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clay hybrid catalysts with layered
structure for selective catalytic reduction of NOx by
NH3†

Boyang Xu,abc Youlin Liu, *abc Yuesong Shen*abc and Shemin Zhuabc

A facile method is to prepare novel CeMoxOy-clay hybrid catalysts with layered structures by using organic

cation modified clay as support. During the preparation process, cerium cations and molybdate anions are

easily adsorbed and impregnated into the interlamellar space of the organoclay, and after calcination they

undergo transformation to highly dispersed CeMoxOy nanoparticles within the interlamellar space of the

clay. As expected, the prepared CeMo0.15Ox-OC-T catalysts with layered structures had high selective

catalytic reduction (SCR) activity such as high NOx conversion of >90% in the wide temperature range of

220–420 �C. Meanwhile, they also exhibit high stability and tolerance to water vapor (5 vol%) and SO2

(200 ppm), demonstrating that these novel catalysts could serve as a good alternative for NH3-SCR in

practical application.
Introduction

Nowadays, great challenges for the effective removal of nitrogen
oxides from outgases remains. The selective catalytic reduction
of NOx with NH3 (NH3-SCR) has been proven to be an effective
approach for NO reduction from stationary sources. However,
the commercially available V2O5–WO3 (MO3)/TiO2 catalysts has
several inevitable drawbacks such as easy sublimation and loss
of V2O5 in the application process as well as biological toxicity,
and narrow operation temperature window.1 Therefore, it is
desirable to develop a highly efficient, stable and
environmental-friendly catalyst.

Recently, cerium-based catalysts had becoming promising
candidate due to its nontoxic, high surface area and remarkable
oxygen storage capacity in SCR reaction as support,2,3

promoter,4 or main active component.5–7 However, pure CeO2

possesses poor SCR activity,8 it is necessary to adjust their
surface acidity,9,10 redox property11,12 and structure stability13 of
CeO2-based catalysts to improve the SCR performance.

Layered clays such as montmorillonite (MMT), are one type
of clay minerals in where negatively changed aluminosilicate
layers having an excess of negative charge that interacted
strongly by electrostatic forces with charge balancing cations,
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typically alkali metal ions, located in interlamellar space. In
spite that layered clay are constituted by layers with large
surface area, the interlamellar space is generally not accessible
to any substrate due to the strong electrostatic interaction.14 It is
found that pillaring interlayered clays (PILC) in which inorganic
metal polycations were introduced and intercalated in the
interlamellar space of the swelling clay and attracted much
attention in application of NH3-SCR.15 These different pillared
clays catalysts such as vanadium supported WO3–TiO2-pillared
clays,16 Cu/Co modied Al2O3/TiO2-pillared MMT,17,18 Fe modi-
ed TiO2-pillared MMT,19,20 Mn–Ce supported TiO2-pillared
clays,21 Mn–Ce supported Al2O3–CrO2-pillared clays,22 exhibited
more improved SCR activities because these intercalation (pil-
laring) could provide a possibility of tailoring porous structure,
redox and acidic properties of clay. However, these catalysts
either toxic, or had still low catalytic activity, or complicated
preparation process, limiting their practical application for
NH3-SCR.

Here, we rst presented a facile and cost-effective approach
to prepare the novel CeMoxOy-clay hybrid catalyst with layered
structure, designed by using organic cations modied clay
(denoted as OC) as support and CeMo mixed oxides as active
component. As shown in Scheme 1, organic cations (such as the
Scheme 1 Illustration for the preparation of CeMoxOy-OC-T catalysts.

This journal is © The Royal Society of Chemistry 2018
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quaternary ammonium surfactants) modied the clay such as
Na-based MMT (denoted as NaC) with layered structure by ion
exchange, where organic cations could increase the basal space
of clay. Then molybdate anion could be adsorbed into the
layered structure by the organic cations, meanwhile, cerium ion
also could uniformly insert the interlamellar space of clay. Aer
calcination, the intercalated ions were converted into the cor-
respondingmetal oxides, well dispersed CeMoxOy nanoparticles
with a particle size of 10–20 nm are hosted in the clay matrix
(denoted as CeMoxOy-OC-T, T: calcination temperature). The
layered structure of novel catalyst has more responsibilities to
high SCR activity. In addition, the organic cations also could
decrease alkali metal content (Na, K) of clay by ion exchange,
further improving SCR activity.
Experimental
Chemicals and materials

