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The discrepancy of NH3; oxidation mechanism
between SAPO-34 and Cu/SAPO-34
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The difference of NH3z oxidation mechanism over SAPO-34 and Cu—-SAPO-34 was studied. XRD (X-ray
diffraction), SEM (scanning electron microscopy) and H,-TPR (H,-temperature programmed desorption)
were conducted to estimate the Cu species distribution. The quantity of individual Cu?* ions escalated
with the elevation of silicon content in the Cu/SAPO-34 catalysts, leading to an enhancement in the
activity of the NH3-SCR (ammonia-selective catalytic reduction) process. This augmentation in activity
can be attributed to the increased presence of isolated Cu®* species, which are pivotal in facilitating the
catalytic reaction. In addition, the kinetic test of NHz oxidation indicated that the CuO species were the
active sites for NHz oxidation. Specifically, the strong structural Brensted acid sites were the NHs
oxidation active sites over the SAPO-34 support, and the NH3 reacted with the O, on the Breonsted acid
sites to produce the NO mainly. While the NH3 oxidation mechanism over Cu/SAPO-34 consisted of two

steps: firstly, NHz reacted with O, on CuO sites or residual Brgnsted acid sites to form NO as the
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Accepted 26th February 2024 product; subsequently, the generated NO was reduced by NHs into N, on isolated Cu?* sites.

Simultaneously, the isolated Cu?* sites might demonstrate a significant function in the NHsz oxidation
process to form N,. The identification of active sites and corresponding mechanism could deepen the
understanding of excellent performance of NHz-SCR over the Cu/SAPO-34 catalyst at high temperature.
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1. Introduction

Diesel and lean-burn engines are growing in popularity
worldwide, due to their superior fuel efficiency and power
density, compared to other conventional on-road propulsion
sources. However, the abatement of nitrogen oxides (NO,)
and particulate matter (PM) emissions from exhaust gases of
diesel and lean-burn gasoline engines represents a significant
challenge for the further development of these vehicles.
Among potentially implementable technologies, the selective
catalytic reduction of NO, using ammonia as reducing agent
(NH;-SCR) is a well established DeNO, technique because of
its high efficiency and desired selectivity of N,.* Several Cu-
based zeolite catalysts, such as Cu/ZSM-5 and Cu/beta,
perform high NH;-SCR activities,>® but the narrow activity
window and weak hydrothermal stability impede their
commercial applications. The stringent emission regulations
lead to the development of aftertreatment systems combining
Diesel Particulate Filters (DPF) with highly stable zeolite-
based SCR catalysts, capable of withstanding active DPF
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regeneration conditions.® From these points of view, it is
mandatory to develop the hydrothermally stable zeolite
materials for SCR application.

The Cu/SAPO-34 catalyst with chabazite (CHA) structure has
received great attention on account of its excellent NH;-SCR
performance and good thermal stability.”* Magdalena found that
the ion-exchanged Cu/SAPO-34 catalyst performed high SCR activity
between 150 °C and 500 °C, and it was more hydrothermally stable
than the Cu-ZSM-5." In our previous researches,” it was reported
that the isolated Cu®* species displaced in the cavity of SAPO-34 were
the active sites for the NH;-SCR reaction at low temperature. In
addition, it was also found that the NO conversion of Cu/SAPO-34
catalyst started to decrease slightly above 300 °C, while the NH;
conversion kept increasing till 100%." It is known that the NH;
oxidation at high temperature could compete with NH;-SCR reac-
tion and inhibit the NO conversion. On the other hand, in the
practical aftertreatment system of diesel, the NH; oxidation catalyst
is always set after the SCR catalyst to eliminate the NH; slip.**™¢ If
the Cu/SAPO-34 catalyst concurrently performs superior SCR and
NH; oxidation activity, the NH; oxidation catalyst can be omitted for
economic effect. Therefore, the exploration of mechanisms referring
to the NH;-SCR, NH; oxidation and their competition is meaningful
and necessary for further developing the efficient SCR catalyst.

