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Acid- and base-treated Fe3+–TiO2-pillared clays for selective
catalytic reduction of NO by NH3
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Fe3+-ion-exchanged delaminated pillared clays (PILCs) have been found previously to be more active than the vanadia-based catalysts
for selective catalytic reduction (SCR) of NO by NH3. The effects of acid treatment of the clay (before pillaring) and base treatments of
the TiO2-PILC (before ion exchange) on the activities of the Fe–TiO2-PILC catalysts were studied. It was found that the acid treatment
increased the activity (by 33%), but the base treatments decreased the activity (although they increased the cation exchange capacity of
the pillared clay and, hence, the Fe content). The activities of the catalysts were directly related to their surface Brønsted acidities as
identified by FT-IR of chemisorbed NH3.
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1. Introduction

Selective catalytic reduction (SCR) of NOx (x = 1, 2)
with ammonia has been studied extensively because of its
environmental importance. The commercial catalysts are
V2O5 mixed with WO3 and/or MoO3 supported on TiO2

[1,2]. The mechanism of the reaction on V2O5/TiO2 is
extensively studied and several different mechanisms have
been proposed [1–10]. Although the vanadium-based cat-
alysts are highly active, major disadvantages remain, such
as their toxicity and high activities for oxidation of SO2

to SO3. Hence there are continuing efforts for developing
new catalysts [1]. Pillared clays are particularly promising
[11–17].

Pillared interlayer clays (PILCs), or pillared clays,
are two-dimensional layered materials. Both Brønsted and
Lewis acid sites exist in pillared clays. PILCs and metal-
oxide-doped PILCs were studied as catalysts in the SCR
reaction in our previous studies [11–15]. More recently,
we have found that Fe-exchanged TiO2-PILC catalysts
have higher activities and N2 product selectivities than the
vanadia-based catalysts. Moreover, the catalytic activities
were increased by the presence of H2O and SO2, which
was attributed to the increase in Brønsted acidity of the
catalysts [17]. Both Fe3+ ions and Brønsted acidity are
important for the SCR reaction on the Fe–TiO2-PILC cata-
lysts.

It has been reported that base (e.g., NH3 and NaOH)
treatments could increase the cation exchange capacity
(CEC) of pillared clays [18,19], and that acid treatment of
the clay before pillaring could increase the Brønsted acid-
ity of the PILCs [20,21]. In this study we investigated the
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effects of acid/base treatments of, respectively, clay/TiO2-
PILC, on the SCR activities of the Fe–TiO2-PILC catalyst.

2. Experimental

Delaminated TiO2-PILC was synthesized by follow-
ing the procedure described in detail elsewhere [17]. The
starting clay was a purified-grade bentonite powder from
Fisher Co. Base-treated TiO2-PILCs were prepared accord-
ing to the method given by Li et al. [19]. 4 g TiO2-PILC
was stored in a desiccator containing 150 ml 29.8% NH4OH
solution in a beaker. After exposure to ammonia vapor
for 24 h at room temperature, the sample was washed to
pH = 7 with deionized water. NaOH-treated TiO2-PILC
was prepared by mixing 2 g TiO2-PILC with 100 ml 0.02 M
NaOH solution for 1 h at room temperature, followed by
washing with deionized water and dilute HCl. The two
base-treated samples were then washed with 100 ml 1 M
NH4Cl solution followed by deionized water until the wash
water was free of Cl− ions (by using the silver nitrate test).
Finally, the solids were dried overnight at 120 ◦C. Acid
treatment of clay was accomplished by mixing 10 g ben-
tonite with 200 ml 1 wt% H2SO4 solution at 95 ◦C for
16 h [21]. After filtering, the solid was washed until the
water was SO2−

