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Copper species in the structure of Cu/core–shell Al-MCM-41 catalysts prepared by different techniques of Cu loading-substitution (S), ion-exchange (E), and impregnation (I) methods—were tested
for NO reduction via a selective catalytic reaction with methane. Cerium was added to enhance the
performance of copper. It was found that the 1.5%Ce-SEI-Cu/Al-MCM-41, in which Cu was loaded
by all three techniques gave the highest NO conversion of 85% at 500  C. Based on the results
from FT-IR in-situ experiment, the mechanism of SCR-CH4 reaction is proposed. The ion-exchange
method gives the best performance of SCR-CH4 reaction when compared with the other methods,
because the Cu of reduced catalyst in this method exists in isolated Cu(I), which is an active site
of the SCR-CH4 reaction. With H2 O in the feed, the NO conversion of 1.5%-Ce-SEI-Cu/Al-MCM-41
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catalyst is found to be rather stable.
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1. INTRODUCTION
Transportation (mobile sources) and fuel combustion (stationary sources) are responsible for major amounts of pollutant emissions,1 with released nitrogen oxides (NOx 
being particularly harmful to human health, not only by
direct health risks but also by significant indirect effects,
through their contribution of formation to the well-known
smog and acid rain.2–4 Selective catalytic reduction (SCR)
is a good method to alleviate such problems by changing
nitric oxide (NO), one of the NOx , to nitrogen (N2 .5–7
Seo et al.8 have studied SCR with hydrocarbons for
de-NOx reaction and found that C3 H8 , from the alkane
group gave better performance than C3 H6 , from the alkene
group, as a reducing agent in the reaction. Methane (CH4 
has also been studied in much research9–11 and has been
used as a reducing agent in the SCR reaction, because it is
the least reactive alkane. Based on the preceding considerations, selective catalytic reduction with methane (SCRCH4  with the use of catalysts was investigated in this
work.
Catalysts have a significant role in the removal of
NO via SCR-CH4 . There have been several metals—i.e.,
∗
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Cu,12–14 Co,15–17 Pd,18–20 Pt,21–23 Ag,24–26 Ni,27–29 Mn,30–32
Fe,33–35 In36–38 —which were prepared by ion-exchange
method with zeolites or impregnation method for use in
SCR-CH4 under the presence of excess oxygen. However,
one problem is that the use of those catalysts was restricted
by a narrow temperature range and low hydrothermal stability. Recently, many functional mesoporous materials
have been studied.39–43 Loading metal on Al-MCM-41 as
a support can solve the problem of low hydrothermal stability when compared with zeolites support.44 It was found
that the use of Al-MCM-41 as the support also showed
a high hydrothermal stability after heating to 800  C in
the presence of H2 O in SCR of NO with C2 H4 ; the
Al-MCM-41 support is consequently more stabilized than
the ZSM-5 support. Based on our previous work,45 core–
shell-structured Al-MCM-41 enhances the performance of
NO reduction, and copper can be easily reduced from
Cu(II) to Cu(I), which is an active site for de-NOx catalytic
reaction. On the other hand, the problem of hydrothermal
stability can also be improved by adding Ce as a promoter.
Costilla et al.46 found that the presence of Ce enhanced
the activity for NO conversion and the selectivity to N2 on
Pd/H-MOR catalyst in SCR-CH4 in the presence of H2 O.
Therefore in this work, Cu metal was modified by loading
1533-4880/2018/18/132/011
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on core–shell Al-MCM-41 as a catalyst, and Ce metal was
added as a promoter.
In our recent work,47 loading of copper metal on core–
shell Al-MCM-41 by different techniques—ion-exchange
method, impregnation method, and substitution method—
were characterized and the existence of different copper
species in the structure was identified. We found that the
copper species in the substitution method was introduced
into the silica-aluminosilicate framework and was presented in the tetrahedral-coordinated positions, the copper
species in the ion-exchange method was isolated Cu(II),
which was surrounded by OH groups, and the copper
species in the impregnation method was in the form of
CuO crystal as the major phase. Moreover, the different
states of copper obtained from these three techniques have
different effects on the acid sites of the catalyst, especially
on the Brønsted acid sites, when it is reduced by H2 . Those
resulting behaviors are expected to differ when the catalysts are used in NO reduction. Therefore, the purpose
of this work is to investigate the role of different copper
species on the SCR-CH4 under the presence and absence
of H2 O in the feed. Cerium was chosen to be added into
the Cu/Al-MCM-41 catalyst, and the influence of the presence of Ce, affecting the mechanism of SCR-CH4 reaction,
was also studied in order to understand the behavior of the
reaction.