Additionally, previous researches had revealed that the
hydrothermal treatment could manipulate Cu species distri-
bution on frameworks of Cu/SAPO-34 catalysts, and the
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change of Cu species distribution further influenced their
SCR activity and N, selectivity."”~>* However, the distribution
of Cu species can also influence the NH; oxidation activity,
which has not been studied in detail yet. Therefore, in present
work, we synthesized the Cu/SAPO-34 -catalyst by the
impregnation method to ensure that CuO was the dominated
Cu species. And the various Cu species distributions were
achieved via the control of acidity on SAPO-34 supports on the
conditions of comparable Cu loading. The structure and Cu
species distribution were characterized by XRD, SEM and H,-
TPR. Concurrently, the NH;-SCR and NH; oxidation activities
were also evaluated to investigate the effect of Cu species
migration on them. Moreover, the kinetic NH; oxidation was
performed to gain insights into the active sites and the
mechanism of the NH; oxidation. Finally, this study could
also give the guidance to design the optimal Cu/SAPO-34
catalysts to accomplish desired NH;-SCR and NH; oxidation
performance with N, as main products.

2. Experimental
2.1 Catalysts preparation

H-SAPO-34 was synthesized by the hydrothermal method from
a gel with a molar composition of 1.0Al,0;:1.0P,05: (0.2-0.8)
SiO, : 2.0morpholine : 60H,O. The sources of aluminium, phos-
phorus and silicon were pseudoboehmite, orthophosphoric acid
and silica sol, respectively. And the detailed synthesis procedure
was presented in our previous work.” Three SAPO-34 supports
were obtained via control of the SiO, contents.

The impregnated Cu/SAPO-34 was prepared through two steps.
Firstly, H-SAPO-34 and 27 wt% ammonium nitrate solution were
mixed and stirred vigorously at 80 °C for 3 h followed by filtering
with deionized water. After that the powder was dried at 90 °C for
16 h in the oven to obtain NH,/SAPO-34. Secondly, the NH,/SAPO-
34 was impregnated with the solution of Cu(CH3;COO), as the
precursor at room temperature. Then, the impregnated powder
was dried at 100 °C for 12 h and calcined at 550 °C in air for 4 h.

The Al Si, P contents were determined by X-ray Fluorescence
(XRF) and the Cu loadings in the catalysts were measured by
Inductively Coupled Plasma (ICP) in Table 1. The SAPO-34
supports were abbreviated to “Six”, and the Cu-SAPO-34 cata-
lysts were denoted as “Cu/Six”, where the x stand for “the material
Si0,/Al, 05 ratio”.

XNHs [%] X FNH; [L(NH3) min_l}
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2.2 Activity tests

The activity tests were performed in a quartz reactor at atmo-
spheric pressure, using 100 mg sample (60-80 mesh) sufficiently
mixed with 900 mg quartz (60-80 mesh). The temperature was
controlled by a type K thermocouple inserted into the center of the
mixed sample. The concentration of NO and NH; was monitored
by a Fourier transform infrared (FTIR) spectrometer (MKS-2030)
equipped with a 5.11 m gas cell, which operating pressure and
temperature is 190 °C and 920 torr. The gas flow rates in all
experiments were controlled at 500 mL min ' by mass flow
controllers. Prior to the experiments, the catalysts were pre-treated
at 500 °C for 30 min under 5% O,/N,.

The steady-state NH; oxidation activity tests were performed
using a feed gas composition of 500 ppm NH; and 5% O, with
N, as the balance. The tested temperature range was from 200 °©
C to 550 °C at 50 °C intervals. The NH; conversion was calcu-
lated using the following equation:

NH3 inlet — NHX outlet
NH3 inlet

NH; conversion [%] = x 100 [%] (1)

Steady-state activity tests were also performed for the NH;-
SCR activity tests, using the gas composition of 500 ppm NO,
500 ppm NH; and 5% O, with N, as the balance. The tested
temperature range was from 120 °C to 600 °C. The NO conver-
sion was calculated using the following equation:

NOin]et - Nooutlet

NO conversion [%] = NO
inlet

x 100 %] (2)

