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Abstract—A mechanical mixture of CeO, and TiO, powder with a small amount of sulfate was applied for the selec-
tive catalytic reduction (SCR) of NO with NH,. After calcination at 500 °C, the mixed sample showed significantly
enhanced activity and selectivity compared to the uncalcined one and, moreover, demonstrated even higher activity
than the conventional V,0,/TiO, catalyst above 300 °C. Combined characterization results revealed that the main active
sites were newly formed sulfate species on CeO,, the number of which increased with calcination. Temperature-
resolved DRIFT spectra provided convincing evidence about the migration of sulfate species from TiO, to CeO,, as
confirmed from the shift of ¥(S=0O) band as a result of the mechanical mixing and the subsequent calcination.
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INTRODUCTION

More stringent regulations on NO, emission have been imple-
mented due to its harmfulness to environment and human health
[1]. Selective catalytic reduction (SCR) of NO, with NH, is the main
technology for the after-treatment of NO, emission from mobile or
stationary source. Especially, vanadium-based catalysts, such as V,0s-
WO,/TIO, or V,05-MoO,/TiO,, were successfully commercialized
in removing NO, from stationary source and are still being exten-
sively studied [2,3]. However, several problems such as toxic vana-
dium leaching and N,O formation in the conventional V-based
catalyst led many research groups to pay attention to environmen-
tally friendly catalysts, substituting vanadium with other transition
metal oxides.

Solid acid catalysts containing sulfate or phosphate on the sur-
face have been widely known as highly active for various catalytic
processes [4,5]. Recently, several groups reported that sulfated CeO,
also has excellent catalytic activity in SCR of NO, with NH, [6-8].
Especially, Ce-based catalysts are known to have remarkable resis-
tance to sulfur poisoning in SCR reaction [9,10], which is attributed
to the strong interaction between sulfur and CeO, preserving the
other active site. Wu et al. indicated that Ce doping was effective
in enhancing SO, resistance of Mn/TiO, catalysts [10]. Therefore,
unlike other catalysts which could be deactivated by sulfur spe-
cies, CeO, showed significantly higher activity after sulfation [6].
Yang et al. investigated the mechanism over sulfated CeQ, catalysts
in SCR reaction [7], while Zhang et al. found that the NO removal
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activity of CeO, was strongly affected by sulfation temperature [8].
Although sulfated CeO, has received attention as the potential
SCR catalyst because of the excellent properties, it must be pointed
out that it was prepared by using either wet impregnation with
(NH,),SO, solution [11] or passing through CeO, with SO, gas for
a long time [6-8]. Hence, such complex step of loading sulfate on
CeO, remains as a challenge for industrial application.

This work was inspired by the commercially available TiO, with
a small amount of sulfate, which could be the source of ceria sulfa-
tion. We investigated the use of a mechanical mixture of commer-
cially available CeO, and TiO,, and its calcined sample for the SCR
of NO with NH;, and elucidated the evidence on the surface migra-
tion of sulfate species from TiO, to CeQ, particles.

EXPERIMENTAL

1. Sample Preparation

Anatase TiO, (DT-51 Millenium Chemicals, with the S content
of 1.25 atomic % and surface area of 83 m’/g) and CeO, (Rhodia,
surface area of 131 m?/g) were used as TiO, and CeO, samples, re-
spectively. The CeO, and TiO, samples were applied to experiments
without further treatment. CeO, and TiO, were mechanically mixed
in a porcelain mortar for 15min, and the mass ratio of CeO, to
TiO, was 3:20 (designated as CeTi-mix). After mechanical mix-
ing, the mixture was calcined at 500 °C for 4 h under ambient air
(designated as CeTi-mix-cal). For reference, conventional V,0Os/
TiO, catalyst was prepared with wet impregnation method. Am-
monium metavanadate (99%, Sigma Aldrich) was dissolved in oxalic
acid solution to produce the solution of vanadium precursor, and
5wt% V was deposited on the TiO, (DT-51) support. After impreg-
nation, catalyst was dried and then calcined at 500 °C for 4h under
ambient air.
2. Characterization

