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SO2 poisoning of NH3-SCR catalysts at low temperature (< 300 °C) is still an austere challenge. In this work, γFe2O3 was taken as a model catalyst and the effect of reaction temperature on the catalytic activity in the
presence of SO2 were fully revealed. SO2 introduction has no negative effect on the activity at 300 °C, which
gradually improves with the extension of time. While for 225−275 °C, the activity decreases firstly and then
increases slowly. The formatted sulfate species inhibits the adsorption of NOx, cuts off L-H reaction pathway and
leads to the initial decline. While the deposited ammonium bisulfate (ABS) can be consumed continuously by NO
+ O2, implying the formation and consumption of ABS have reached a dynamic equilibrium. Moreover, the
formation of ferric sulfate species results in the enhancement of surface acidity, which leads to the promotion of
the E-R reaction pathway and further facilitates the increase of activity.

1. Introduction
Nitrogen oxides from stationary sources can lead to the environmental pollution, along with acid rain, ozone depletion, smog and so on
[1,2]. Currently, denitration of non-electric industries has become the
key point for the control of atmospheric pollution. Selective catalytic
reaction of NOx with ammonia (NH3-SCR) is the most effective technology for reducing NOx emissions and the core of this technology is
catalysts [3,4]. Commercial V2O5-WO3/TiO2 catalyst possesses high
catalytic performance mainly in the operating temperature window of
300−420 °C [5]. However, the flue gas temperature in non-electric
industries is as low as 80−300 °C and the compositions of the flue gases
are complex, which contain a large amount of SO2 and H2O [6].
Therefore, it is quite necessary to develop a NH3-SCR catalysts with
excellent deNOx efficiency and sulfur resistance at low-temperature
(< 300 °C).
Understanding the SO2-posioning mechanism of the catalysts is one
of the core interests for the development of the catalyst with high SO2
resistance. Previous researchers have made great efforts to investigate
the mechanism of NH3-SCR reaction in the presence of SO2 [7–9]. In

some cases, the deactivation on the catalysts caused by SO2 may be the
consequence that the competitive adsorption between SO2 and NO inhibits the formation of active intermediate species [10]. Tang et al. [11]
has found that the change of dominating reaction route which determines whether adsorbed NOx acts as active species is the major
factor for the difference of NO removal efficiency at different temperature on Fe/CNTs in presence of SO2. Another effect of SO2 is to
produce ammonium sulfate species and metal sulfate species on catalyst
surface in the SCR process [12,13]. Among them, ammonium bisulfate
(ABS) generated by the NH3-SO2-H2O reaction is considered to easily
cover the active sites, block the pores and then decrease the surface
area, which can further suppress the activity of catalysts [14–16].
Fortunately, some effective strategies for mitigating the negative effect
of ABS have been implemented. Wang et al. [17] optimized the reaction
atmosphere (NO/NO2/O2) to facilitate the reaction of ABS with NO on
the surface of the V2O5/TiO2 catalyst. Via TG-MS method, Song et al.
[18] found that CeO2 could accelerate the decomposition of ABS on the
V2O5-MoO3/CeO2-TiO2 catalyst. Dong Wook Kwona et al. [19] suggested that the impregnation of Mo on the V2O5/TiO2 catalyst significantly inhibits the deposition of ABS on the surface of catalyst and
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improves the sulfur tolerance of catalyst. As for the metal sulfate, its
role in the SCR reaction is varied. The current mainstream view is that
it plays a toxic role in the reaction [20,21]. Interestingly, some studies
have displayed that metal sulfate can enhance the SCR activity on
catalysts [22]. Guo et al. [23] has discovered that the generation of
metal sulfate obviously promotes the catalytic activity due to the increase of acid sites and chemical adsorbed oxygen species. Yu et al. [24]
reported that the existence of Fe2(SO4)3 is benefited to increase the
quantity of Brønsted acid sites, leading to the regeneration of NO
conversion. These research works provide a wide range of ideas for the
development of sulfur-tolerant catalysts. However, the existing catalysts with excellent sulfur resistance are generally operated at 300 °C or
higher, where ABS would decompose easily [25]. Furthermore, the
influence of SO2 on the catalysts at low temperature is more intricate
[26]. Therefore, the understanding of the mechanism of SO2 poisoning
at low operating temperature and the research on the development of
low-temperature sulfur-tolerant catalysts (< 300 °C) should be valued
in the present work.
In recent years, Fe-based catalysts have achieved wide attention due
to its outstanding SO2 resistance [19,27–30]. Some studies have pointed
out that Fe2O3 can be used as a sacrificial agent to preferentially react
with SO2, thereby liberating active species. Like in the work of Ye et al.
[31], they have found that Ce2(SO4)3 formed by the reaction between
SO2 and active CeO2 is the decisive reason for the SO2 poisoning on
CeO2-Nb2O5 catalyst. Kang et al. [32] used Fe2O3 to improve the catalytic performance of halloysite-supported CeO2-WO3 in the presence of
SO2. And, SO2 is prior to interact with Fe2O3 after the addition of Fe2O3,
which protects the active CeO2. Some other work pointed out that the
addition of Fe2O3 can inhibit the deposition of sulfates. Cai et al. [33]
has reported that the Fe2O3 shell significantly inhibits the deposition of
surface sulfate species over multi-shell Fe2O3@MnOx@CNTs compared
with MnOx@CNT catalyst, showing splendid SO2 tolerance. However,
in most of these cases, Fe2O3 usually plays the role of modifier or sacrificial agent and the composition of the catalysts is complex, which
makes the specific anti-sulfur effect of iron difficult to investigate in
depth. Therefore, in this work, with regard to the particular exploration
for the effect of sulfur species on Fe2O3 catalyst, model γ-Fe2O3 catalyst
was designed and the influencing factors such as low reaction temperature (200−300 °C), reaction time and SO2 concentration on the
catalytic performance were expounded in detail. Through experimental
and theoretical calculation methods, the comprehensive effect of SO2
on the NH3-SCR activity of γ-Fe2O3 was analyzed, and the reasons for
the outstanding sulfur resistance of iron-based catalysts were also revealed in depth.