All reagents used were of at least analytical grade without
further purication. Cerium nitrate, ammonium molybdate,
oxalic acid, octadecyltrimethyl ammonium bromide, cetyl-
trimethyl ammonium bromide, polyoxyethylene were obtained
from Aladdin Reagent Co. Na-based MMT with its cation
exchange capacity (CEC) of 0.82 mmol g�1 was supplied by
FengHong Company (Zhejiang, China).
Synthetic procedures

Organoclay (OC) was prepared by using Na-based MMT (NaC)
into organic modiers solution by ion exchange. The organic
modier solution contained octadecyltrimethyl ammonium
cations (70 wt%) and cetyltrimethyl ammonium cations
(30 wt%). 10 g Na-based MMT was added into 150 mL of organic
modier solution, and turbid solution was stirred for 24 h, and
then the solid was ltered, washed and dried at 80 �C for 24 h,
and this process of ion exchange was repeated three times, and
the cation exchange capacity (CEC) of the obtained organoclay
was 1.35 mmol g�1. 1.6 g ammonium molybdate and 25.4 g
Ce(NO3)4 were dissolved into the 150 mL of oxalic acid solution
(1.5 wt%). Aer stirring 30 min, and the above organoclay was
added into the above solution and stirred at 20 �C for 24 h to
obtain the suspicion. Then the suspicion was dried at 80 �C for
6 h, and then added 0.1 g polyoxyethylene to the suspicion,
nally the mixture was molded and dried at 100 �C for 5 h. The
different catalysts were obtained at different calcination
temperature (such as 450, 500, 550, 600, 650 �C) for 4 h (denoted
as CeMoxOy-OC-T T: calcination temperature), respectively. For
comparison, the catalyst with NaC as support was also prepared
with the above similar conditions (denoted as CeMoxOy-NaC-T).
Catalyst characterization

Scanning electron microscopy (SEM: Nanosem 430) was used to
analyse the morphology of samples. Transmission electron
microscopy (TEM) was performed on Jeol-2100f. All samples
subjected to TEM measurements were ultrasonically dispersed
in ethanol at 30 min and dropped on copper grids.
This journal is © The Royal Society of Chemistry 2018
The crystal structure of catalysts were determined by the
powder X-ray reection diffraction (XRD) performed on Rigaku
DMAX-RB with a radiation of Cu Ka (l¼ 1.5406 Å). The 2q scans
cover the range 5–80� with a step size of 0.02� and a scan rate of
5� min�1.

Nitrogen adsorption and desorption isotherms were
measured on TristarII3020 at 77 K. Specic surface area was
calculated by BETmethod, pore-size distribution was calculated
from the adsorption branch using BHJ method, and total pores
volume was obtained at P/P0 of 0.97.

Temperature-programmed reduction by hydrogen (H2-TPR)
were carried out on Micromeritics AutochemII2920 chemi-
sorption analyzer. Prior to each experiment, samples were pre-
treated in helium stream at 300 �C for 2 h and then cooled to
50 �C. Aer switching to 10 vol% H2 in helium balance with the
gas rate of 50 mL min�1, TPR experiment started at a ramping
rate of 10 �C min�1 up to 800 �C.

Temperature-programmed desorption of ammonia (NH3-
TPD) data were collected using Micromeritics AutochemII2920
chemisorption analyzer. Prior to each experiment, samples were
pre-treated in helium stream at 300 �C for 2 h and then cooled
to 50 �C for ammonia adsorption. NH3 in helium balance (50
mL min�1) was introduced for 1 h to achieve adsorption equi-
librium. Then the samples were purged with helium for 1 h to
remove the weakly adsorbed ammonia. Finally ammonia was
desorbed using helium at a ow rate of 50 mLmin�1 from 50 �C
to 700 �C with a ramping rate of 10 �C min�1.