Powder XRD patterns were taken using Ultra X18 (Rigaku) with
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a Cu Ko radiation. Hydrogen temperature-programmed reduc-
tion (H,-TPR) profile was obtained in a BEL-CAT-Basic instru-
ment (BEL Japan Inc.). About 0.05g of prepared samples was
loaded on quartz wool bed in a quartz U-shaped reactor while
checking the thermal conductivity of flowing gas. Scanning elec-
tron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) investigations were carried out with JSM-6360 (JEOL) with
the accelerating voltage of 20 kV. All samples were coated with Pt
metal with MSC-101 (JEOL). NH; gas in NH;-TPD profile was
monitored with FI-IR spectroscopy (Nicolet 6700, Thermo Scien-
tific) with a 2 m gas analysis cell. While 0.07 g of sieved samples was
used for pure CeQ, or TiO, sample, 0.14 g of samples was used for
CeTi-mix-cal sample. All samples were pretreated at 500 °C in 2%
O, balance with N, with the total flow rate of 200 mL/min for 1 h.
Afterward, the samples were cooled to 80 °C and saturated with
NH,; until the surface was saturated with adsorbed NHS,, followed
by N, purging at 80 °C for 1 h. Then the samples were cooled again
to below 30°C and purged by N, for 1h, and the samples were
heated to 600 °C at 10 °C/min in N, flow (200 mL/min). Thermal
desorption of SO, was monitored with FT-IR spectroscopy (Nico-
let 6700, Thermo Scientific) with a 2 m gas analysis cell while 0.2 g
of samples was heated to 850 °C at 10 °C/min in 5% O, balanced
with N, with the total flow rate of 200 mL/min. I situ DRIFT spec-
tra were obtained with FT-IR spectroscopy (Nicolet 6700, Thermo
Scientific) equipped with high-temperature DRIFT cell fitted with
ZnSe windows. The powder samples were rigidly packed in a cir-
cular cell to prevent the collapse of samples during heating. The IR
spectra were recorded by accumulating 32 scans at a resolution of
4em™
3. Catalytic Activity Test

The prepared samples were sieved to select the particle size rang-
ing from 300 to 500 pm prior to the activity measurement. Activ-
ity tests were in a fixed bed quartz tubular reactor with 0.15g of
sieved catalysts. The reaction gas consisted of 500 ppm NO, 500
ppm NH;, 2% O, and 3% H,0O (when used) balanced with N,. The
total flow rate was 200 mL min " and the gas hourly space velocity
(GHSV) was 80,000mL g h™'. The reaction temperature was raised
from 150 °C to 500 °C with the step of 50 °C, and activity results
were obtained after reaching the steady state condition. NO, con-
centration was measured by using NO, chemiluminescence ana-
lyzer (42i High level, Thermo Scientific), and the concentration of
N,O was recorded from FT-IR spectroscopy (Nicolet 6700, Thermo
Scientific) with a 2 m gas analysis cell. NO, conversion was calcu-
lated based on the following equation:

NO, conversion (%)= Wx 100
* - [NO.J;,

RESULTS AND DISCUSSION

1. NH;-SCR Activity Results

Prepared samples were applied for standard SCR reaction and
their activity results are shown in Fig. 1. NO removal activity of CeO,
was poor over the whole temperature range, which was similar to
previously reported results [6]. NO, conversion over CeO, gradu-
ally increased to about 30% as reaction temperature increased to
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Fig. 1.NO, conversion and N,O concentration of various samples
in NH;-SCR as a function of temperature.

