0.60 10
TiO2-PILC-15 0.60 5

TABLE 3

Chemical Compositions (in wt%) of Clay and TiO2-Pillared Clays

Oxides Bentonite TiO2-PILC-13 TiO2-PILC-14 TiO2-PILC-15

SiO2 54.72 36.90 39.69 41.69
Al2O3 15.98 9.34 9.66 11.66
MgO 1.94 0.87 1.07 1.88
Fe2O3 2.93 1.47 1.73 2.20
TiO2 0.12 37.48 35.16 29.18
Na2O 2.04 0.14 0.22 0.24
CaO 0.82 0.03 0.03 0.16
K2O 0.34 0.21 0.24 0.27

was 103 meq/100 g. The exchanges of the CEC by the inter-
calating species were 90%, 87%, and 80% for samples 13,
14, and 15, respectively, as a result of different degrees of
cross-linking.

X-ray powder diffraction patterns of the montmorillonite
and TiO2-pillared clays are shown in Fig. 1. The d001 peak
for the unpillared clay was at 2θ = 7.8◦. Upon intercalation
the d001 peak shifted toward lower 2θ values, corresponding
to increases in the d001 spacing. The d001 spacings of the pil-
lared clays ranged from 29.4 to 28.0 Å. Subtracting 9.6 Å,
the thickness of the clay layer (29), we obtained free spacing
values ranging from 19.8 to 18.0 Å. Ti4+-hydrolysis was dis-
cussed by Baes and Mesmer (30). A study by Einaga (31) on
Ti4+-hydrolysis and polymerization suggested the existence
of a polymeric cationic species. (TiO)8(OH)4+

12 . However,
the structure of the complex is presently unknown. The in-
terlayer spacing of the TiO2-PILC was among the largest
in all pillared clays. This was a desirable result as a catalyst
support.

Table 4 shows the surface areas and pore volumes of
the TiO2-pillared clay samples. The values of surface area
were calculated from the BET equation using N2 adsorp-
tion (at 77 K). Samples 11, 13, and 14 showed high surface
area above 300 m2/g and N2 pore volume at around 0.2
cm3/g. The liquid nitrogen adsorption isotherms showed a
typical type-II behavior, which indicated that both micro-
pores and mesopores existed in the TiO2-PILC. While the
BET surface area increase was generated mostly through

TABLE 4

Surface Areas and Pore Volumes
of TiO2-Pillared Clays

BET S.A. Pore volume
PILC m2/g cm3/g

TiO2-PILC-11 343 0.20
TiO2-PILC-12 201 0.18
TiO2-PILC-13 402 0.24
TiO2-PILC-14 308 0.21
TiO2-PILC-15 171 0.14
Clay (Bentonite) 34 0.07
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FIG. 1. X-ray powder patterns (CuKα source) for (from top down): TiO2-PILC-11, TiO2-PILC-13, TiO2-PILC-14, TiO2-PILC-12, TiO2-PILC-15,
and unpillared clay.

the micropore volume increase due to pillaring of the clay
layers, contribution to the surface area increase from meso-
pores and macropores was also known to be significant,
possibly due to the change in stacking of the clay platelets.

TiO2-PILC-14 was used as the support for dopants due to
its high surface area, pore volume, and large pores. Samples
11 and 13 were equally suitable, although not used.

Silica-titania mixed oxides have been proposed as the op-
timal support for the vanadia-based catalyst for NH3 SCR
of NOx, due to the fact that through coprecipitation, the
surface area of the support is markedly increased as com-
pared to TiO2 support alone (32). TiO2-PILC is another
unique way to prepare highly dispersed TiO2 on SiO2 since
as pillars. TiO2 is in direct contact with the silica layers of
the clay, and the TiO2-pillared clays possess high surface
area, pore volume, and pore size.