4 free (by using the barium chloride test) and
dried at 120 ◦C for 12 h. The acid-treated bentonite was
then used to synthesize TiO2-pillared acid-treated clay [17].
The Fe-exchanged catalysts were prepared by using a con-
ventional ion exchange procedure. In each case, 2 g sample,
i.e., TiO2-PILC, base-treated TiO2-PILCs and TiO2-pillared
acid-treated clay, was added to 200 ml of 0.05 M Fe(NO3)3

solution followed by constant stirring for 6 h at room tem-
perature. The pH values of the solutions were 1.5. The
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mixtures were then filtered and washed 5 times with deion-
ized water. Finally, the obtained solid samples were dried
at 120 ◦C in air for 12 h, then calcined at 400 ◦C for 6 h.
These catalysts are designated as Fe–TiO2-PILC, Fe–TiO2-
PILC (NH3), Fe–TiO2-PILC (NaOH) and Fe–TiO2-PILC
(H2SO4). The total iron contents in these samples were
measured by neutron activation analysis.

Powder X-ray diffraction (XRD) was conducted with
a Rigaku Rotaflex D/Max-C system with Cu Kα (λ =
0.1543 nm) radiation. The samples were loaded on a sam-
ple holder with a depth of 1 mm. XRD patterns were
recorded in the range of 2θ = 2–45◦. A Micromeritics
ASAP 2010 micropore size analyzer was used to measure
the N2 adsorption isotherms of the samples at liquid-N2

temperature (−196 ◦C). The specific surface areas of the
samples were determined from the linear portion of the
BET plots (P/P0 = 0.05–0.20). The pore size distribution
was calculated from the desorption branch of the N2 ad-
sorption isotherm using the Barrett–Joyner–Halenda (BJH)
formula, because the desorption branch can provide more
information on the degree of blocking than the adsorption
branch. Prior to the surface area and pore size distribu-
tion measurements, the samples were degassed in vacuo at
350 ◦C for 6 h.

The SCR activity measurements were carried out in a
fixed-bed quartz reactor. 0.2 g catalyst was used in this
work. The flue gas was simulated by blending different
gaseous reactants. Two sets of flowmeters were used to con-
trol the flowrates of the individual reactants. He, NH3/He,
and NO/He gases were controlled by rotameters, whereas
SO2/He and O2 were controlled by mass flowmeters (FM
4575 Linde Division). The typical reactant gas compo-
sition was as follows: 1000 ppm NO, 1000 ppm NH3,
2% O2, 1000 ppm SO2 (when used), 8% water vapor
(when used), and balance He. The total flowrate was
500 ml/min (ambient conditions) and the GHSV (gas hourly
space velocity) was 113 000 1/h. The premixed gases
(1.01% NO in He, 1.00% NH3 in He, and 0.99% SO2 in
He) were supplied by Matheson. Water vapor was gener-
ated by passing He through a heated gas-wash bottle con-
taining deionized water. The tubings of the reactor sys-
tem were wrapped with heating tapes to prevent formation
and deposition of ammonium sulfate/bisulfate and ammo-
nium nitrate. The NO and NO2 concentrations were con-
tinually monitored by a chemiluminescent NO/NOx ana-
lyzer (Thermo Electro Corp., model 10). To avoid errors
caused by the oxidation of ammonia in the converter of
the NO/NOx analyzer, an ammonia trap containing phos-
phoric acid solution was installed before the sample in-
let to the chemiluminescent analyzer. The products were
also analyzed by a gas chromatograph (Shimadzu, 14A)
at 50 ◦C with a 5A molecular sieve column for N2 and a
Porapak Q column for N2O. Hence the nitrogen balance
and the product selectivities for N2 and N2O could be ob-
tained.