400 °C, but rapidly decreased above 400 °C. Also, the amount of
N,O emitted was more than 30 ppm from 400 °C to 500 °C. Mean-
while, pure TiO, revealed a negligible NO removal activity in the
temperature below 400 °C; however, NO, conversion rapidly in-
creased up to 80% at 500 °C. In contrast to CeO, or TiO, catalysts,
the mechanical mixture of TiO, and CeO, (CeTi-mix) exhibited
much higher NO, conversion than the sum of each NO conversion of
pure CeO, or TiO, at a reaction temperature from 350 °C to 500 °C
with the formation of N,O below 10 ppm, implying that merely mix-
ing of these two samples with a mortar for 15 min induced a new
sample with improved activity and selectivity. Furthermore, the
calcination of the mechanical mixture at 500 °C further enhanced
activity with a wide operating window from 300 °C to 500 °C. In
comparison with conventional V,0,/TiO, catalyst (dashed-line),
CeTi-mix-cal catalyst exhibited a wide operating window; especially
in the high temperature region, though NO, conversion at low tem-
perature was quite inferior to the former catalyst. Also, it is remark-
able that, unlike the V,05/TiO, catalyst which emitted a large amount
of N,0 above 350 °C, N,O emission was greatly suppressed below
10 ppm over CeTi-mix-cal catalyst, indicating its excellent selectivity.
In a real exhaust gas condition, the presence of H,O often leads
to the deactivation of the SCR catalyst. Especially, the operating
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window of metal oxide catalysts, such as vanadia or ceria based mate-
rials, are prone to be shifted toward high temperature, which might
be attributed to the competitive adsorption of H,0 and NH; mol-
ecules on the acid sites at relatively low temperature [12,13]. Thus,
the effect of H,O on the SCR activity of CeTi-mix-cal sample was
investigated at 300 °C and 350 °C as shown in Fig. 2. When 3% H,0
was fed into the inlet gas at 300 °C, NO, conversion decreased to
about 60% and remained at that level for 12 h. After H,O was ex-
cluded from the stream, however, the value of NO, conversion rap-
idly recovered to the initial level. In the case of reaction at 350 °C,
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Fig. 2. NH,-SCR activity over CeTi-mix-cal sample in the presence of
H,0 at 300 °C and 350 °C under GHSV of 80,000mL g ' h™".

water vapor slightly inhibited the SCR activity but NO, conversion
was still maintained above 90% for 12h. Similarly, the NO, conver-
sion was recovered after removing H,O from the feed gas. Thus, it
was shown that CeTi-mix-cal sample had stable SCR performance
in the presence of H,O for a long time, which is favorable for practi-
cal application.
2. Characterization
2-1. XRD Results

Fig. 3 shows XRD patterns of CeQO,, TiO,, CeTi-mix, and CeTi-
mix-cal samples. In the case of TiO,, dominant peaks at 260=25.3"
and 37.8° are clearly observed, which corresponds to anatase TiO,
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Fig. 3. Powder-XRD patterns of various samples.

Fig. 4. SEM images of (a) TiO,, (b) CeO,, (c) CeTi-mix and (d) CeTi-mix-cal. Arrow indicates circular CeO, particles in the mechanical mix-

tures (c) and (d).

Korean J. Chem. Eng.(Vol. 33, No. 9)



2550 I. Song et al.

phase (PDF #21-1272). CeO, has the cubic phase with a fluorite
structure, as evidenced from the peaks at 26=28.6" and 33.1° (PDF
#65-5923). After these two samples were mechanically mixed, each
of them maintained its own phase with similar broadness, which
indicated that the size of crystalline domain was not affected by the
simple mechanical mixing procedures. In addition, the subsequent
calcination of the mechanical mixture at 500 °C had no effect on
the phase or crystalline size of each particle. It means that the cal-
cination of the mechanical mixture at 500 °C did not induce the
particular interaction between CeO, and TiO, in the level of the
crystalline domain.

2-2. SEM-EDS Results

The morphology of CeO,, TiO,, and their mechanical mixture
was analyzed with SEM investigation. Interestingly, CeO, and TiO,
samples used in this study have noticeable difference in size and
morphology, which makes two particles clearly distinguishable in
SEM image. Fig. 4(a) shows that TiO, particles have random shape
and size within 1-2 pm. In contrast, CeO, particles have relatively
narrow size distribution between 4-5 pm with circular morphol-
ogy. After mechanical mixing (Fig. 4(c) and 4(d)), it is confirmed
that two particles maintained their own morphology without sin-
tering, This result is well consistent with the XRD analysis. It is widely
accepted that the interaction between Ce and Ti in atomic scale
(e.g. Ce-O-Ti bond) is the important factor to determine the activ-
ity for Ce-Ti based catalyst [14]. The mechanical mixture of CeO,
and TiO, in this study, however, is not expected to produce molec-
ular level mixing between Ce and Ti like one prepared by sol-gel
method, for example. Hence, the enhanced catalytic activity of CeTi-
mix-cal in this study must be explained by other factors.