SCR Catalytic Activity

Along with V2O5, iron and chromium oxides are the most
active NH3 SCR catalysts (1). Nobe and Bauerle (33) and
Markvart and Pour (34) reported high SCR activities of
Fe–Cr oxides supported on alumina. Nobe and coworkers
later reported high SCR activities on a variety of Fe–Cr–V
oxide mixtures supported on Al2O3 and TiO2 (35, 36). In
particular, a ratio of Fe/Cr= 9 yielded the highest activity

(35). Amorphous chromia (36–39) and Cr–Fe–Al aerogels
(40) also exhibited high SCR activities. For these reasons,
Fe–Cr oxides were chosen for this study.

The SCR activity can be represented by a first-order rate
constant (k), since the reaction is known to be first order
with respect to NO and zero-order in NH3 (under stoichio-
metric conditions) on a variety of metal oxides (1, 17, 41,
42). By assuming plug flow reactor (in a fixed bed of cata-
lyst) and free of diffusion limitation, the rate constant can
be calculated from the NO conversion (X) by

k = − F0

[NO]0W
ln(1− X), [1]

where F0 is the molar NO feed rate, [NO]0 is the molar NO
concentration at the inlet (at the reaction temperature),
and W is the catalyst amount. The catalyst amount was ex-
pressed in grams rather than in surface area or active sites,
since the true surface area and active sites were not known.

Steady-state NO conversion data were obtained for cata-
lysts doped with various ratios of Fe2O3/Cr2O3 and at vari-
ous temperatures. The conversion-temperature data for the
most active catalyst are shown in Fig. 2. From these data,
the first-order rate constants were calculated. The rate con-
stants are compared in Table 5. The total amount of Fe–Cr
oxides was fixed at 10% (wt) of the pillared clay, while the
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FIG. 2. NO conversion on 7.5% Fe2O3+ 2.5% Cr2O3/TiO2-pillared clay. Reaction conditions: NO=NH3= 1000 ppm, O2= 2%, H2O= 8%, SO2=
1000 ppm, N2= balance, GHSV= 60,000 h−1, without SO2 and H2O (©), with SO2 and H2O (d).

Fe/Cr ratio was varied. Figure 2 shows the typical temper-
ature window, with a peak in the range 375◦–400◦C. The
rate constants for the vanadia-based catalysts (a commer-
cial catalyst and a catalyst with V2O5+WO3 that was similar
to a commercial catalyst) were also measured and included
in the comparison.

The first conclusion drawn from the results was that the
Fe–Cr/TiO2-PILC with an Fe/Cr= 3 was the most active

TABLE 5

First-Order Rate Constants of TiO2-PILC Catalysts
with Doped Fe2O3 and Cr2O3

First-order rate constant (k),
cm3/g/s

Catalyst sample no SO2, no H2O with SO2 with SO2 and H2O

TiO2-PILC (=A) 14 14 8
10% Fe2O3 (on A) 181 194 89
7.5% Fe2O3+ 305 309 192

2.5% Cr2O3 (on A)
5.0% Fe2O3+ 233 236 178

5.0% Cr2O3 (on A)
2.5% Fe2O3+ 152 152 87

7.5% Cr2O3 (on A)
10% Cr2O3 (on A) 140 140 104
Commercial V2O5 158 — 129

Catalyst (Company X)
V2O5+WO3/TiO2 141 — 141

(4% V2O5+ 8%WO3)

Note. NO=NH3= SO2= 1000 ppm, O2= 2%, H2O= 8%, T= 375◦C.

catalyst. More importantly, the doped catalysts were sub-
stantially more active than the commercial vanadia-based
catalysts. The Fe–Cr/TiO2-PILC catalyst was 30%–50%
more active than the vanadia catalysts under conditions
with SO2 and H2O.

The presence of SO2 alone only slightly increased the
activity of the Fe–Cr catalyst. This was similar to the vanadia
catalyst, due to an increase of the acidity on the catalyst (17).