The surface acidity of the catalysts was measured by
infrared spectra of NH3-adsorbed samples on a Nicolet Im-

pact 400 FT-IR spectrometer with a TGS detector. Self-
supporting wafers of 1.3 cm diameter were prepared by
pressing 20 mg samples and were loaded into a high tem-
perature IR cell with BaF2 windows. The wafers were
treated at 450 ◦C for 30 min in a flow of He (99.9998%,
100 ml/min) and then cooled to room temperature, and the
background spectra were recorded in He before ammonia
adsorption. Adsorption of NH3 was performed at room
temperature in a flow of 1.00% NH3/He (100 ml/min) for
30 min followed by purging for 15 min with He. All of the
spectra were recorded by accumulating 100 scans at a spec-
tral resolution of 4 cm−1. The NH3 adsorption on samples
pretreated with H2O and SO2 at 400 ◦C was also studied in
this work.

3. Results and discussion

X-ray powder diffraction patterns of Fe–TiO2-PILC, Fe–
TiO2-PILC (NH3), Fe–TiO2-PILC (NaOH) and Fe–TiO2-
PILC (H2SO4) are shown in figure 1. The XRD patterns of
the Fe-exchanged samples were similar to that of delami-
nated TiO2-PILC which exhibited no (001) reflection [17].
The delaminated pillared clays usually show larger pore di-
ameters than laminated pillared clays. Delamination will
increase the diffusion rates for the SCR reaction. The
peak at 19.7◦ was the summation of hk indices of (02)
and (11) and that at 35.0◦ was the summation of hk in-
dices of (13) and (20) [22]. The peaks at 25.3 and 26.5◦

came from (101) diffractions of anatase TiO2 and quartz
impurities, respectively. No peaks for iron oxide were de-
tected.

The BET surface areas, pore volumes and pore size dis-
tributions of Fe–TiO2-PILC and acid/base-treated samples

Figure 1. XRD patterns of the catalysts (see table 1 for sample designa-
tion).
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Table 1
Characterization of the catalysts.

Sample Fe content Surface area Pore volume Bimodal pore
(wt%) (m2/g) (cm3/g) diameters (nm)

Fe–TiO2-PILCa 4.32 246 0.29 2.3, 3.7
Fe–TiO2-PILC (NH3)b 4.57 256 0.30 2.4, 3.8
Fe–TiO2-PILC (NaOH)c 5.02 243 0.34 2.5, 3.8
Fe–TiO2-PILC (H2SO4)d 4.25 225 0.30 2.4, 3.8

a TiO2-PILC ion-exchanged with Fe3+.
b TiO2-PILC treated with NH3, followed by Fe3+ ion exchange.
c TiO2-PILC treated with NaOH, followed by Fe3+ ion exchange.
d Bentonite treated with H2SO4, then pillared with TiO2, followed by Fe3+ ion exchange. See

text for details.

are summarized in table 1. The surface areas and pore
volumes of these samples were 225–256 m2/g and 0.29–
0.34 cm3/g, respectively. Each of the samples showed a
bimodal pore size distribution. The small pores appeared
at ca. 2.4 nm and the big pores were ca. 3.8 nm. This
indicates that the acid and base pretreatments did not sig-
nificantly affect the pore structure of the Fe–TiO2-PILC
catalysts.

The iron content in TiO2-PILC obtained by neutron ac-
tivation analysis was 1.53 wt%. The ammonia and NaOH
treatments did not change the value in the two base-treated
samples. The iron content in TiO2-pillared H2SO4-treated
clay was 1.49 wt%. The total iron contents in the Fe-
exchanged catalysts are shown in table 1. The Fe contents
in the Fe3+-exchanged catalysts were higher than that in
the TiO2-PILCs. As compared with Fe–TiO2-PILC, the
base treatment increased the CEC and iron contents in the
Fe–TiO2-PILC (NH3) and Fe–TiO2-PILC (NaOH) catalysts,
and the increase in the CEC by the NaOH treatment was
higher than that by the NH3 treatment. The Fe content in
Fe–TiO2-PILC (H2SO4) was almost the same as that in Fe–
TiO2-PILC, suggesting that acid treatment of clay did not
affect the CEC of TiO2-PILC.