The compositions of each particle before and after mechanical
mixing were investigated with EDS analysis. Data obtained from
20 different points were averaged to compare the concentration of
each element in the samples with the mean absolute deviation as
summarized in Table 1. About 2.0 atomic % of S was detected in
commercial TiO,, although no sulfur was detected over CeO,. Inter-
estingly, when the X-ray was intentionally focused on several spots
in CeQ, particles of CeTi-mix sample, the average amount of sulfur
content was 2.2 atomic %, which was higher value than expected.
If we assume that sulfate ions are immobilized on TiO, surface, nearly
0.3% of S should be detected on CeTi-mix sample considering that
initial atomic ratio of Ti to S in TiO, itself was 98 to 2 and 14.1%
of Ti was detected in CeTi-mix sample. However, 2.2% of S was

detected in a region centered at CeO, particles, indicating that there
was a certain change in sulfur distribution in the mixture of TiO,
and CeO, particles. It means that sulfate species were bound not
only to TiO, but also to CeO, in CeTi-mix sample. Furthermore, in
the case of CeTi-mix-cal sample, S to Ce ratio increased by almost
two-times higher than that in CeTi-mix sample, so mechanical mix-
ing and the subsequent calcination at 500 °C facilitated the migra-
tion of sulfate species from TiO, to CeO, particles, resulting in more
populated sulfate species on CeO,. Thus, it could be suggested that
the enhanced SCR activity of CeTi-mix-cal and CeTi-mix particles
might be attributed to the formation of sulfate species on CeO,
particles.
2-3. H,-TPR Results

Fig. 5 shows H,-TPR profiles of the prepared samples. TPR pro-
file of TiIO, sample shows a reduction signal between 490 °C and
610 °C, which can be assigned to the reduction of sulfate species on
TiO, particles [15]. This reduction peak comprises several sub-sig-
nals, indicating the heterogeneity in the surface sulfate species on
TiO,. TPR profile of CeO, sample represents two reduction peaks
at 466 °C and 819 °C, which can be assigned to the reduction of
surface oxygen species and bulk oxygen in the lattice of CeQ,,
respectively [16]. Meanwhile, CeTi-mix and CeTi-mix-cal samples
show significantly different reduction behavior compared to TiO,
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Fig. 5. H,-TPR profiles over TiO,, CeO,, CeTi-mix and CeTi-mix-
cal samples.

Table 1. Atomic percentages of Ce, Ti and S on TiO,, CeO,, CeTi-mix and CeTi-mix-cal particles determined from EDS analysis by averag-

ing the compositions of twenty points

Ce Ti S S/Ce
Sample 2 g 2 .
Average A Average A Average A (molar ratio)
TiO, 0 - 98.0 0.7 2.0 0.7 -
CeO, 100.0 0 0 - 0 - -
CeTi-mix” 83.7 3.7 14.1 3.7 2.2 0.8 0.03
CeTi-mix-cal’ 79.5 3.1 15.7 34 48 04 0.06

“X-ray was intentionally focused on CeO, particles in these mixtures
"Mean absolute deviation was calculated from following Eq. (A= %)
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or CeQ,. These two samples do not have a peak arising from reduc-
tion of surface oxygen species in CeO,. On the other hand, a strong
signal at 542 °C appears originating from the reduction of sulfated
CeQ, as previously reported [7]. Also, there is a slight difference in
the reduction peak position between CeTi-mix and CeTi-mix-cal
samples. The reduction peak of CeTi-mix-cal is located at 542 °C,
while that of CeTi-mix is at 553 °C, implying that the sulfate spe-
cies on the former sample has a more similar characteristic to cerium
sulfate than one on the latter. Therefore, TPR analysis demonstrates
that sulfur species on TiO, are migrated to CeO, by mechanical mix-
ing and the subsequent calcination, resulting in the formation of
more stable sulfated CeO, which is consistent with the EDS results.
2-4. NH,-TPD Results

A standard SCR reaction over metal oxide catalysts usually oc-
curs with Eley-Rideal mechanism, which means that gaseous NO
molecules are reduced by interacting with adsorbed NH, mole-
cules on the acid sites [13]. Therefore, the quantity and strength of
acid sites are important factor in determining the reaction behavior
over metal oxide catalysts. Earlier we confirmed that just mechani-
cal mixing and subsequent calcination of the mixture of CeO, and
TiO, led to enhanced activity in SCR reaction. To investigate the
change of acid site distribution of catalysts before and after mixing
and after-treatment, NH,;-TPD experiments were carried out as
shown in Fig. 6. For this experiment, CeO, and TiO, were mechan-
ically mixed with the mass ratio of 1:1 to clarify the effect of sulfate
migration. Experimental details are described in the experimental
section.