Al-MCM-41 was prepared by stirring the Al-MCM-41 in
0.05 M copper nitrate solution at 80  C for 12 h. Then, the
solid material was filtered and washed thoroughly with DI
water, and dried at 110  C for 12 h. Finally, it was calcined
at 400  C for 2 h. For the impregnation method, 1 g of
Al-MCM-41 was impregnated with 3.15 ml of Cu(NO3 2 ·
2.5H2 O solution, preparing copper contents of 1.5 wt%
and 10 wt%, and then it was dried at 110  C and calcined in air at 400  C for 2 h. In an additional method, the
three previously mentioned methods were combined in one
catalyst by successive preparation proceeding through the
substitution (S), ion-exchange (E), and impregnation (I)
methods (in that order). The resulting product is called
SEI-Cu/Al-MCM-41 catalyst. Following this, an aqueous
solution of ammonium cerium nitrate (Ce(NO3 6 (NH4 2 :
99%, Sigma-Aldrich) at a concentration of 1.5 wt% was
added to a beaker containing SEI-Cu/Al-MCM-41 catalyst
by using impregnation method. The catalyst was dried at
110  C and calcined in air at 500  C for 2 h.

2.2. Catalyst Characterization
The reducibility of copper and cerium on the catalysts
were characterized with temperature-programmed reduction (TPR). Firstly, the catalyst was packed in an Inconel
tube reactor (Inconel-600, O.D. 3/8 in), and then a continuous flow of H2 and Ar (9.6% H2 balanced with Ar) was
passedKongkachuichay
through at 15 ml/min. Following this, the catalyst
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rate 5 C/min. Then, H2 consumption was monitored by
2.1. Preparation of Catalysts
using a Shimadzu gas chromatograph (GC-2014) equipped
48
Following our previous work, a core–shell-structured Alwith a thermal conductivity detector (TCD).
MCM-41—used as a catalytic support—was prepared by
The acidity of catalysts before and after reduction
using sol–gel method with the molar ratio of 1 SiO2 :0.2
was
determined by temperature-programmed desorption
CTAB:100 H2 O (based on Al-MCM-41 gel composition),
of
ammonia
(NH3 -TPD) analysis. A sample (0.1 g) was
for which the Al2 O3 /SiO2 molar ratio was fixed at 0.1.
packed in a tubular reactor. Before the analysis, the air
Briefly, the support was prepared by adding tetraethyl
inside the reactor was removed, and then the reactor was
orthosilicate (TEOS: 98%, Sigma-Aldrich) into the mixed
heated isothermally at 400  C for 1 h. After that, it was
solution of aluminum nitrate (Al(NO3 3 · 9H2 O: 98%,
cooled down to 100  C, and NH3 (100 mbar) was injected
QREC) and cetyl trimethyl ammonium bromide (CTAB:
into the reactor until the sample was saturated with NH3 .
98%, APS Ajax Finechem), while it was being stirred at
Subsequently, the adsorbed NH3 was desorbed by heating
40  C. After stirring for 1 h, the pH value of the mixthe reactor from 100 to 700  C at a rate of 5  C/min. The
ture was immediately adjusted to 6.5, and the mixture
amount of desorbed NH3 gas was measured by a mass
was stirred for another 5 h. The obtained mixture was
spectrometer (Balzers Prisma 260).
then transferred to a Teflon-lined autoclave for hydrothermal treatment at 100  C for 24 h. Next, the solid product
2.3. In-Situ FT-IR Spectroscopy for NO Adsorption
was filtered, washed with distilled water, dried at 80  C
The Fourier transform infrared spectroscopy of NO
overnight, and calcined in air at 600  C for 5 h.
adsorption was studied using a Bruker IFS 28 spectrometer
Following Intana et al.,47 copper loading was conducted
equipped with a MCT detector at a resolution of 4 cm−1 .
by three methods: substitution (Su), ion exchange (Ex),
A sample was first added into the mold and pressed to
and impregnation (Im). For the substitution method, copget a circular tablet having a diameter of 1 cm by using
per nitrate solution (Cu(NO3 2 · 2.5H2 O: 99.5%, LOBA
a hydraulic press with the pressure of 3 MPa. Then, the
Chemie) of a concentration of 1 wt% was mixed with
pressed sample was put inside a FT-IR sample holder.
Al(NO3 3 solution and slowly added into the CTAB soluIn order to prepare a reduced sample, H2 (100 mbar) and
tion during the gel preparation, as mentioned earlier. Then,
N2 (400 mbar) were injected to the sample at 350  C
the whole process was repeated again in the same way
2+
for 1 h. Subsequently, the gases were evacuated, and
for producing the Al-MCM-41. The Cu ion-exchanged
J. Nanosci. Nanotechnol. 18, 132–142, 2018
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the sample was cooled down to room temperature. Then,
He (365.1 mbar), 10% NO balanced with He (1 mbar),
CH4 (1.2 mbar), and O2 (2.1 mbar) were fed into the sample cell sequentially, and the FTIR spectra were measured
by using treated catalyst as a background. After that, the
sample was heated from room temperature up to 255  C
with a heating rate of 5  C/min.