Catalyst performance test

The catalytic activities of various catalysts for NH3-SCR of NO
were carried out in a xed-bed quartz reactor (i.d. ¼ 45 mm)
containing 10 mL of catalyst. The feed gas mixture consists of
850 ppm NO, 850 ppm of NH3, 10 vol% of O2. A total ow rate of
830 mL min�1 was maintained for all experiments with N2 as
balance gas, and the corresponding space velocity was 5000 h�1.
The concentration of NO, NO2 in the inlet and outlet was
measured by a ue gas analyzer (HORIBA METRON, S48 32/
HMT). All measured data were collected aer 1 h when the
SCR of NO by NH3 reached a steady state at each temperature.
NOx conversion (h) was obtained by following equation:

h ¼
�
1� ½NOx�outlet

½NOx�inlet

�
� 100% ½NOx� ¼ ½NO� þ ½NO2�

Poisoning and regeneration of catalysts

The poisoning of water vapor (and/or 200 ppm SO2) was inves-
tigated by introducing 5 vol% H2O (and/or 200 ppm SO2) to the
inlet gas (850 ppm NO, 850 ppm NH3, 10% O2, balance N2).

Results and discussion

The X-ray diffraction patterns of the CeMoxOy-OC-550 catalysts
with different Mo/Ce molar ratios (0.05, 0.10, 0.15, and 0.20)
were rst presented in Fig. 1a. For CeMoxOy-OC-550 catalysts,
there are mixed phases including diffraction peaks
RSC Adv., 2018, 8, 2586–2592 | 2587
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Fig. 1 XRD patterns of (a) CeMoxOy-OC-550 catalysts with different
Mo/Ce ratios, (b) CeMo0.15Ox-OC-T catalysts with different calcination
temperature.

Fig. 2 TEM of the CeMo0.15Ox-OC-550 catalyst.

Fig. 3 TG-DSC profiles of the as-prepared CeMo0.15Ox-OC precursor.
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characteristic of cubic CeO2 structure (JCPDS 65-5923) as well as
OC (Fig. 1a). When Mo was added to CeO2-OC-550, the diffrac-
tion peaks intensities of CeO2 decreased and it is found that no
new diffraction peaks appeared, suggesting molybdenum oxide
had been well dispersed in CeO2-OC-550 catalyst. Fig. 1b
showed XRD patterns of CeMo0.15Ox-OC-T catalysts with
different calcination temperature (450–650 �C), it can be seen
that the diffraction peaks intensities of cerium oxide increased
with the increase of calcination temperature. This result
implied higher calcination temperature was benecial to
increasing particles size by aggregation and growth.

The morphology of the CeMo0.15Ox-OC-550 catalyst was
examined by SEM and TEM. Fig. S1† showed that CeMo0.15Ox-
OC-550 catalyst still maintained the layered structure of clay.
Fig. 2 showed that CeMoxOy nanoparticles were in the range of
10–20 nm (Fig. 2c and d), and uniformly dispersed within layers
of clay (Fig. 2a, b and S2†), which might be responsible for high
SCR activity.

The simultaneous TG-DSC analysis (Fig. 3) of the as-prepared
CeMo0.15Ox-OC precursor showed a continuous weight loss of
43.7% from 40 to 500 �C. The weight loss of 31.5% from 40 to
200 �C accompanied with an exothermic peak at 196 �C could be
attributed to desorption of the adsorbed water and intercalated
water as well as the part decomposition of the nitrates. The
weight loss of 12.2% from 200 to 500 �C companied with an
exothermic peak around 245 �C could be attributed to the
decomposition of organic species and the combustion of
carbon species. Aer 500 �C, the weight of the precursor has
2588 | RSC Adv., 2018, 8, 2586–2592
little change, which indicated that the organic species in the
sample could be removed aer calcined at 500 �C in air.