In the case of TiO,, with a small amount of sulfate, a large desorp-
tion peak of NH; occurred in a wide range from 100 to 500 °C. In
contrast, slight desorption of NH, appeared between 100 and 300 °C
in pure CeO,. The sum of two desorption spectra was suggested
as CeO,+TiO, in Fig. 6. Interestingly, after this mixture was cal-
cined, the amount of NH; desorbed from 100 to 300 °C consider-
ably increased compared to the sum of desorption peak from pure
CeO, and TiO,, whereas NH, desorbed above 400 °C almost dis-

300

#—CeO, + TiO,
—k— CeTi-mix-cal

NH, concentration (ppm)

T v T o T v T d v 1
100 200 300 400 500 600
Temperature (°C)

Fig. 6. NH,-TPD profiles over TiO,, CeO, and CeTi-mix-cal sam-
ples. For this experiment, 0.07 g of sieved samples was used
for pure CeO, or TiO, sample, and 0.14 g of sample was used
for CeTi-mix-cal.

appeared in CeTi-mix-cal sample. This result implies that the migra-
tion of sulfate species from TiO, to CeO, can lead to the redistribution
of acid sites and their strength because the acidic properties gener-
ated by sulfate species are strongly affected by the environment of
sulfate, such as support and surface coverage. The reduction of strong
acid sites above 400 °C may arise from the loss of sulfate on TiO,,
and the newly formed sulfated CeO, is the main reason for the in-
creased amount of acid sites at low temperature around 200 °C. In
addition, the previous results on NH;-TPD of sulfated CeO, and
sulfated TiO, reported that NH; adsorbed on the latter is more
thermally stable than that on the former [7,17], which is well con-
sistent with our result. It can be claimed that such change in the
distribution of acid sites and acid strength of CeTi-mix-cal sample
is related to its enhanced deNO, activity.
3. Observation of the Migration of Sulfate Species
3-1. SO, Desorption Profile

It has been known that the stability of sulfate species on CeO,
and TiO, surface is different [11,18], which leads us to compare the
SO, desorption behavior resulting from the decomposition of sul-
fate during the temperature ramping. For this experiment, CeO, and
TiO, were mechanically mixed with the mass ratio of 1:1 to dis-
ambiguate and clarify the difference between sulfate on TiO, and
sulfated CeO,, which is similar to the NH,-TPD experiment. Thus,
the amount of SO, desorbed from TiO, should be two-times higher
than that from CeTi-mix. SO, desorption profiles of TiO, and CeTi-
mix samples with increasing temperature up to 850 °C are displayed
as shown in Fig. 7. In case of TIO,, SO, began to be desorbed around
620 °C with the maximum at 760 °C. If the sulfate species are im-
mobilized at the initial position, e.g., TIO,, these two samples must
have demonstrated the same desorption characteristics. However,
CeTi-mix did not emit SO, until the temperature reached 800 °C,
above which the amount of SO, desorption rapidly increased, proba-
bly attributed to the decomposition of newly formed sulfated CeQ.,.
Meanwhile, Wagqif et al. reported that bulk type sulfate species on
CeO, were decomposed to produce SO, at 600 °C under vacuum
condition, while surface type sulfate species persisted even after evac-
uation at 700 °C for 15 min [11]. Therefore, it can be summarized
that most of sulfate species in the CeTi-mix sample exist as surface
sulfate on CeO, as evidenced by the SO, desorption results.
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Fig. 7. SO, desorption profiles of TiO, and CeTi-mix samples.
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Based on these results, it is obvious that either sulfur species on
TiO, or sulfur species on CeO, cannot be decomposed into SO, in
oxidative condition at 500 °C up to which the SCR reaction takes
place. For the case of CeTi-mix-cal sample, moreover, sulfate spe-
cies exist on CeO,, which means that sulfate species are mobile on
the surface and diffuse to other particles via inter-particle migra-
tion during the simple mechanical mixing treatment. Considering
that the desorption temperature of SO, on CeQ, is higher than
that of SO, on TiO, by 200 °C, sulfate species on CeO, is expected
to be more stable than those on TiO,, which can act as the driving
force of sulfate migration. Also, such inter-particle migration of sul-
fate species was further facilitated by the subsequent calcination
treatment.