of the pore structure. Meanwhile, the peaks at 330 and
586  C refer to the reduction of isolated Cu(II) to Cu(I)
and reduction of isolated Cu(I) to Cu(0), respectively.50 51
For the 10%-Im-Ce/Al-MCM-41, the four peaks at 510,
640, 700, and 815  C refer to the reduction of Ce4+ to
Ce3+ , Ce3+ to Ce2+ , Ce2+ to Ce+ and Ce+ to Ce0 , respectively (see Fig. 1(c)). This stepwise reduction of CeO2
was also confirmed by the thermogravimetric analysis (TA
instrument SDT 2960). Therefore, the broad peak and nar2.4. In-Situ FT-IR Spectroscopy for H2 O Adsorption
row peak at 580  C for 1.5%-Ce-SEI-Cu/Al-MCM-41 (see
The sample was reduced following the steps as described
Fig. 1(b)) could be a result of the reduction of Ce4+ to
in Section 2.3. After the gases were evacuated, the samCe2+ and reduction of isolated Cu(I) to Cu(0), respectively.
ple was cooled down to room temperature. Then, 10%
This result confirms the existence of CeO2 clusters in the
NO balanced with He (1 mbar) and H2 O (1 mbar)
1.5%-Ce-SEI-Cu/Al-MCM-41 catalyst.
were fed into the sample cell sequentially, and the FTIR
NH3 -TPD profiles of the catalysts before and after
spectra were measured by using treated catalyst as a
reduction
and of the Al-MCM-41 support are shown in
background.
Figure 2. When the SEI-Cu/Al-MCM-41 was reduced, the
amount of Brønsted acid sites, reflected in the area of the
2.5. Catalyst Testing
desorption peak at 200  C, was seen to decrease because
The performances of various catalysts were tested in the
of the steaming effect from the reduction of CuO sites.47
SCR-CH4 . The reaction was carried out in a fixed bed reacThen, the catalyst was modified by adding Ce. When
tor at atmospheric pressure. Before running the reaction,
the 1.5%-Ce-SEI-Cu/Al-MCM-41 was reduced at 350  C,
the catalyst was reduced by using H2 at 350  C for 2 h.
Ce4+ was reduced to Ce3+ , an important site for the preThe feed composition under dry conditions was 500 ppm
vention of the steaming effect after reduction, since Ce3+
NO, 1200 ppm CH4 , and 2% O2 balanced with He, to give
can react with OH groups46 from the small amount of
a total flow of 30 ml/min or 720 h−1 gas hourly space
water that results during the reduction of CuO phase. Due
velocity (GHSV) (catalyst bed volume of 2.5 cm3 . Under
to the benefit of Ce3+ , the amount of Brønsted acid sites
added
to theto: Paisan Kongkachuichay
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alyst. For this reason, it is advantageous to use Ce with
chromatographs (GC-14A, Shimadzu)—one was equipped
Cu for the reaction that occurs under wet condition.