2.3 Kinetic measurements

The NH; oxidation kinetic tests were performed in a differential
reactor, using 25 mg (80-100 mesh) catalyst mixed with 100 mg
quartz sands (80-100 mesh). The gas flow rates were controlled
at 1500 mL min~" and the volume hourly space velocity was 3
600 000 h™*. The samples were pre-treated in 5% O,/N, at 500 °©
C for 30 min before the kinetic experiments. The kinetic steady-
state measurements with a gas composition of 500 ppm NH;,
5% O, were performed from 380 °C to 480 °C at 20 °C intervals
and the NH; conversions were controlled less than 20%. The
NH; oxidation reaction rates were calculated from the NH;
conversion as the eqn (3):

Rate [mol NHj; per g, per s] =

Xnu, = NHj; conversion, [%];

Fxu, = flow rate of NHj, [L(NH3) minfl]
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Meaa [g] % 60 [s min™'| x 22.4 [L mol ']

[mol NH; per g, per s
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Table 1 The composition of SAPO-34 supports and Cu/SAPO-34 catalysts

Corresponding Cu loading
Supports Material ratios Al/Si/P molar ratio catalysts (Wt%)
Si0.2 1:1:0.2 Sio.064Alo.486P0.45002 CusSi0.2 0.76
Si0.4 1:1:0.4 Sio.107A10.492P0.40105 CuSi0.4 0.98
Si0.8 1:1:0.8 Sio.125Al0.467P0.40802 Cusio0.8 0.74

Intensity(a.u.)

Si0.8
I l Si0.4
L | I Si0.2
T T T T T T T T
10 20 260 30 40 50

Fig. 1 The XRD profiles of the SAPO-34 supports.

2.4 Characterization of the catalysts

The scanning electron microscopy (SEM) image of the samples
was measured on a HITACHI S4800 field emission microscope.
Before the scanning, the samples were pasted on a carbon tape
and covered with Au powder to make it conductive. The struc-
tures of the samples were determined by X-ray diffraction (XRD,
Bruker D8 Advance TXS, Cu Ka radiation). The XRD pattern was
collected with a step size of 0.02° from 5° to 50°.

Temperature-programmed reduction by hydrogen experi-
ment (H,-TPR) was performed to characterize the reducibility of
various copper species in the Cu/SAPO-34. Prior to the reduc-
tion, the samples (100 mg) were pre-treated at 500 °C under 2%
0,/N, (30 mL min~") for 1 h. Then after cooling down, the
samples were elevated at a ramping rate of 10 °C min~" from
30 °C to 850 °C under a flow of 5% H,/N, (30 mL min"). The
consumption of hydrogen was monitored by the thermal
conductivity detector (TCD).
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Fig. 3 The NHz-TPD profiles and the acid contents for the SAPO-34
supports.

Fig. 2 The SEM images of the SAPO-34 supports.
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Fig. 4 NHs oxidation activities over the SAPO-34 supports. (a) The
NHz conversion; (b) the NO conversion. The inlets consisted of
500 ppm NHsz and 5% O,, with N, as the balance. The volume hourly
space velocity in the experiments was kept at 30 000 h™%,

Temperature programmed desorption by NH; (NH;-TPD)
experiment was performed to evaluate the acid content of the
samples. The catalysts were pretreated at 500 °C for 30 min in

Concentration(ppm)

3

NH

T
400 450 500

Temperature(°C)

Fig. 5 The NHz-TPD profiles of the SAPO-34 supports at 300 °C.
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Table 2 Acidity of the supports obtained from NHz-TPD at 300 °C

Acidity (mmol

Support g
Si0.2 0.0043
Si0.4 0.0091
$i0.8 0.0197
20
-~ - - - -The relationship between the acidity .
‘o and the rate of NH3 conversion 8'0-8/
"0 16 . ,?
3 e
1S -
. 7z
S 12 4 P 7z
< -,
.S S04~
n
& 8- -
>
c
[e]
O
T 4
= 4
kS
° .
T
r o T T T T T T T T T
0.000 0.004 0.008 0.012 0.016 0.020

Acidity (mmol/g)

Fig. 6 The relationship between the acidity and the NH3 conversion
rate at 300 °C.