The effect of water on the Fe–Cr/TiO2-PILC was also
similar to that on the vanadia catalyst. Water substantially
reduced the SCR activity. The SCR activity was totally re-
versible; i.e., the steady-state NO conversion was recovered
by switching off the water vapor. This result was also sim-
ilar to vanadia. The effect of water on NH3 SCR has been
discussed on vanadia catalyst (17, 43) and on other oxides
including Cr2O3 (38) and was reviewed in (38).

Previous studies showed that no significant amounts of
N2O were formed on Fe2O3 catalyst. However, N2O was
formed (along with N2) on Cr2O3 catalysts (38–40), depend-
ing on the crystallility (38). Crystalline α-Cr2O3 gave rise to
N2O while amorphous form did not (38). Formation of N2O
was proposed as the product of oxidation of adsorbed NH3

at temperatures higher than 100◦C (39). Our results, Fig. 2,
showed that the NO conversion reached over 96% in the
temperature range 350◦–400◦C. Thus NH3 was almost com-
pletely consumed (since 1000 ppm each of NH3 and NO
were used) by NO. This result was different from that of
Wong and Nobe (36, 44) on Fe–Cr/TiO2 or Al2O3. Their
Fe2O3–Cr2O3 catalyst showed maximum NO conversion at
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temperatures below 270◦C, where NO conversion sharply
declined as temperature was further increased due to NH3

oxidation to form N2O at higher temperatures. The reaction
product analysis was performed in a separate experiment in
which He was used as the carrier gas. The sample with 7.5%
Fe2O3 and 2.5% Cr2O3 was used. The reaction temperature
was 375◦C and the conditions in Table 1 were followed. The
on-line mass spectrometry results showed no detectable sig-
nals at m/e= 44 and 46, indicating that the concentrations
of N2O and NO2 in the products were well below 1%. This
result was consistent with that reported in the literature on
other Fe–Cr catalysts. The lack of N2O in the product was
likely a result of the noncrystalline form of the Cr2O3 that
was dispersed on the pillared clay.

The first-order rate constant given in Table 5 should be
considered as an apparent rate constant, since diffusion lim-
itation was clearly significant (7, 44). The rate constant was
expressed on a per gram basis. It would have been desir-
able to express the rate constant on the basis of per surface
area or active site. This was not done as explained as follows.
The surface areas of the V2O5-based catalysts were approxi-
mately 30 m2/g, and monolayer coverage could be assumed.
The surface areas of the PILC were approximately 300 m2/g;
however, the surface area of the Fe2O3/Cr2O3 dopant was
not known. The active sites on V2O5 are most likely dual
sites of neighboring V==O and V–OH. The density of such
dual sites has not been determined on any catalysts. On the
Fe/Cr-PILC catalyst, we are also proposing that the active
sites are the dual sites of Fe==O and Fe–OH (see the ensuing
discussion). The density of such dual sites is also unknown.
Since the surface area of the pillared clay is substantially
higher than that of TiO2 (which is used as the support for
V2O5), it is entirely possible that vanadia is more active than
the Fe/Cr catalyst on a per active site basis.

SO2 Oxidation Activity

Oxidation of SO2 to SO3 is highly undesirable for the
SCR reaction due to the formation of ammonium sulfate
and environmental reasons (45). Vanadia-based catalysts
have a high SO2 oxidation activity (35), which has been a
major concern in SCR operations. Effort has been made
to either add certain oxides (such as WO3) to the V2O5

catalyst or to use non-V2O5 catalysts for the purpose of
decreasing SO2 oxidation activity while maintaining high
NOx reduction activity (27, 45).