with an Unibeads C column at 30 C (for detecting N2
and O2  and another one was equipped with a Porapak-Q
3.2. NO Adsorption
column at 140  C (for detecting NO, NO2 , CH4 , CO2 and
Figure 3 shows peaks of NO adsorption on the reduced
H2 O)—subsequently, NO conversion (XNO  was calculated
catalyst (left) and the oxidized catalyst (right). For the
from following equation:
reduced catalyst, before the measurement, the catalyst was
NOinlet − NOoutlet
reduced at 350  C; hence, it was not completely reduced
XNO % =
× 100
(1)
NOinlet
to Cu(0). Due to the fact that Cu+ still existed and it
was further oxidized by NO in feed to be Cu2+ . The
The selectivity of gaseous products were calculated from
peak at 1600–1630 cm−1 corresponds to NO2 adsorbed
their detected amounts divided by an amount of NO
on Cu2+ (Cu2+ –NO2 , while that at 1810 cm−1 correconsumed.
sponds to NO adsorbed on Cu+ (Cu+ –NO). This means the
Cu+ is the active site of catalyst in the SCR reaction.44 52
3. RESULTS AND DISCUSSION
Other peaks can also be ascribed as follows: the peak at
3.1. Characterization of Catalysts
1900–1910 cm−1 corresponds to NO adsorbed on Cu2+
The reducibility of catalysts and the forms of copper
(Cu2+ –NO), the peak at 2250 cm−1 corresponds to N2 O
species present were evaluated by H2 -TPR method. When
adsorption, and the peak at 2150 cm−1 corresponds to NO+
the catalyst was prepared by three techniques of Cu loadadsorbed on Brønsted acid sites of the catalyst (NO+ Z− 
ing in one catalyst, it can be seen that there are four
acting like an intermediate in the mechanism of SCRpeaks of reduction of Cu in the SEI-Cu/MCM-41 (see
CH4 .38 For the oxidized catalyst, the catalyst exhibits

Fig. 1(a)). The peaks at 240 and 265 C refer to onehigher adsorption capacity of NO and NO2 on Cu2+ than
49

step reduction of CuO to Cu. The peak at 240 C corthe reduced catalyst, due to the larger amount of Cu2+
responds to the CuO cluster existing on the outside of
formed by oxidation.
the pore structure because it was easily reduced at low
When the gases were removed under vacuum condition, for the reduced catalyst it was found that the
temperature. On the other hand, the peak at 265  C can
be attributed to the CuO cluster existing on the inside
peak at 1810 cm−1 disappeared, demonstrating the weak
134
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Figure 1. H2 TPR profiles for Cu/core–shell Al-MCM-41 with different methods of preparation. (A) SEI-Cu/Al-MCM-41, (B) 1.5%-Ce-SEI-Cu/AlMCM-41 and (C) 10%-Im-Ce/Al-MCM-41. Dashed line represents the fitting results.

adsorption of NO adsorbed on Cu+ —a good property for
active sites. For both catalysts, the peak at 1910 cm−1
(i.e., Cu2+ –NO) decreased about 50% (almost disappeared
in case of the reduced catalyst); this means that there

Figure 2. NH3 -TPD profiles of SEI-Cu/Al-MCM-41 and 1.5%-Ce-SEICu/Al-MCM-41 before and after reduction compare with core–shell AlMCM-41 as only support.