5% O,/N,, then cooled to and kept at a certain temperature in
N, before the experiments. NH; adsorption was in 500 ppm
NH;/N, until the outlet NH; concentration remained
unchanged. Then the catalysts were purged with N, to remove
the weakly absorbed NH;. Finally, the catalysts were heated
from the certain temperature to 550 °C at a ramping rate of
10 °C min .

5 Cu/Si08
&
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=
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0 200 400 600 800
Temperature(°C)

Fig. 7 The H,-TPR results for Cu/SAPO-34. Dashed line represents
the fitting results.
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Fig. 8 The relative amount of CuO, isolated Cu®* ions and Cu* on
three catalysts quantified by the H,-TPR profile.

3. Results and discussion
3.1 The NH; oxidation over the SAPO-34 supports

3.1.1 XRD and SEM results. The XRD profiles in Fig. 1
showed that the three SAPO-34 supports all exhibited typical
CHA structure.>"** The two main peaks of Fig. 1 (260 = 9.54° and
20.55°) are assigned to the typical ikl miller indexes (100) and
(20—1) of SAPO-34 structure (JCPDS 01-087-1527), respec-
tively.>*** Moreover, the XRD peaks intensity of three samples
increased slightly with the growth of the Si content, which could
be attributed to the improvement of its crystallinity. The SEM
images of the SAPO-34 supports in Fig. 2 demonstrated that all
the samples possessed typical cubic crystals and the crystal
sizes were 2-6 pm, which was consistent with the XRD results.

3.1.2 NH;-TPD results. NH;-TPD was conducted to
examine the acidities of SAPO-34 supports. As shown in Fig. 3a,
the SAPO-34 supports contained three NH; desorption peaks,

View Article Online
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labelled as A, B and C. Peak A at 150 °C was assigned to the weak
Bronsted acid sites at the surface hydroxyl groups. The two
peaks (B and C) at higher temperature were assigned to the
moderate/strong structural Brensted acid sites. The protonic
acidity of SAPO-34 resulted from the Si incorporation into the
neutral framework of AIPOs molecular sieves and the compen-
sation for the unbalanced electronic charges. Therefore, as
shown in Fig. 3b, the acid contents of SAPO-34 supports were
improved with the increase of the Si content. Moreover, the
strong, moderate and weak acid contents all showed the rising
trend.

3.1.3 The effect of the acidities on NH; oxidation at high
temperature

(1) The NH; oxidation activity over the H/SAPO-34 supports. As
shown in Fig. 4, the NH; conversions over three samples were
all below 10% at low temperature, but increased continuously
above 300 °C. The increased acidities of the SAPO-34 support
directly resulted in an elevated NH; oxidation activity. The Si0.8
sample performed the highest NH; conversion, while the Si0.2
showed an inferior NH; conversion. The main product NO
exhibited the same trend as the NH; conversion. What is more,
the NO, and N,O concentrations were all below 3 ppm, which
were not the main products for NH; oxidation and would not
affect the determination of N, concentration.

(2) The relationship between the acidities and the NH; oxidation
activities. It is well established that the acidity of the catalyst plays
a pivotal role in the ammoxidation reaction. Certainly, the
increasement in acidity is beneficial for enhancing the perfor-
mance of catalysts, which profit from that critical NH; adsorption
process can occur on the catalyst surface in the form of either
NH," on Brensted acid sites or coordinatively adsorbed NH; on
Lewis acid sites.>?* Since the NH; oxidation activity started from
300 °C, the NH3-TPD experiment with ammonia adsorption under
300 °C was conducted to further quantitatively estimate the
contribution of acidities to the NH; oxidation. As shown in Fig. 5
and Table 2, there was only one NH; desorption peak from 300 °C
to 500 °C for the three supports and the peak area increased
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Fig.9 The NH3 oxidation activity over Cu/SAPO-34 catalysts. (a) NHs conversion; (b) NO generation. The inlets consisted of 500 ppm NH3z and
5% O,, with N, as the balance. The volume hourly space velocity in the experiments was kept at 30 000 h™™.
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Fig. 10 The NHz SCR activity over Cu/SAPO-34 catalysts. (a) NO conversion; (b) NHs conversion. The inlets consisted of 500 ppm NO, 500 ppm
NHsz and 5% O,, with N, as the balance. The volume hourly space velocity in the experiments was kept at 30 000 h™2.

following the sequence as: Si0.2 (0.0043 mmol g™ %) < Si0.4
(0.0091 mmol g ') < Si0.8 (0.0197 mmol g ). As the Si content
increased, the peak point shifted towards higher temperatures,
suggestive of an enhanced acid strength.