IR spectra of the ammonia adsorbed at room tempera-
ture on the Fe–TiO2-PILC samples (that were pretreated at
450 ◦C in He for 30 min) are shown in figure 2. A strong
band at 1452 cm−1 and three weaker bands at ca. 1682,
1596 and 1233 cm−1 were observed on the samples. The
bands at 1682 and 1452 cm−1 were due to the symmet-
ric and asymmetric bending vibrations of NH+

4 that was
chemisorbed on the Brønsted acid sites, while the bands
at 1596 and 1233 cm−1 could be assigned to asymmetric
and symmetric vibrations of the N–H bonds in NH3 coor-
dinately linked to Lewis acid sites [23,24]. For all the sam-
ples, there were more Brønsted acid sites than Lewis acid
sites. When TiO2-PILC was treated by NH3 and NaOH,
the intensities of the ammonia absorption bands on the Fe-
exchanged samples were found to decrease as compared
to Fe–TiO2-PILC. In contrast, the Fe–TiO2-PILC (H2SO4)
had a slightly higher Brønsted acidity than Fe–TiO2-PILC
(figure 2). The NH3 adsorption on the Fe–TiO2-PILC cat-
alysts pretreated with SO2 + O2 + H2O was also studied.
The samples were treated at 400 ◦C for 15 min in flow-
ing SO2 + O2 + H2O/He (1000 ppm SO2, 2% O2 and 5%

Figure 2. FT-IR spectra of chemisorbed NH3 at 25 ◦C on the catalysts
(see table 1 for sample designation).

H2O) followed by purging for 10 min by He, and then ad-
sorbed NH3 for 30 min at room temperature. Two strong
bands at 1451 and 1238 cm−1 and two weak bands at 1682
and 1598 cm−1 were observed (figure 3). The band at
around 1238 cm−1, attributed to Lewis ammonia in fig-
ure 2, also existed on these samples before NH3 adsorp-
tion (not shown). It is probably due to the combination
band of sulfate species and Lewis ammonia [17,25]. As
compared with figure 2, the NH+

4 band at 1451 cm−1 was
much stronger than that on the samples without sulfation,
indicating that the treatment by SO2 + O2 + H2O/He sig-
nificantly increased the Brønsted acidity of the Fe–TiO2-
PILC samples. The Brønsted acidities of the sulfated sam-
ples followed the rank order (figure 3): Fe–TiO2-PILC
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Figure 3. FT-IR spectra of chemisorbed NH3 at 25 ◦C on the catalysts
pretreated by SO2 + O2 + H2O/He at 400 ◦C (see table 1 for sample

designation).

(H2SO4) > Fe–TiO2-PILC > Fe–TiO2-PILC (NH3) > Fe–
TiO2-PILC (NaOH).

The SCR activities of the Fe–TiO2-PILC samples are
summarized in tables 2 and 3. As indicated elsewhere [17],
Fe–TiO2-PILC was highly active in the SCR reaction and
the activity increased with temperature from 300 to 450 ◦C
(table 2). No detectable N2O was formed by the catalyst.
When TiO2-PILC was pretreated by NH3 and NaOH, the
maximum activities of Fe–TiO2-PILC (NH3) and Fe–TiO2-
PILC (NaOH) decreased. In contrast, acid treatment of
the clay increased the SCR activity since NO conversions
on Fe–TiO2-PILC (H2SO4) were higher than that on Fe–
TiO2-PILC. The effect of H2O + SO2 on SCR activity was
also studied here. After 8% H2O and 1000 ppm SO2 were
added to the reactants, NO conversions decreased at 300 ◦C
on these catalysts (compare tables 2 and 3). This is mainly
due to the inhibition by H2O [17]. At temperatures above
350 ◦C, the catalytic activities increased significantly. The
enhancement in activity by H2O + SO2 was attributed to
the increase in Brønsted acidity resulting from the forma-
tion of sulfate species on the samples [17]. The maximum
NO conversion also decreased in the order: Fe–TiO2-PILC
(NaOH) < Fe–TiO2-PILC (NH3) < Fe–TiO2-PILC < Fe–
TiO2-PILC (H2SO4) in the presence of H2O and SO2. The
nitrogen balance was above 96% in the work. The SCR
activity can also be represented quantitatively by first-order
rate constant (k) (since the reaction is known to be first
order with respect to NO under stoichiometric NH3 con-
ditions on a variety of catalysts [1,2]). By assuming plug
flow reactor (in a fixed bed of catalyst) and free of diffu-