J. Nanosci. Nanotechnol. 18, 132–142, 2018

was medium adsorption of NO on Cu2+ . The two remaining peaks (those at 1630 and 2150 cm−1  still have the
same height when compared to the NO adsorption line;
this means that the interaction between NO+ and Brønsted
acid sites and NO2 and Cu2+ can be classified as a strong
adsorption.
3.3. Simulation of SCR-CH4 in In-Situ FT-IR
3.3.1. For SEI-Cu/Al-MCM-41
After adding He and NO on the reduced catalyst (see
Fig. 4), the peak of Cu+ –NO, which had appeared since
3 min after loading, gradually increased up to 14 min,
thereby showing that there is a high amount of Cu+ as
the active sites of the catalyst. The peak corresponding to Cu2+ –NO appeared starting 5 minutes after loading, together with the peak at 2250 cm−1 and gradually
increased up to 14 min. This behavior indicates that Cu+
was oxidized to Cu2+ by NO and produced N2 O in this
step, and then it also produced NO–Cu2+ –O− that was able
to react with NO to form NO–Cu2+ –NO−
2 , confirmed by
a corresponding peak around 1600 cm−1 . These phenomena are in agreement with Cheung et al.53 Additionally,
the NO reacted with Brønsted acid sites to form NO+ Z−
135
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Figure 5. Spectra of FT-IR in-situ on reduced SEI-Cu/Al-MCM-41
after adding He + NO + CH4 .
Figure 3. Spectra of FT-IR in-situ NO adsorption on Cu/Al-MCM-41:
NO adsorption (black line) and removal of NO gas under vacuum (red
line).

as identified at 2156 cm−1 by following reaction:54
NO + 2H+ − OZ ←→ NO+ − OZ + HO − H+ − Z

(2)

NO2 reacted on the Cu(0) or Brønsted acid sites, forming NO+ adsorbed on the Brønsted acid sites (NO+ Z− 
as an intermediate and producing H2 O molecules, which
can be seen as the corresponding peak at 3600 cm−1 , in
accordance with Eq. (3).
NO + NO2 + 2H+ Z− ←→ 2NO+ Z− + H2 O

(3)
The results of adding CH4 to the sample cell are shown
All Kongkachuichay
of the preceding can be seen in the increasing width
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and eventually swallows up the smaller peak at 2250 cm−1 .
appeared during an interval of 3 min to 7 min after starting
This behavior is indicative of one of the steps to convert
measurement. Subsequently, O2 was added (see Fig. 6);
NO to N2 in the proposed mechanism of SCR-CH4 (cf. the
it can be seen that the peak of Cu(I) was dramatically
later subsection discussing the mechanism).
decreased with respect to oxidation of Cu(I). On the other
hand, the peak of Cu(II) clearly increased in height, due to
3.3.2. For 1.5%-Ce-SEI-Cu/Al-MCM-41
an effect of oxidizing Cu(I) to Cu(II) by O2 . Moreover, the
addition of O2 facilitated the reaction between NO and O2
For Cu/Al-MCM-41 catalyst promoted with Ce, the specon Brønsted acid sites in the catalyst55 and produced NO2
tra of NO adsorption after reduction are shown in Figure 7.
gas (seen at 1600–1630 cm−1 . Subsequently, the NO and

Figure 4. Spectra of FT-IR in-situ on reduced SEI-Cu/Al-MCM-41
after adding He + NO.
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Figure 6. Spectra of FT-IR in-situ on reduced SEI-Cu/Al-MCM-41
after adding He + NO + CH4 + O2 .

J. Nanosci. Nanotechnol. 18, 132–142, 2018

Intana et al.

Role of Copper and Cerium on Core–Shell Al-MCM-41 in NO Reduction via a SCR-CH4

equations, one then has the following reactions:
NO2

+
−
−
CH4 +H+ −Z− −→ CH+
5 −Z −→CH3 NO −Z +H2 O
(4)

Cu+ −OH+CH3 NO+ −Z− −→ NO+ Z− +Cu2+ −O+CH4
(5)

Figure 7. Spectra of FT-IR in-situ on reduced 1.5%-Ce-SEI-Cu/AlMCM-41 after adding He + NO.