Using the wet chemical method described in the forego-
ing to quantitatively measure the amounts of SO3 generated
in the reaction effluents, SO2 conversion for three catalysts
were obtained. The activities for SO2 oxidation were in the
following order:

V2O5/TiO2 > WO3 +V2O5/TiO2

> Fe2O3 + Cr2O3/TiO2 − PILC. [2]

The conversions for SO2 to SO3 were 2.6%, 2.0%, and
0.5%, respectively, for the three catalysts at 375◦C. The
Fe2O3–Cr2O3/TiO2-PILC yielded much lower SO3 than the
V2O5-based catalysts. Results by Clark et al. (46), in their
study of alumina-supported iron oxide and vanadium oxide
catalysts, also showed that Fe2O3 was less active in SO2 oxi-
dation than V2O5. The low SO2 oxidation activity is another
advantage for the Fe–Cr/TiO2-PILC catalyst.

Transient Response to O2

Previous studies of various metal oxide SCR catalysts
(34, 46) have shown the importance of oxygen in the reac-
tion. Transient behavior of the catalyst was tested by turning
off and on the oxygen in the gas phase. The NO conversion
is shown in Fig. 3. The NO conversion declined steadily
after O2 was turned off. The first steady decline was rel-
atively fast, lasting about 30 min. This was followed by a
slower (but steady) decline. Switching O2 back on resulted
in an immediate increase in NO conversion, and the original
conversion was restored quickly. Similar transient behavior
has been observed for V2O5, Fe2O3, and Cr2O3 based cata-
lysts (25, 36, 41, 46), indicating that the lattice oxygen was

FIG. 3. Transient response on Fe–Cr/TiO2-pillared clay upon switch-
ing off and on O2. T= 375◦C. The reaction conditions are with H2O and
SO2; other conditions are shown in Table 1.
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participating in the NO reduction reaction when O2 was
shut off.

From the data shown in Fig. 3, a quantitative estimate
can be made on the amount of oxygen that was stored in
the Fe2O3–Cr2O3 catalyst in comparison with that required
for the SCR reaction (based on the known stoichiometry
6NO+ 6NH3+ 4O2). The NO conversion declined steadily
from approximately 99% to 40% in 30 min. During this
period of time, 0.29 mmol O2 was required for the reac-
tion. The total amount of oxygen stored in the supported
Fe2O3+Cr2O3 was 0.28 mmol. This seemed to be a good
agreement; however, it was not expected that all of the
oxygen in the oxides would be available for the reaction.
This could be explained in view of the second decay in NO
conversion, after t= 30 min. The second decay indicated
two possibilities. One was a reaction in which the oxygen
was supplied by the TiO2, through the Fe2O3+Cr2O3 layer.
The other was the SCR reaction without O2 (1). In view of
the second decay, it was reasonable to assume that, dur-
ing the first decay, only the portion of the reaction above
40% NO conversion was due to the oxygen stored in the
Fe2O3+Cr2O3. This portion of the reaction required only
0.13 mmol oxygen from the lattice oxygen. The role of O2 in
the SCR reaction on V2O5 is well understood (2, 47, and the
earlier work by Murakami and coworkers referenced in 47).
The similar and reversible transient behaviors of the Fe–Cr
catalyst also pointed to a similar reaction mechanism.

FIG. 4. TPD of NH3 on (A) undoped TiO2-pillared clay and (B) that
doped with 7.5% Fe2O3+ 2.5% Cr2O3. Adsorption of NH3 was at 3000 ppm
at r.t. followed by heating at 10◦C/min in He.

FIG. 5. TPD of NH3 on (A) NH3-reduced and (B) reoxidized
Fe–Cr/TiO2-pillared clay (NH3 reduction was at 150◦C, and reoxidation
was at 250◦C).

TPD of NH3 and NO

TPD spectra of NH3 on TiO2-pillared clay and on that
doped with Fe–Cr (7.5% Fe2O3+ 2.5% Cr2O3/TiO2-PILC)
are shown in Fig. 4. Three distinctive desorption peaks
were seen, with maxima at approximately 105◦C, 240◦C,
and 370◦–410◦C. For convenience in discussion, these three
peaks were designated α, β, and γ adsorbed states. It is
clearly seen that the Fe–Cr doped pillared clay chemisorbed
substantially larger amounts of the strongly bonded NH3,
i.e., β and γ states, whereas the amounts of the weakly
bonded α state were approximately the same on the two
catalysts. Also, the peak temperatures of the strongly ad-
sorbed γ state were different. The γ state desorbed at a
higher temperature on the undoped pillared clay, indicat-
ing a higher desorption activation energy.