3-2. In situ DRIFT Study

It is difficult to evidently identify the migration of sulfate spe-
cies in the samples by examining the change in IR band of sulfate
species because there are many other IR bands overlapped with
that of sulfate if IR spectrum is taken at ambient condition. Hence,
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Fig. 8. Temperature-resolved DRIFT spectra over (up) CeO, and
(down) TiO, particles. Samples were heated to 500 °C at the

ramping rate of 10 °C/min, and spectra were obtained at an
interval of 30 °C.
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the temperature-resolved DRIFT (Diffuse reflectance infrared Fou-
rier transform) experiment over TiO, and CeO, particles were applied
to remove the impurity in the sample. Note that the sulfate species
are stable up to 500°C as confirmed in the SO, desorption experi-
ment (Fig. 7). The spectrum of each sample taken at room tempera-
ture was used as a background spectrum (Fig. 8). Samples were
heated to 500 °C with a ramping rate of 10 °C/min in 5% O, bal-
anced with N,.

With increasing temperature up to 500 °C, CO, NO and H,0
gas were desorbed from the CeO, surface (not shown), originat-
ing from the decomposition of the adsorbed carbonate and nitrate
species on uncalcined CeQ, surface. As demonstrated in Fig. 8, the
band at 1,629 cm ', assigned to nitrite, and the bands at 1,578 and
1,294 cm ™', assigned to bidentate and monodentate nitrate, respec-
tively [19,20] disappeared at elevated temperature. Also, the broad
bands from 3,000 to 3,600 cm™' were gradually gone, indicating the
disappearance of hydrogen bonding between water molecules and
ceria surface [21]. A sharp peak at 3,693 cm™" corresponding to the
free OH bond of water molecules also decreased at elevated tem-
perature, implying the desorption of H,O, or dehydration, at ele-
vated temperature. In particular, the bands at 1,550 and 1,370 cm™,
which could be assigned to bidentate formate, and the bands at 1,530
and 1,356 cm ™', which could be to bidentate carbonate, gradually
appeared from 160 °C [22,23]; however, these peaks finally disap-
peared at 470 °C. Removal of such peaks is important, because the
IR band of S=O bond in sulfate is superimposed in the region.
Except for such carbon-related species, no new peaks appeared over
the whole temperature region.

In the case of TiO,, H,O and a small amount of NH, gas were
desorbed from the surface with increasing temperature (not shown).
Similar to CeO,, the sharp peak at 3,685 cm ™" corresponded to the
free OH bond of water molecules, and the broad band at 2,700 to
3,300cm™" could be assigned to the hydrogen bonding between
ammonia or water and TiO, surface, as displayed in Fig. 8. Interest-
ingly; a very sharp band at 1,364 cm " appeared with increasing tem-
perature, which could be attributed to the stretching frequencies of
S=0 bond in sulfate species [24,25]. The formation of S=O species
with increasing temperature is rationalized by the following reac-
tion between bisulfate and hydroxyl group on TiO,.

[O:SOZ_ OH]7+OH(—)[O:S()2:O]27+HZO

As shown in Fig. 8, uncalcined catalyst contains the large amount
of water on its surface at low temperature. Protons originating from
adsorbed water molecules on the TiO, surface can exist as bisulfate
groups (HSO;) or as hydroxyl groups (OH") bridging Ti metal ions.
When the temperature increases, hydroxyl group on the catalyst
surface can interact with the adjacent bisulfate ion to form sulfate
ion on the surface and water molecule in gas phase [26].

Keeping this phenomenon in mind, in situ DRIFT spectra ob-
tained during heating over TiO,, CeTi-mix and CeTi-mix-cal sam-
ples were compared to analyze the band of S=O (Fig. 9, Fig. 10 and
Fig. 11). For the case of TiO, (Fig. 9), sample was calcined at 500 °C
in ambient air for 4 h to remove the impurities on the surface before
measurement. As mentioned above, the band of $=O at 1,364 cm™'
gradually appeared with increasing temperature. The slight increase
in wavenumbers of sulfate S=O bond with increasing temperature
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Fig. 9. In situ DRIFT spectra over TiO, calcined at 500 °C as a func-
tion of temperature. Sample was heated to 400 °C at the ramp-
ing rate of 10 °C/min, and spectra were obtained at an interval
of 50 °C.
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Fig. 10. In situ DRIFT spectra over CeTi-mix as a function of tem-
perature. Sample was heated to 500 °C at the ramping rate
of 10°C/min, and spectra were obtained at an interval of
50 °C.

was attributed to the strengthening of S=O bond with desorption
of water [27].