°C or 300 °C for 2 h, the obtained samples were denoted as γ-Fe2O3S225-2 h and γ-Fe2O3-S300-2 h, respectively. The composition of sulfation atmosphere was 1000 ppm SO2, 5 vol.% O2 and with Ar as a
balance, the total gas flow rate was 100 mL/min, WHSV = 30,000 mL
g–1 h–1, and GHSV ≈ 30,000 h–1.
2.2. Catalysis characterizations
X-ray diffraction (XRD) patterns were measured on a Philips X’pert
Pro diffractometer with Ni-filtered Cu Kα radiation (λ = 0.15 nm), a
tube voltage of 40 kV and a tube current of 40 mA.
N2 adsorption-desorption measurements were performed at −196
°C using a Micromeritics ASAP-3020 analyzer. All samples were firstly
degassed in vacuum at 300 °C (200 °C for the spent samples). The
specific surface areas of samples were calculated via Brunauer-EmmettTeller (BET) method.
Ion Chromatography was used to detect soluble species on samples.
The samples with 50 mg respectively were dispersed in 49.7 mL deionized water and 0.3 mL nitric acid solution with 16 mol/L and placed
overnight. Then the solutions were filtered with 0.22 μm filter membrane and the liquid phases were prepared for the IC tests.
In situ diffuse reflectance infrared Fourier transform spectra (in situ
DRIFTs) was conducted on a Nicolet 5700 fourier transform infrared
spectrometer with an MCT detector. Each sample was pretreated with
pure N2 for 30 min to eliminate water and other impurities. Then it was
cooled to the specific temperature anchoring at 225/300 °C and background spectra were recorded. For the experiment of SO2 + O2 purging
after NO + O2 adsorption, a stream of 3000 ppm NO and 5 vol.% O2
were passed until saturation condition, then 50 mL/min N2 was introduced for nearly 30 min to purge gas or weakly adsorbed NO or
nitrate species. Finally, the samples were exposed to a flow of 500 ppm
SO2 and 5 vol.% O2 and the relative spectra were collected. The NH3
purging after NO + O2 or SO2+O2 adsorption tests and NO + O2
purging after NH3 adsorption tests were similar to the above. For the
experiment of NO + O2 purging after NH3 adsorption over sulfated γFe2O3 catalyst, before the test, 1000 ppm SO2 and 5 vol.% O2 were
introduced into the IR cell for 108 min, and then the background
spectra were collected again. Based on this, the other steps were similar
to the above. For SO2+O2, NO + O2 or NO + SO2+O2 adsorption
tests, the samples were saturated at 225 °C and then gas or weakly
adsorbed species were removed by pure N2 flushing.
Temperature programmed surface reaction (TPSR) experiment was
conducted with FTIR spectrometer. Before the test, 5 % ABS/γ-Fe2O3
catalyst of 100 mg was adopted in a quartz tube and was exposed to gas
mixture of 100 mL/min 500 ppm NO, 5 vol.% O2 until saturation at
room temperature. After that, the sample was heated up to 630 °C at a
rate of 2 °C/min to record the NO, NH3 and SO2 signal.
NH3-temperature programmed desorption (NH3-TPD) measurements were carried out in a fixed-bed quartz reactor equipped with a
FTIR spectrometer to monitor outlet gas signal and the interval of
spectrum collecting was set at 30 s. Before the tests, the catalyst of 200
mg was pretreated at 300 °C for 30 min with pure Ar and then the
measurement was carried out after the catalyst was exposed to NH3.
The adsorption process was run at 30 °C until saturation, followed by
purging in an Ar flow to remove residual gases. The temperature was
then heated to 650 °C at a rate of 10 °C/min in flowing Ar (100 mL/
min).
Thermogravimetry-differerntial thermal annlysis (TG-DTA) was
conducted on NETZSCH sta-449-F5. The samples were heated under a
flow of nitrogen atmosphere (60 mL/min) with a heating rate of 10 °C/
min from room temperature to 950 °C. The reference curve for DTA was
obtained by operating the same analysis on an empty crucible.
X-ray photoelectron spectroscopy (XPS) experiments were performed on PHI 5000 Versa Probe high-performance electron spectrometer with a monochromatic Al Kα as the radiation source (1486.6 eV,
15 kW). The charge effects were calibrated with the adventitious C 1s