TPD spectra of NH3 on reduced and reoxidized
Fe–Cr/TiO2-PILC samples are shown in Fig. 5. As discussed
in the foregoing section, the reduction was done by reacting
with NH3 at 150◦C followed by desorption in He at a heat-
ing rate of 10◦C/min up to 450◦C. The “reduced” sample
was subsequently cooled to 25◦C for NH3 adsorption and
TPD measurement. For the “reoxidized” sample, the NH3

“reduced” sample was oxidized in O2 at 250◦C for 1.5 h,
followed by cooling to 25◦C. The TPD spectrum of the re-
duced sample showed only the α peak. The TPD spectrum
of the reoxidized sample showed partial restoration of theβ
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and γ species. However, the amounts of the β and γ species
were substantially less on the reoxidized sample (Fig. 5B)
as compared to that on the original sample (Fig. 4B). Along
the lines of the results of previous TPD sutdies on SCR cata-
lysts (37, 38, 48, 49) NH3 reduction of the Fe–Cr/TiO2-PILC
surface would reduce the M==O and M–OH surface groups
(where M denotes Fe or Cr) to from surface vacancies, as
indicated by

Fe==O
NH3−−−−→ Fe ; Fe–OH

NH3−−−−→ Fe [3]

Cr==O
NH3−−−−→ Cr ; Cr–OH

NH3−−−−→ Cr . [4]

Upon reoxidation, the surface vacancies will be filled with
oxygen to generate Fe==O and Cr==O surface species.

The difference between the fresh Fe–Cr/TiO2-PILC sam-
ple and the reoxidized (after being, first, NH3-reduced)
sample was that the fresh sample had both M==O and
M–OH surface species, whereas the reoxidized sample had
only (or predominantly) M==O species. Comparing the
TPD spectra on these two samples (Figs. 4B and 5B),
it becomes clear that the extra amounts of the strongly
chemisorbed β and γ species on the fresh sample were due
to the M–OH groups, i.e., the Brønsted acid sites. The nature
of the weak α state can also be understood by comparing
all four TPD spectra in Figs. 4 and 5. The peak intensities
and positions of the α species belong to physically adsorbed
NH3, irrespective of the chemistry of the sites.

The TPD results can be discussed with the results from
the preceding section, i.e., the transient O2 behavior. The
SCR activity of the catalyst was reduced dramatically when
O2 was stopped; that is, the NH3-reduced surface had lit-
tle activity. It can be concluded that the α species was not
related to the SCR reaction, whereas the β and γ species
of NH3 were involved in the SCR reaction. In the O2 tran-
sient experiment, the SCR activity was fully restored after
O2 of the “reoxidized” sample in the TPD experiment. The
catalyst in the SCR reaction was exposed to H2O, since it
was a reaction product, which formed M–OH groups on the
surface. This point was clearly shown in our earlier work on
V2O5/TiO2 (17). The “reoxidized” sample in the TPD ex-
periment, on the other hand, could not form M–OH groups
and had only M==O groups.

From the discussion above, one may conclude that both
M==O and M–OH groups (where M==Fe or Cr) on the
Fe–Cr/TiO2-PILC catalyst were responsible for the high
SCR activity. This conclusion also points to the same mech-
anism for the SCR reaction on our catalyst as that on the
V2O5/TiO2 catalyst (2, 17, 47).

The TPD spectra of NO on fresh and NH3-reduced
Fe–Cr/TiO2-PILC samples are shown in Fig. 6. The adsorp-
tion was at room temperature with 3000 ppm NO in He.
Only a small amount of NO was adsorbed on the fresh
catalyst (i.e., the active catalyst), with a desorption peak at

FIG. 6. TPD of NO on (A) fresh and (B) NH3-reduced Fe–Cr/TiO2-
pillared clay. NO adsorbed at 3000 ppm at r.t. followed by heating at
10◦C/min.