It can be concluded that CH4 in the system has an effect
on NO2 in creating the intermediate sites (i.e., NO+ Z− .
This explanation is supported by the increase in both peaks
at 1910 cm−1 and 2156 cm−1 .
After CH4 and O2 were added in the system, the
obtained spectra of FT-IR are shown in Figure 9. The
behaviors of this system are like those of SEI-Cu/AlMCM-41 catalyst without Ce, but the intensity of the peaks
at 3600, 2156, and 1630 cm−1 are higher than those for
the catalyst without Ce. The fact that both Ce and O2 catalyze the NO to NO2 and create a considerable amount of
intermediate sites supports the notion that one could attain
better performance of SCR-CH4 .

The influence of the Ce is observed by the increasing
of the peak around 1600 cm−1 , meaning that the Ce catalyzes the NO to NO2 ,56 and then both of them (NO
and NO2  are able to oxidize Cu+ to Cu2+ and produce
3.3.3. Mechanism of SCR-CH4 Reaction
N2 O. This explanation is supported by increasing of the
After adding all of the reactant gases (i.e., NO, CH4 , O2 ,
peak at 1910 cm−1 , overtaking the value of the peak at
and
He) into the sample cell, the SEI-Cu/Al-MCM-41 cat1810 cm−1 , and becoming the highest peak at 2250 cm−1 .
alyst was heated from room temperature to 255  C (see
Additionally, the NO and NO2 are able to react on BrønFig. 10). The peak at 3500 cm−1 , corresponding to cop−1
sted acid sites to form NO+ Z− (seen
at 2156
 andto: Paisan
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per surrounded
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in height with increasing temperature.
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at 3600 cm−1 .
Such behavior indicates the loss of water in the strucWhen CH4 was added into the system (see Fig. 8),
ture of the catalyst, by as per Eq. (6). The two peaks
Ce metal facilitated the change of NO to NO2 , and
between 3000 and 2850 cm−1 , corresponding to stretching
+
CH4 was protonated to form a transient CH5 on the
of
C–H molecules, also decreased in size, meaning that
Brønsted acid sites. Subsequently, the CH+
5 reacted with
there
occurred decomposition of CH4 in the system. When
NO2 to form CH3 NO+ and H2 O;57 as a result, the peaks
the
temperature
was raised above 150  C, there were no
around 3016–3625 cm−1 increased in intensity. After
NO
molecules
adsorbed
on the catalyst. This might indithat, the CH3 NO+ reacted on Cu+ sites to form NO+ Z−
cate
that
the
NO
started
changing
to N2 , because the rate
and oxidized Cu+ to Cu2+ . In the form of chemical
of adsorption and desorption of molecules on the catalyst

Figure 8. Spectra of FT-IR in-situ on reduced 1.5%-Ce-SEI-Cu/AlMCM-41 after adding He + NO + CH4 .
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Figure 9. Spectra of FT-IR in-situ on reduced 1.5%-Ce-SEI-Cu/AlMCM-41 after adding He + NO + CH4 + O2 .
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+
−
Cu+ NO−
3 +CH4 −→ CH3 NO2 +Cu OH

(10)

CH3 NO2 +NO+ −Z− −→ N2 +CO2 +H2 O+H+ −Z−
(11)

Figure 10. Spectra of FT-IR in-situ on reduced SEI-Cu/Al-MCM-41 in
SCR-CH4 reaction at different temperature.

was very fast at high temperature. Based on the obtained
in-situ FT-IR results, the mechanism of SCR-CH4 reaction using SEI-Cu/Al-MCM-41 as a catalyst is proposed
as follows:
Heat

Cu+ OH− +H+ −Z− −→Cu+ −Z− +H2 O

Note that, for 1.5%-Ce-SEI-Cu/Al-MCM-41, the spectra
(not shown) of running the reaction were like those in
Figure 10 as well.
The results of FT-IR spectra are presented in Figure 11
for SEI-Cu/Al-MCM-41 and 1.5%-Ce-SEI-Cu/Al-MCM41 catalysts. When the NO was added to the system, the
peak of Cu(I) on 1.5%-Ce-SEI-Cu/Al-MCM-41 is found
to be lower than that for SEI-Cu/Al-MCM-41 catalyst,
because Cu(II) species were covered by CeO4 and were
hard to be reduced to Cu(I). However, when O2 was added
to the system, the peak at 2150 cm−1 was, for 1.5%-CeSEI-Cu/Al-MCM-41, higher than the peak for SEI-Cu/AlMCM-41 at the same wavenumber. Based on these FT-IR
results, it would be reasonable to predict that creating a
considerable amount of intermediate sites in the reaction
can facilitate the performance of the catalyst, and the performance of 1.5%-Ce-SEI-Cu/Al-MCM-41 would be better than that of the SEI-Cu/Al-MCM-41 catalyst.