Table 2
Catalytic performance of Fe–TiO2-PILC catalysts (see table 1 for notation) in the absence of

H2O and SO2.a

Catalyst Temperature NO conv. Selectivity (%) kb

(◦C) (%) N2 N2O (cm3/g s)

Fe–TiO2-PILC 300 52.5 100 0 59.6
350 78.5 100 0 134
375 86.2 100 0 179
400 90.0 100 0 217
450 91.0 100 0 243

Fe–TiO2-PILC (NH3) 300 55.0 100 0 64.0
350 78.0 100 0 132
375 86.0 100 0 178
400 88.0 100 0 199
450 87.5 100 0 210

Fe–TiO2-PILC (NaOH) 300 48.0 100 0 52.4
350 70.8 100 0 107
375 78.5 100 0 139
400 81.5 99.8 0.2 159
450 84.5 99.6 0.4 188

Fe–TiO2-PILC (H2SO4) 300 55.0 100 0 64.0
350 82.2 100 0 150
375 90.0 100 0 209
400 92.0 100 0 238
450 90.5 99.8 0.2 238

a Reaction conditions: 0.2 g catalyst, [NO] = [NH3] = 1000 ppm, [O2] = 2%, He = balance,
total flow rate = 500 ml/min and GHSV = 113 000 1/h.

b First-order rate constant, as defined in the text and calculated by equation (1).
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Table 3
Catalytic performance of Fe–TiO2-PILC catalysts (see table 1 for notation) in the presence of

H2O and SO2.a

Catalyst Temperature NOx conv. Selectivity (%) kb

(◦C) (%) N2 N2O (cm3/g s)

Fe–TiO2-PILC 300 39.5 100 0 40.3
350 90.0 100 0 201
375 96.0 100 0 292
400 98.1 100 0 373
450 97.1 100 0 358

Fe–TiO2-PILC (NH3) 300 36.0 100 0 35.8
350 88.5 100 0 188
375 96.0 100 0 292
400 97.0 100 0 330
450 96.5 99.8 0.2 339

Fe–TiO2-PILC (NaOH) 300 40.5 100 0 41.6
350 80.5 100 0 142
375 88.0 100 0 192
400 92.0 99.8 0.2 238
450 91.5 99.7 0.3 249

Fe–TiO2-PILC (H2SO4) 300 41.5 100 0 42.9
350 91.0 100 0 210
375 98.0 100 0 354
400 99.5 99.8 0.2 498
450 99.0 99.7 0.3 465

a Reaction conditions: 0.2 g catalyst, [NO] = [NH3] = 1000 ppm, [O2] = 2%, [H2O] = 8%,
[SO2] = 1000 ppm, He = balance, total flow rate = 500 ml/min and GHSV = 113 000 1/h.

b Same as defined in table 2.

sion limitation, the rate constant can be calculated from the
NOx 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 (g). From the NO conversions
and reaction conditions, first-order rate constants were cal-
culated and compared in tables 2 and 3. Judging by the
k values, as compared with the untreated Fe–TiO2-PILC,
the maximum SCR activity on Fe–TiO2-PILC (H2SO4) in-
creased 33%, but that on Fe–TiO2-PILC (NH3) and Fe–
TiO2-PILC (NaOH) decreased 9 and 33%, respectively.
The maximum k value of Fe–TiO2-PILC (H2SO4) was 2.6
times as active as the commercial-type V2O5 + WO3/TiO2

catalyst under the same conditions with SO2 and H2O (498
vs. 192 cm3/g s at 400 ◦C [17]). It should be noted that,
since pore diffusion resistance may be significant, k should
be regarded as the overall rate constant which represents
the overall activity (including pore diffusion resistance).