140◦C. The amount of NO adsorbed on the NH3-reduced
surface was significantly higher, with a desorption peak at
150◦C. The NO TPD spectra were similar to those on V2O5

(50, where NH3 TPD was also shown to be similar to our
catalyst), and on Fe2O3 (51). The metal ions on the reduced
catalyst at a lower volume could more easily accommodate
the antibonding electron of the NO molecule, hence the
higher amount adsorbed. However, like vanadia, NO did
not adsorb at temperatures where the catalyst had the high-
est SCR activity, i.e., 375◦–400◦C. This result also supports
the conclusion that a similar reaction mechanism operates
on both vanadia and the Fe–Cr/TiO2-PILC catalysts.

The NH3 TPD products were also subjected to on-line
mass spectrometry analysis. At temperatures below 350◦C,
NH3 was the predominant species. On the reoxidized sam-
ple, the amounts of N2 and N2O became significant at
350◦C and increased steeply with temperature. At 400◦C,
the gaseous product contained approximately 20% N2 and
5% N2O, the balance being NH3. A small signal at m/e= 48
was also observed but not identified.

Infrared Spectroscopy Study

Ammonia was used as a probe to investigate the nature
and strength of the acid sites on the catalysts. Such infor-
mation was obtained by studying the FTIR spectra of the
adsorbed NH3. Six catalysts were used in this study: fresh
Fe–Cr/TiO2-pillared clay, and five pillared clay samples
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doped with 10% (wt) Fe2O3+Cr2O3 at different Fe/Cr ra-
tios, as shown in Table 5. In situ IR spectra were taken with
1% NH3 in He in the gas phase, and at temperatures from
25◦C to 400◦C. All spectra were ratioed against the back-
ground with 1% NH3.

Figure 7 shows the spectra of NH3 adsorbed on the five
Fe–Cr-doped pillared clay samples, at 25◦C. The band at ap-
proximately 1450 cm−1 was due to the asymmetric bending
vibration of NH+4 that was chemisorbed on the Brønsted
acid sites. The band at approximately 1620 cm−1 was due
to the asymmetric bending mode of ammonia coordinated
on the Lewis acid sites. For all samples, there were sub-
stantially more Brønsted acid sites than Lewis sites. The
undoped pillared clay showed no Brønsted acidity, and was
not included for further study. By comparing the spectra
in Fig. 7, the catalyst doped with Fe/Cr= 3 had the largest
amounts of both Brønsted and Lewis acid sites. This catalyst
also showed the highest SCR activity (Table 5).

The IR spectra of the chemisorbed ammonia as a function
of temperature for the Fe/Cr= 3 catalyst are shown in Fig. 8.
Both Brønsted and Lewis acidity decreased with increasing
temperature. This was the pattern also exhibited by all other
doped catalysts; hence they are not included in Fig. 8.

The SCR activity was clearly correlated to the Brønsted
acidity. The correlation between the first-order rate con-

FIG. 7. FTIR spectra of chemisorbed NH3 at 25◦C on five TiO2-
pillared clays doped with: 10% Fe2O3 (A); 7.5% Fe2O3+ 2.5% Cr2O3 (B);
5% Fe2O3+ 5% Cr2O3 (C); 2.5% Fe2O3+ 7.5% Cr2O3 (D); 10% Cr2O3

(E).

FIG. 8. FTIR spectra of chemisorbed NH3 on 7.5% Fe2O3+ 2.5%
Cr2O3/TiO2-pillared clay at five temperatures: 25◦C (A); 100◦C (B); 200◦C
(C); 300◦C (D); 400◦C (E).

stant and the Brønsted acidity for the five doped pillared
clay samples is shown in Fig. 9. The undoped pillared clay
had little Brønsted acidity, hence a low activity, and it was
not included.