(6)

3.3.4. Effect of H2 O on Catalysts
When the catalyst was reduced at 350  C by H2 and
(7)
+
−
or NO2 −Cu −Z
then cooled down to room temperature, the catalyst was
adsorbed
by NO gas (shown as the NO adsorption line
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−
−
NO−Cu −Z +O2 +NO−→ Cu NO3 +NO −Z (8)
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Fig.
12).
There
are two peaks, one at 1809 cm−1 and
+
+
−
+
−
−
Copyright:
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NO2 −Cu −Z +NO2 −→ Cu NO3 +NO −Z
another one at 1,909 cm−1 , corresponding to Cu+ –NO and
(9)
+

−

+

−

Cu −Z +NO or NO2 −→ NO−Cu −Z

Figure 11.
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Summary of FT-IR in-situ spectra in SCR-CH4 on SEI-Cu/Al-MCM-41 (left) and 1.5%-Ce-SEI-Cu/Al-MCM-41 (right).
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Figure 12.
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Spectra of in-situ FT-IR for H2 O adsorption on reduced SEI-Cu/Al-MCM-41 (left) and 1.5%-Ce-SEI-Cu/Al-MCM-41 (right).
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system, the peak of Cu+ –NO was dramatically
The 1.5%-Im-Cu/Al-MCM-41 catalyst was tested via
for both catalysts. This indicates that the water has a negSCR-CH4 reaction at different temperatures (300–500  C)
for 3 h (see Fig. 13). It was found that the NO conative effect on the active sites of the catalysts, making the
version increased while the temperature was increased.
catalytic performance of the catalyst decrease when being
The highest average NO conversion of 72% was obtained
used under wet condition.
at 500  C. Given this result, the temperature at 500  C
was used for testing the performance of the other
catalysts.
Figure 14 shows the performances of all catalysts tested
in SCR-CH4 at 500  C for 3 h. The substitution method
(1%-Su-Cu/Al-MCM-41) gives the lowest NO conversion,
having an average NO conversion of 58% because copper
atoms exist in the tetrahedral-coordinated position and this
structure is relatively stable.47 The impregnation method at
high copper loading (10%-Im-Cu/Al-MCM-41) gives low
NO conversion at the beginning because the copper species
were full of Cu(0) due to reducing of CuO crystals, which
constitute the main copper species in this method.47 After
1 h, the NO conversion was increased to 73%. This observation can be explained as follows: Cu(0) might be partial
oxidized to Cu(I) by O2 in the system, becoming the active
sites. At low copper loading (1.5%-Im-Cu/Al-MCM-41),
the copper species were CuO crystals and isolated Cu(II).47
When the 1.5%-Im-Cu/Al-MCM-41 catalyst was reduced
by H2 , the isolated Cu(II) was changed to Cu(I). Therefore, the Cu(I) from reducing of isolated Cu(II) was active
Figure 13. NO conversion of 1.5%-Im-Cu/Al-MCM-41 in SCR-CH4 at
different temperature (300–500  C) for 3 h.
at the beginning and gave an average NO conversion of
J. Nanosci. Nanotechnol. 18, 132–142, 2018
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Figure 14.
for 3 h.

NO conversion of different catalysts in SCR-CH4 at 500  C

Intana et al.

Figure 16. NO conversion on SEI-Cu/Al-MCM-41 and 1.5%-Ce-SEICu/Al-MCM-41 in presence and absence of water for SCR-CH4 at 500  C
for 3 h.