The catalytic activity of different catalysts was investigated as
shown in Fig. 4. For CeO2-based SCR catalysts, it is found that
Mo content had a signicant effect on catalytic activity.23 The
inuence of Mo/Ce molar ratios on the NOx conversion of
CeMoxOy-OC-550 catalysts were evaluated at different operating
temperature between 175 and 450 �C as shown in Fig. 4, it is
shown that Mo/Ce molar ratios had obvious effect on catalytic
activity. It is found that the OC-550 as a catalyst exhibited very
little catalytic activity for SCR with the maximum NOx conver-
sion of only 32% at 390 �C, however, when CeO2 was added into
OC-550, the SCR activity of CeO2-OC-550 catalyst has been
greatly improved with its maximum NOx conversion of 87% at
360 �C. While the addition of a small amount of Mo (Mo/Ce ¼
0.05) to CeO2-OC-550, NOx conversion had signicantly
increased, indicating Mo played a synergetic role in promoting
SCR activity of CeO2-OC-550 catalyst. The NOx conversion
further increased with the increase of Mo/Ce molar ratios from
0.05 to 0.15, the CeMo0.15Ox-OC-550 catalyst exhibited the best
SCR activity and widest temperature window with the NOx

conversions of nearby 100% between 240 and 390 �C. WhenMo/
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Catalytic activities of CeMoxOy-OC-550 catalysts with different
Mo/Ce ratios.

Fig. 5 Catalytic activities of CeMo0.15Ox-OC-T catalysts with different
calcination temperature.
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Ce molar ratio further increased to 0.20, NOx conversion began
to decrease in operation temperature range.

The surface acidity of catalysts with different Mo/Ce ratios
was investigated by NH3-TPD analysis as shown in Fig. S2a.† It is
found that curves of NH3-TPD for all these catalysts exhibited
two desorption peaks at 110 �C and 420 �C, corresponding to
weak acid position and strong acid position, respectively. There
were negligible changes in the acid strength of these catalysts,
indicating that different Mo/Ce ratios had little inuence on
acid strength. However, the addition of Mo increased the overall
amount of acid of catalysts, while amount of acid sites were not
changed linearly with the increase of molybdenum content in
these catalysts. The surface redox property of catalyst is another
important factor for NH3-SCR. Fig. S2b† presented that all
curves of H2-TPR had one reduction peak for CeMoxOy-OC-550
catalysts. For the CeO2-OC-550 catalyst, the reduction peak at
about 500 �C could be assigned to the reduction of surface Ce4+

(to Ce3+).24 Comparing with the CeO2-OC-550 catalyst, the
position of reduction peaks had insignicantly changed when
the different amount of Mo were added. This result implied Mo
was not directly related with the reduction of CeO2. In addition,
the reduction temperature of molybdenum oxides (MoO3) into
MoO2 was also in the range of 450–560 �C.25 In addition, the
surface chemical states of CeO2-OC-550 catalyst and CeMo0.15-
Ox-OC-550 catalyst were performed using XPS (Fig. S3†). Fig. S3†
showed that the XPS spectra of Ce 3d for both catalysts could be
deconvoluted into eight different tted peaks with two peaks for
Ce3+ and the remaining six peaks for Ce4+.26 It is found that
when Mo was added into CeO2-OC-550, the Ce3+/(Ce3++Ce4+)
ratio of CeMo0.15Ox-OC-550 catalyst increased from 26% to 39%.
The increase of the Ce3+/(Ce3+ + Ce4+) ratio could lead to
enhancing SCR activity. This result agreed with previous reports
that the value of Ce3+ ratio had an important role in improving
catalytic activity for NH3-SCR.27,28

In practical application, the catalyst for NH3-SCR should
have good thermal stability. Calcination temperature is another
important parameter that affects the structure phase of catalyst,
and has obvious inuence on various characteristic of catalysts
such as crystal size, specic surface area and pore structure.29
This journal is © The Royal Society of Chemistry 2018
Therefore, the CeMo0.15Ox-OC-T catalyst were calcined at
different temperature (450, 500, 550, 600, 650 �C) for 4 h to test
thermal stability and the corresponding catalytic results are
shown in Fig. 5. All of these catalysts as the increase of calci-
nation temperature from 450 to 650 �C, all these catalyst
exhibited high SCR activities, whereas the NOx conversion had
a decline trend at low operating temperature (175–240 �C). It is
noted that the NOx conversion showed little change at high
operating temperature (240–450 �C), indicating that the
CeMo0.15Ox-OC-T catalyst exhibited a much superior stable for
the high-temperature NH3-SCR performance. Fig. S4† presented
that the different calcination temperature exhibited little
inuence on both strength and amount of weak acid, reduction
property on these catalysts. Researchers had suggested that the
weak acid was responsible to high SCR activity.23 These results
illustrated that there were similar weak acid and reduction
property with different calcination temperature. Combined the
result of XRD patterns, the particle size of catalysts might be
responsible to the low-temperature SCR activity.