Reaction Mechanism and TiO2-Pillared Clay Support

The undoped TiO2-pillared clay showed little SCR activ-
ity, whereas that doped with Fe2O3 and Cr2O3 yielded high
activities. The sample doped with 7.5% Fe2O3 and 2.5%
Cr2O3, in particular, showed the highest activity.

TPD of NH3 on the Fe–Cr/TiO2-PILC catalyst (using
both reduced and reoxided samples) showed that both
M==O and M–OH (where M==Fe or Cr) were necessary for
the SCR reaction. This result indicated that a similar mech-
anism was operative on this catalyst as that on V2O5/TiO2

(2, 17, 47). The NH3 TPD results also showed that a signifi-
cant amount of NH3 was chemisorbed on Fe–Cr/TiO2-PILC
in the temperature range where it had the highest activity
(350◦–400◦C). On the contrary, TPD of NO showed that no
or little NO could chemisorb at temperatures higher than
300◦C. This result pointed to an Ely–Rideal type of mecha-
nism; again, this was similar to the reaction on V2O5/TiO2.

Using ammonia as the probe molecule, IR spectra
showed that there was significantly more Brønsted acid-
ity than Lewis acidity on the Fe–Cr/TiO2-PILC. Also, a
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significant amount of Brønsted acidity remained at temper-
atures as high as 400◦C. By comparing the Brønsted acidi-
ties of Fe–Cr doped catalysts with different Fe/Cr ratios, it
became clear that there was a direct correlation between
the SCR activity and the Brønsted acidity. This correlation
was also seen for the V2O5/TiO2 catalyst (17). Moreover,
the results of the O2-transient experiment (i.e., SCR activ-
ity by turning off O2 and readmitting O2) on the catalyst
yielded similar behavior as that on V2O5/TiO2, indicating
that M–OH was oxidized to M==O by O2, and thus restored
the activity. In addition, the similarity of the effects of SO2

and H2O on the Fe–Cr catalyst and V2O5/TiO2 was also in
line with a similar mechanism on both catalysts.

From the results and discussion given above, it is reason-
able to suggest a similar mechanism for the reaction on the
Fe–Cr/TiO2-PILC catalyst at that on V2O5/TiO2 (2, 17, 47).
Such a mechanism is illustrated in Fig. 10.

Fe2O3–Cr2O3 mixtures on a variety of supports have been
studied as the catalysts for the SCR reaction, as discussed in
the foregoing. The unusually high activities observed on the
TiO2-pillared clay as a support indicates that unusual prop-
erties are available on this support. Based on the Mössbauer
spectra of Fe2O3 doped on SiO2–TiO2, lizuka et al. (1982)
(51) found that Fe2O3 was highly dispersed on SiO2–TiO2

and that the TiO2 phase played a remarkable role for the
dispersion of Fe2O3. Both faces of the montmorillonite clay
layer are tetrahedral silica. The intercalation of TiO2 pillars

FIG. 9. SCR activity (expressed by first-order rate constant, k)
at 375◦C correlated with Brønsted acidity (expressed by relative ab-
sorbance of chemisorbed NH3 at 300◦C) for Fe–Cr/TiO2-pillared clays,
total Fe2O3+Cr2O3= 10%.

FIG. 10. Schematic of the mechanism of the SCR reaction on
Fe–Cr/TiO2 pillared clay, where Fe can be replaced by Cr.

of molecular dimensions between the clay layers provides
a high surface area SiO2–TiO2 surface for the dispersion of
Fe2O3 and Cr2O3. Therefore, the strong support effect of
the TiO2-pillared clay is to be expected. The combination
of Fe2O3 (or Cr2O3) with TiO2 is known to generate both
Brønsted and Lewis acidities (52). The reason for the high-
est Brønsted acidity formed at an Fe/Cr ratio of 3 is not
understood.
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