In the case of CeTi-mix, we aimed at observing the instanta-
neous change of ¥(S=0) band arising from sulfate migration from
TiO, to CeO,. However, there were so many overlapping absorp-
tion bands which prevented the identification of S=O band; as shown
in Fig. 10. Especially, two bands of formate at 1,370 cm ™" and car-
bonate at 1,356 cm ™', which rapidly appeared with increasing tem-
perature, were superimposed on the band of S=O at 1,364 cm™".
Meanwhile, it is noticeable that the band at 1,341 cm™" newly ap-
peared in CeTi-mix sample with increasing temperature. Because
this new peak was not shown in pure CeQ, or pure TiO,, it can be
assigned to new sulfate on CeQ, derived from the mechanical mix-
ing process, also in a good agreement with the previous assign-
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Fig. 11. In situ DRIFT spectra over CeTi-mix-cal as a function of
temperature. Sample was heated to 400 °C at the ramping
rate of 10 °C/min, and spectra were obtained at an interval
of 50 °C.

ment [11]. To decompose residual carbon species, sample was heated
turther to 500 °C and held for a few minutes, resulting in the dis-
appearance of the band at 1,370 cm™ and 1,356 cm . After the com-
plete removal of carbon-related species from the surface, we found
that the two bands at 1,364 and 1,341 cm™' coexist, which led us
to propose that the two kinds of sulfate species on TiO, and CeO,
exist together for a while after calcination at 500 °C.

Finally, DRIFT spectra over CeTi-mix-cal sample were taken as
a function of temperature up to 400 °C as shown in Fig. 11. Differ-
ent from the above two samples (TiO, and CeTi-mix), CeTi-mix-
cal sample demonstrated a sharp band at 1,341 cm™', which was
assigned to sulfate on CeQ,, with increasing temperature, in addi-
tion to no carbon-related bands. This observation suggests that most
of sulfate species exist on CeO, surface after mechanical mixing
followed by the calcination of the mixture, which is consistent
with the other characterization results described before.

In summary, the combined characterization results provide con-
vincing spectroscopic evidence about the inter-particle migration
of sulfate species from TiO, to CeO, induced by the mechanical mix-
ing and the subsequent calcination at 500 °C. Thus, formed sulfate
on CeO, plays an essential role in having the excellent activity as
well as selectivity for SCR of NO, with NH; especially in the high
temperature region. Unlike previously reported methods of sulfat-
ing CeO, such as wet impregnation with (NH,),SO, solution or
exposure to SO, gas for a long time, our approach provides an eas-
ier and more convenient way to prepare surface type sulfate spe-
cies on CeO, as the catalyst.

CONCLUSION

Mechanical mixtures of TiO, and CeO, samples were used as
catalysts for selective catalytic reduction of NO, with NH;. Unlike
pure CeO, or TiO,, the activity of mechanical mixture was signifi-
cantly improved. Especially; after calcination of the mechanical mix-
ture at 500 °C, NO removal activity was further enhanced with

Korean J. Chem. Eng.(Vol. 33, No. 9)
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nearly 100% N, selectivity in the whole temperature region, which
was superior to conventional V,05/TiO, catalyst in the high tem-
perature region. It was found that these improvements were at-
tributed to the formation of sulfated CeQ,, as evidenced by SEM-
EDS, H,-TPR and NH,-TPD results. The existence of sulfate spe-
cies on CeO, was also confirmed by in situ DRIFT experiments,
which could observe the change of {S=0) band in sulfate species
from TiO, to CeO, with calcination. Furthermore, it is noticeable
that the inter-particle migration of sulfate species was utilized to
enhance SCR catalytic activity. This study provides the simplest way
to produce sulfated CeO, among the previously reported methods,
which can be done by simple mechanical mixing and the subse-
quent calcination.

ACKNOWLEDGEMENT

This project was supported by the R&D Center for reduction of
Non-CO, Greenhouse gases (0458-20150026) funded by Korea
Ministry of Environment (MOE) as Global Top Environment R&D
Program. Characterization of the samples was supported by Research
Institute of Advanced Materials (RIAM).