71%. The ion-exchange method (0.05M-Ex-Cu/Al-MCM41) gave the highest NO conversion (about 78%) when
of 85% was achieved, because Ce promotes creation of
compared to the substitution and impregnation methods.
intermediate sites in the reaction. It can be supposed that
The copper atoms in the ion-exchange method exist in the
the intermediate sites encourage the catalytic performance
isolated Cu(II)47 and they were reduced to Cu(I), which
of SCR-CH4 reaction, as confirmed by FT-IR results.
is the active site of the SCR-CH4 reaction. Consequently,
Based
on the obtained chromatographs from the GCs,
Delivered by Ingenta to: Paisan
Kongkachuichay
it can be concluded that the Cu(I)
sites
play
the
essential
peak
that
to N2 O was not observed. Therefore,
IP: 158.108.238.196 On: Fri, 29 Sep corresponds
2017 03:49:57
was prepared
by Scientific
role in this reaction.58 When the catalyst
selectivity
of only N2 and NO2 are presented in Figure 15.
Copyright:
American
Publishers
combined three methods: substitution, ion-exchange, and
The results indicate that when there is high amount of
impregnation (SEI-Cu/Al-MCM-41), the average NO conNO2 in the system, the production of N2 will be facilitated
version was increased up to 80%. Interestingly, when Ce
by the Ce sites on the catalyst. This reason emphasizes
was loaded on the SEI-Cu/Al-MCM-41 catalyst (1.5%-Cethe role of Ce as described in Section 3.3.3. It should be
SEI-Cu/Al-MCM-41), the highest average NO conversion
noted that the N2 selectivity obtained from both catalysts:
SEI-Cu/Al-MCM-41 and 1.5%-Ce-SEI-Cu/Al-MCM-41 is
about 3.2 times of the NO2 selectivity. It means that N2
is the main product of the SCR-CH4 when these catalysts
were used.
Finally, the SEI-Cu/Al-MCM-41 and 1.5%-Ce-SEICu/Al-MCM-41 catalysts were tested for the SCR-CH4 at
500  C for 3 h with 3% water added in the feed (see
Fig. 16). It is found that the catalytic performance of both
catalysts was decreased when compared to the dry condition. In particular, for the SEI-Cu/Al-MCM-41 catalyst,
it can be seen that the NO conversion lessens after 90 min.
However, for the 1.5%-Ce-SEI-Cu/Al-MCM-41 catalyst,
the NO conversion is rather stable, proving that the Ce3+
was able to protect against the water in the feed reacting with the active sites and made the stability last longer
under the wet condition.

4. CONCLUSIONS
Figure 15. Selectivity of N2 (− • −) and NO2 (− −  − −) for SEICu/Al-MCM-41 (black line) and 1.5%-Ce-SEI-Cu/Al-MCM-41 (red
line).

140

The different copper species prepared by substitution, ion-exchange, and impregnation methods were
investigated for using in SCR-CH4 reaction. The
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ion-exchange method (0.05M-Ex-Cu/Al-MCM-41) having
isolated Cu(II) species gave the highest NO conversion
when compared to the results from the substitution and
impregnation methods. The reduced catalyst from this
method gave isolated Cu(I), which is the active site of
SCR-CH4 reaction. In addition, the catalyst prepared by
the combination of substitution, ion-exchange, and impregnation methods yielded the NO conversion of 80%.
The study of SCR-CH4 reaction via FT-IR spectra shows
that the role of Ce is in catalyzing NO to NO2 , and the
NO2 can react to NO or CH4 on Brønsted acid sites,
creating a considerable amount of NO+ Z− , which acts
as intermediate sites in the proposed reaction mechanism
of SCR-CH4 . This promotes the catalytic performance of
SCR-CH4 reaction, as confirmed by testing the reaction on
1.5%-Ce-SEI-Cu/Al-MCM-41 catalyst, which was found
to give the highest NO conversion (85%). Under wet condition, the NO conversion of 1.5%-Ce-SEI-Cu/Al-MCM41 catalyst is rather stable, indicating that the other role
of Ce on the catalyst lies in the reaction of Ce3+ with OH
groups and the protection against small amounts of water
reacting with the active sites, thus making the stability of
the catalyst longer-lasting.
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