To understand the inuence of organic modication to Na-
based MMT (NaC) on SCR activity, we compared CeMo0.15Ox-
OC-550 catalyst with CeMo0.15Ox-NaC-550 catalyst. As shown in
Fig. 6a, it is clear that the CeMo0.15Ox-NaC-550 catalyst exhibi-
ted very low NOx conversion of only 20–30% in the range of 220–
420 �C. However, when NaC were modied by the organic
anions, the prepared CeMo0.15Ox-OC-550 catalyst exhibited
obviously improved SCR activity with NOx conversion of >90%
in the range of 220–420 �C. This result further revealed that the
organic modication played a crucial role in the catalytic
performance of NH3-SCR.

Fig. 6b showed that the XRD pattern of the starting clay
(NaC) exhibited a peak at 2 theta about 5.6� assigned to the
basal spacing d001 ¼ 1.58 nm, it is worthwhile to note that this
value represented the distance between the two layers with the
one layer thickness (about 0.96 nm). Aer being modied by
organic cations, the d-spacing of the organoclay has obviously
increased to 2.14 nm, indicating the organic species were
intercalated into the interlayers of clay. This increased d-
spacing is favorable for the adsorption, impregnation and
RSC Adv., 2018, 8, 2586–2592 | 2589
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Fig. 6 The NOx conversion (a), XRD (b), H2-TPR (c), NH3-TPD (d) of
CeMo0.15Ox-OC-550 and CeMo0.15Ox-NaC-550 catalysts.
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dispersion of active ions in the interlamellar space of clay.
Besides, CeMo0.15Ox-OC-550 illustrated higher specic surface
area and larger pore volume than those of CeMo0.15Ox-NaC-550
in Table 1. This high surface area could promote exposure of
active phase and utilization efficiency of active sites and large
pore volume would favour diffusion of reactants and product,
leading to high SCR activity. Table 1 also showed that alkali
metal content (Na, K) obviously decreased aer organic modi-
cation, this result were favorable to the high SCR activity,
because high alkali metal could obviously reduce the catalytic
activity of NH3-SCR.30–32

Fig. 6c showed that the H2-TPR prole of CeMo0.15Ox-NaC-
550 and CeMo0.15Ox-OC-550 catalysts. For CeMo0.15Ox-NaC-550
catalyst, there is a high reduction peak at 670 �C, which could
be assigned to the reduction of the surface Ce4+ (to Ce3+).
Noticeably, CeMo0.15Ox-OC-550 catalyst had the reduction peak
at 467 �C, which is much lower than that of CeMo0.15Ox-NaC-550
catalyst. This lower reduction peak could be ascribed to the
reduction of more well dispersed surface CeO2 and MoO3

species, which were favorable for SCR activity. Fig. 6d showed
that CeMo0.15Ox-NaC-550 catalyst had two desorption processes
of ammonia, corresponding to the weak acid and strong acid,
respectively. However, in the case of CeMo0.15Ox-OC-550 cata-
lyst, the two ammonia desorption processes had little changed,
suggesting that organic modication had negligible inuence
on acid strength for clay, while amount of weak acid had
Table 1 The physicochemical properties of the different samples

Sample
BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Na content
(wt%)

K content
(wt%)

OC 61 0.11 0.10 0.39
CeMo0.15Ox-
OC-550

83 0.16 0.03 0.18

CeMo0.15Ox-
NaC-550

38 0.07 1.18 0.55

2590 | RSC Adv., 2018, 8, 2586–2592
improved obviously, which could be attributed to more well
uniformly dispersed CeMoxOy nanoparticles. This result also
revealed that weak acid playing an important role in SCR
activity, which was agree with previously results for the CeO2-
based SCR catalysts.27,33

The SCR activity of catalyst with the different GHSV was also
be shown in Fig. 7. It is clear that the increase of GHSV from
5000 to 15 000 h�1 resulted in the slight decrease of SCR activity
at low temperature especially between 175 and 210 �C, while
there was little effect on the high-temperature SCR perfor-
mance. And CeMo0.15Ox-OC-550 catalyst showed rather high
NOx conversion exceeding 90% within a broad operation
temperature window from 220 to 420 �C. And GHSV further
increased to 20 000, the SCR activity slightly decreased.