PILCs are prepared by exchanging the charge-compen-
sating cations between the clay layers with larger inor-
ganic hydroxyl metal cations (oligomers). Upon heating,
the metal oligomers are decomposed to stable metal ox-
ide pillars (and protons) which keep silicate layers sepa-
rated and create interlayer spacing of molecular dimension.
Meanwhile, some of the protons migrate from the inter-
layer surfaces to the octahedral layer within the clay layer
where they neutralize the negative charges at the substitu-
tion cations (such as Mg2+ that substitutes Al3+). There-

fore, the CEC of PILCs decreases as compared with unpil-
lared clays. However, base treatment can partially restore
CEC of PILCs. The protons in the octahedral layer are
retrieved to the surface by NH3 to form NH+

4 [18], while
the treatment by NaOH can partially destroy the pillars and
increase the CEC of PILCs [19]. As expected, the iron con-
tents in Fe–TiO2-PILC (NH3) and Fe–TiO2-PILC (NaOH)
increased to 4.57 and 5.02%, respectively, from 4.32% in
Fe–TiO2-PILC (table 1). But the maximum SCR activities
on the two base-treated samples were lower than that on
Fe–TiO2-PILC both in the presence and absence of H2O
and SO2 (tables 2 and 3). The decrease in activity was
consistent with the decrease in the Brønsted acidity of the
samples (figures 2 and 3). The decrease in the Brønsted
acidity might result from the fact that more H+ ions were
substituted by Fe3+ during the ion exchange step in the
preparation of the catalysts. Moreover, NaOH treatment
also neutralized some protons in TiO2-PILC. On the other
hand, the higher iron ion concentrations in the two base-
treated catalysts would also increase non-selective reaction
of NH3 with O2 at high temperatures and thus result in
a decrease in NO conversions. By comparison, the acid-
treated clay could increase the Brønsted acidity of PILC by
removing some base oxides (e.g., Al2O3 and MgO) in the
clay [20,21]. Consequently it enhanced the SCR activity
of the Fe–TiO2-PILC catalyst. The relationships between
NO conversion and iron content and Brønsted acidity for
the four Fe–TiO2-PILC catalysts are shown in figure 4. It
clearly shows that the NO conversion increased with an
increase in Brønsted acidity, but decreased with increasing
iron content on the four catalysts.
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Figure 4. Relationship of NO conversion with iron content and Brønsted
acidity (indicated by band intensity at 1452 cm−1) of the catalysts (see
table 1 for sample designation): (a) Fe–TiO2-PILC (H2SO4), (b) Fe–
TiO2-PILC, (c) Fe–TiO2-PILC (NH3) and (d) Fe–TiO2-PILC (NaOH).
(•) NO conversion at 400 ◦C with H2O + SO2, (◦) NO conversion at
400 ◦C without H2O + SO2, (�) Fe content, (M) Brønsted acidity and

(N) Brønsted acidity after sulfation.

4. Conclusions

Acid treatment of the clay before pillaring increased the
SCR activity (by 33%) on Fe3+-ion-exchanged TiO2-PILC.

Although base treatments of TiO2-PILC increased its cation
exchange capacity and, hence, the Fe3+ contents in the Fe–
TiO2-PILC catalysts, they decreased the catalytic activity
for the SCR reaction. The SCR activity was directly related
to the Brønsted acidity, not to the iron content of the Fe–
TiO2-PILC catalysts.
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