The NH; conversion rates at 300 °C were calculated based on
the data of NH; oxidation steady-state tests, and the results were
$i0.2 (0.039 mmol s g~ ), Si0.4 (0.065 mmol s~ g~ ') and Si0.8
(0.165 mmol s g ') as shown in Fig. 6. It could be seen that the
NH; conversion rates at high temperature were proportional to
the acidity of the samples, which indicated that the NH; oxidation
activity of the SAPO-34 support at high temperature was closely
related to its strong structural Bregnsted acid sites.

3.2 The NH; oxidation over the Cu/SAPO-34 catalysts

3.2.1 H,-TPR results. In order to further investigate the
change of various copper species, the H,-TPR tests were per-
formed and the results were shown in Fig. 7. The H,
consumption signal from 150 °C to 600 °C was divided into
three peaks after deconvolution and curve stochastic fitting
procedures by Lorentzian method. The peak at the lower
temperature (peak A) was assigned to the reduction of CuO
species to Cu® in the Cu/SAPO-34. The peak (peak B) repre-
sented the reduction of isolated Cu®* to Cu®, and the higher
temperature (peak C) came from the reduction from Cu" to
Cu®.?*° Furthermore, the Fig. 8 displayed the comparison
results of relative intensity of each Cu species through inte-
grating the individual reduction peaks in Fig. 7. The
computing method of transforming peak areas to the amount
of each Cu species was proposed in our previous work.”” The
results showed that the amount of isolated Cu®* species
increased with the increment of the Si content, while the
isolated CuO amount followed irregular sequence.

3.2.2 The NH; oxidation and NH; SCR activity over the Cu/
SAPO-34 catalysts. The Cu/SAPO-34 catalysts were prepared by
impregnated method, and the Cu contents of each catalyst were
all below 1%, (CusSi0.2, 0.76%; CuSi0.4, 0.98%; CuSi0.8, 0.74%)
as shown in the Table 1. As shown in Fig. 9, the NH; conversion

7504 | RSC Adv, 2024, 14, 7499-7506

of Cu/Si0.8 was higher than the other two samples, and reached
100% at 550 °C. In the NH; oxidation reaction, NO emerged as
the primary by-product. Notably, the amount of NO produced
on the Cu/SAPO-34 was significantly lower compared to that on
the SAPO-34 supports.

For three catalysts in the Fig. 10, the NH; SCR activity
exhibited the following order during the 250-550 °C: Cu/Si0.2 <
Cu/Si0.4 < Cu/Si0.8 in the Fig. 10a, and the Cu/Si0.8 shown the
optimal SCR activity. Synchronously, the NH; conversion fol-
lowed the same pattern below 400 °C and their conversion rates
are almost 100% above 400 °C.

3.2.3 The kinetics tests over the Cu/SAPO-34 catalysts. The
kinetic test of NH; oxidation reaction was performed from 440 °C
to 500 °C, during which the NH; conversion was less than 20%. In
Fig. 11, the NH; conversion rates rose with the increase of the Si
content, explaining the NH; conversion sequence in Fig. 9.
Moreover, the three lines presented the equivalent slope,

Js ® Cu/Si0.2
784 ® Cu/Si0.4
a_ A Cu/Si0.8
T \\‘A
Fgad
“on e.. Sael
%, e
] Ssal T Tl
£ AT
£.90- NN A
z e
=1 el Tl
£ L RSN
964 Ea=81.95+5.5 KJ-mol :
v T T T T T
1.28 1.40

1.36
1000/T(K™")

Fig. 11 The kinetic results of NH3z oxidation over the Cu/SAPO-34
catalysts. The inlets consisted of 500 ppm NH3z and 5% O,, with N, as
the balance. The kinetic steady-state tests were conducted from 440 °
C to 500 °C.
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Scheme 1 The NH3 oxidation mechanism of the SAPO-34 support and Cu/SAPO-34 catalyst.

indicating the same NH; oxidation mechanism over three cata-
lysts as shown in Fig. 11. And the apparent activation energy (E,)
for the NH; oxidation calculated from the slope was about
81.95 k] mol .