It is the typical features that there are water vapor and SO2 in
the real operating conditions for ue gas of power plant. Water
vapor is one of the main components in ue gases and oen
leads to catalyst deactivation. Fig. 8 showed that the inuence of
5 vol% H2O vapor on the NOx conversion for CeMo0.15Ox-OC
catalyst at 330 �C. It is shown that the NOx conversion of
CeMo0.15Ox-OC catalyst was 100% for 24 h. Aer adding 5 vol%
H2O at 0.5 h, the NOx conversion started to decrease from 100%
to 98.5%, and still remained stable aer 18 h running in the
presence of 5 vol% H2O. When water vapor was cut off, the NOx

conversion quickly recovered to 100% and kept stable for
another 5 h, probably due to the reversible deactivation by weak
comparative adsorption on the active sites where H2O vapor
competed with NH3 or NO.27 These results suggested that this
prepared catalyst had high tolerance to water vapor.

As there is still certain amount of residual SO2 in ue gases,
the poisoning effect of SO2 on this catalyst was investigated
(Fig. 8). When 200 ppm of SO2 was added to the ue gases at
0.5 h, the NOx conversion of CeMo0.15Ox-OC-550 catalyst started
to decrease from 100% to 91.7%, and then still kept stable for
91.7% within another 18 h, demonstrating that CeMo0.15Ox-OC-
550 catalyst had high resistance to SO2. It is probably that the
CeMo0.15Ox nanoparticle has high dispersed interlayers of clay
structure, which could enhance the stability of SO2 poisoning.
When SO2 was cut off at 18.5 h, the NOx conversion for
Fig. 7 NOx conversion of CeMo0.15Ox-OC-550 catalyst in the differ-
ence space velocity.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 NOx conversion of CeMo0.15Ox-OC-550 catalyst with different
conditions in the presence of 5 vol% H2O, 200 ppm SO2 and 5 vol%
H2O + 200 ppm SO2, respectively, at 5000 h�1, 330 �C.
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CeMo0.15Ox-OC-550 has quickly recovered to 100%. This result
suggested that SO2 also led to reversible deactivation on the
active sites of CeMo0.15Ox-OC-550 catalyst by weak comparative
adsorption with NH3 or NO. This data again demonstrated our
catalyst possessed high resistance to SO2. In addition, aer
adding 5 vol% H2O and 200 ppm SO2 to the system simulta-
neously, the NOx conversion further decreased about 68%,
suggesting the synergistic deactivating effect of H2O and SO2

had inhibited the catalytic performance of CeMo0.15Ox-OC-550.
It is believed that water vapor and SO2 could inhibit the
adsorption and activation of NH3 & NO on the active sites,
leading to an obvious decline of the NOx conversion.23 Notice-
ably, the NOx conversion had almost been unchanged in the
next 18 h. Once water vapor and SO2 were removed, the NOx

conversion for CeMo0.15Ox-OC-550 also recovered quickly to
100% and stable for another 5 h, these result indicated that
water vapor and SO2 had insignicant effect for catalytic active
structure of this catalyst, demonstrating that our catalyst
possessed good resistance to the co-existence of water vapor and
SO2.
Conclusions

In summary, a facile method was presented to prepare CeMox-
Oy-based clay hybrid catalyst with layered structure. With
organic cations modied clay as support, aer a simple
adsorption and impregnation of cerium cations and molybdate
anions, and calcination at high temperature, well-dispersed
CeMoxOy nanoparticles in the layered matrix of clay were
prepared and exhibited high and stable SCR performance,
presenting the promising potential as candidate for NH3-SCR.
This excellent SCR activity could be attributed to novel layered
structure, well-dispersed CeMoxOy nanoparticles and lower
alkali metal content.
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