REFERENCES

1. W.N. Wan Abdullah, W. A. Wan Abu Bakar and R. Ali, Korean J.
Chem. Eng, 32, 1999 (2015).

2.S.G. Lee, H.J. Lee, L Song, S. Youn, D. H. Kim and S.J. Cho, Sci.
Rep., 5,12702 (2015).

3.S. Youn, S. Jeong and D. H. Kim, Catal. Today, 232, 185 (2014).

4.S.T. Choo, I.S. Nam, S.W. Ham and J. B. Lee, Korean J. Chem.
Eng, 20, 273 (2003).

5.Q. Guo, W. Jing, S. Cheng, Z. Huang, D. Sun, Y. Hou and X. Han,
Korean J. Chem. Eng, 32, 2257 (2015).

6.T. Gu, Y. Liu, X. Weng, H. Wang and Z. Wu, Catal. Commun., 12,
310 (2010).

7.S. Yang, Y. Guo, H. Chang, L. Ma, Y. Peng, Z. Qu, N. Yan, C. Wang
and J. Li, Appl. Catal, B, 136-137, 19 (2013).

September, 2016

8.L. Zhang, W. Zou, K. Ma, Y. Cao, Y. Xiong, S. Wu, C. Tang, E Gao
and L. Dong, J. Phys. Chem. C, 119, 1155 (2015).
9.C. Liu, L. Chen, J. Li, L. Ma, H. Arandiyan, Y. Du, J. Xu and J. Hao,

Environ. Sci. Technol., 46, 6182 (2012).

10. Z. Wu, R. Jin, H. Wang and Y. Liu, Catal. Commun., 10, 935 (2009).

11. M. Wagif, P. Bazin, O. Saur, J. C. Lavalley, G. Blanchard and O.
Touret, Appl. Catal, B, 11, 193 (1997).

12.T. Zhang, R. Qu, W. Su and J. Li, Appl. Catal, B, 176-177, 338
(2015).

13.G. Busca, L. Lietti, G. Ramis and E Berti, Appl. Catal, B, 18, 1
(1998).

14.P. Li, Y. Xin, Q. Li, Z. Wang, Z. Zhang and L. Zheng, Environ. Sci.
Technol., 46, 9600 (2012).

15.P. G. W. A. Kompio, A. Briickner, E Hipler, G. Auer, E. Loffler and
W. Griinert, J. Catal., 286, 237 (2012).

16. M. Sun, G. Zou, S. Xu and X. Wang, Mater. Chem. Phys., 134, 912
(2012).

17.S. M. Jung and P. Grange, Catal. Today, 59, 305 (2000).

18.O. Saur, M. Bensitel, A. B. Mohammed Saad, J. C. Lavalley, C.P.
Tripp and B. A. Morrow, J. Catal., 99, 104 (1986).

19.H. Hu, S. Cai, H. Li, L. Huang, L. Shi and D. Zhang, J. Phys. Chem.
C, 119, 22924 (2015).

20.B. Jiang, Z. Li and S.-C. Lee, Chem. Eng. J., 225, 52 (2013).

21.L.E Scatena, M. G. Brown and G. L. Richmond, Scienice, 292, 908
(2001).

22.S. Bailey, G. E Froment, J. W. Snoeck and K. C. Waugh, Catal. Lett,,
30, 99 (1995).

23.]. Xu, Y.-Q. Deng, X.-M. Zhang, Y. Luo, W. Mao, X.-]. Yang, L.
Ouyang, P. Tian and Y.-E Han, ACS Catal., 4, 4106 (2014).

24. P, Bazin, O. Saur, E C. Meunier, M. Daturj, J. C. Lavalley; A. M. Le
Govic, V. Harlé and G. Blanchard, Appl. Catal., B, 90, 368 (2009).

25.L. Zhang, L. Li, Y. Cao, X. Yao, C. Ge, E Gao, Y. Deng, C. Tang and
L. Dong, Appl. Catal,, B, 165, 589 (2015).

26.B. Li and R. D. Gonzalez, Catal. Today, 46, 55 (1998).

27.C. E. Nanayakkara, J. Pettibone and V.H. Grassian, Phys. Chem.
Chem. Phys., 14, 6957 (2012).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