Compared with NH; oxidation performance in Fig. 4 and 9,
though three Cu/SAPO-34 samples exhibited the same rank of
NH; conversion with their corresponding SAPO-34 supports, while
the involved reaction mechanism were completely different. For
SAPO-34 supports, only the Brensted acid sites possessed the NH;
oxidation activity, and the generated NO could not be consumed
for no SCR active sites on neat support. Nevertheless, except the
residual Bregnsted acid sites, Cu/SAPO-34 also contained CuO
species, which could further convert NH; into NO. But the pres-
ence of isolated Cu”* species could convert the NO into N, by NH;
through the selective catalytic reduction (SCR) reaction, which
declined NO release and synchronously improved NH; conver-
sion. It has been widely reported that isolated Cu>" species are the
active sites for NH;-SCR over Cu/SAPO-34, while CuO species are
the most active sites for NH; oxidation."*' The Fig. 10a and
b revealed that Cu/Si0.8 presented the highest SCR performance
and Cu/Si0.2 exhibited the lowest SCR performance, which just
explained the rank of NH; conversion and NO concentration in
Fig. 9a and b. And the tandem reaction of the front NH; oxidation
and the back NH;-SCR induced the completely various products
between the SAPO-34 and Cu/SAPO-34. In the meantime, it was
seen that the sufficient strong acid sites and higher Cu**/CuO
ratios over Cu/SAPO-34 benefited N, as the main product for NH;-
SCR and NH; oxidation reaction, but not NO, NO, or N,O.

3.3 The different NH; oxidation mechanism over the SAPO-
34 and Cu/SAPO-34

Combining above results and discussion, we could conclude
that the strong structural Bregnsted acid sites were the NH;
oxidation active sites of the SAPO-34 support, and the NH;
reacts primarily with O, at these Brgnsted acid sites, giving rise
to the formation of NO as the main by-product. While the NH;

© 2024 The Author(s). Published by the Royal Society of Chemistry

oxidation mechanism over the Cu/SAPO-34 catalyst was
distinctly different due to the introduce of Cu species. It was
proposed that the NH; oxidation mechanism over the Cu/SAPO-
34 contained two steps. Firstly, NH; species reacted with O, on
CuO sites and Brensted acid sites to form NO products; and
subsequently, the generated NO was reduced by NH; to N, on
isolated Cu®" sites. Additionally, the isolated Cu®" sites have
a crucial role in facilitating the NH; oxidation process to the
production of N, as exhibited in the Scheme 1.

4. Conclusion

The impregnation method was used to synthesize the Cu/SAPO-
34 catalyst, in which CuO was the dominated Cu species.
Furthermore, a kinetic study on NH; oxidation was conducted,
and the findings indicated that CuO species served as the active
sites for the NH; oxidation process. In conclusion, the strong
structural Bronsted acid sites were the NH; oxidation active site
for the SAPO-34 support, and the NH; reacted with the O, on the
Bronsted acid sites mainly to produce the NO. However, the
NH; oxidation mechanism over the Cu/SAPO-34 catalyst was
distinctly different due to the introduce of Cu species. It was
proposed that the NH; oxidation mechanism over the Cu/SAPO-
34 contained two steps: firstly, molecular NH; reacted with O, at
CuO sites and residual Brensted acid sites to form NO products;
and subsequently, the generated NO was reduced by NH; to N,
at isolated Cu>" sites. Meanwhile, the isolated Cu>" sites could
show another crucial role in the NH; oxidation process that
leads to the production of N,. Generally speaking, the desired
NH;-SCR and NH; oxidation performance could be achieved
simultaneously via the control of acidity and Cu species distri-
bution on Cu/SAPO-34 catalysts.
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