2. Experimental section
2.1. Catalysis preparation
The γ-Fe2O3 was purchased from Macklin (Shanghai, China). The
purity of it was 99.5 %.
The deposition of ammonium bisulfate (ABS) on γ-Fe2O3 was prepared by wetness impregnation method. 15 mg ABS was mixed with
300 mg γ-Fe2O3 in 20 mL ethanol solution with continuous intense
stirring at room temperature for 1 h. Then the excess liquid was evaporated at 35 °C, followed by drying overnight at 80 °C. The obtained
sample was denoted as 5 % ABS/γ-Fe2O3.
The sulfated γ-Fe2O3 catalysts were prepared by gas-phase sulfation
method. For the in situ DRIFTS of NO + O2 adsorption experiment,
certain amount of γ-Fe2O3 was treated in a sulfation atmosphere at 225
°C for 15 min, 30 min and 60 min, and the treated samples were denoted as γ-Fe2O3-S225-X, where X was the sulfation duration. The
composition of sulfation atmosphere was 100 ppm SO2, 5 vol.% O2 and
with Ar as a balance, the total gas flow rate was 200 mL/min, WHSV =
60,000 mL g–1 h–1, and GHSV ≈ 60,000 h–1. For NH3-TPD experiment,
certain amount of γ-Fe2O3 was treated in a sulfation atmosphere at 225
2
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peak at 284.6 eV.

While for the sample tested at 300 °C, the activity increased continuously until up to 100 %. When SO2 exposure was longer than 2 h,
NO conversions of samples tested at 250, 275 °C began to get enhanced
and almost recovered to the original activity in 40 h. However, for the
samples tested at 200 °C and 225 °C, in the range of 2−40 h, no obvious
fluctuations were found, the activity remained stable at 20 % and 50 %,
respectively. Through the above description, it can be found that γFe2O3 exhibits different SO2 resistance performance at different temperature.
225 °C was then chosen for a further study of the SO2 influence on
the low-temperature catalytic activity. When the test performed was
prolonged to 216 h (inserted), it showed a very slow but steady increase
in the activity and finally stabilized at a relatively high level (80 %,
almost the same as the initial NO conversion). Moreover, Fig. S2a shows
that the higher the SO2 concentration, the lower the degree of activity
decline. Generally, the longer time and the higher concentration SO2
introduced, the easier to generate surface sulfur-containing species
sulfate on the catalyst surface. Some studies has reported that the existence of SO42− species may be benefited to the NH3-SCR reaction
[34]. So we speculate that the different evolution of the activity in the
presence of SO2 may be related to the different generating rate of SO42−
species. The SO2 + H2O resistance (Fig. S2b) was also performed. After
the introduction of H2O, no obvious difference was observed when
compared to the SO2 resistance test without any H2O. Thus, in this
work, we would focus on the impact of SO2 on the NH3-SCR activity of
γ-Fe2O3. The stability of γ-Fe2O3 in NH3-SCR atmosphere was also investigated. As shown in Fig. S2c, NO conversion of γ-Fe2O3 showed no
change even at 300 °C for 40 h, indicating that the change of NO
conversion on γ-Fe2O3 observed in SO2 resistance test was related to the
formation of sulfate species instead of structure evolution.
On the other hand, the evolution trend of the activity in the presence of SO2 is interesting, especially at 225 °C, the SCR activity first
decreases slightly and then increases slowly. According to previous
literatures, the effects of SO2 on catalytic performance are primarily
reflected in the following aspects: 1) competitive adsorption between
SO2 and NOx species; 2) the deposition of ABS on the surface of catalysts, which can block pore channels and cover active sites, further
decrease the specific surface areas of catalyst and lead to the reduced
activity [35–37]; 3) the formation of metal sulfate species, showing
different effects for different catalysts [20,21,38]. Considering that both
inhibition and promotion effects were observed after the introduction
of SO2, different aspects mentioned above may play a dominant role at
different stage of the test.

2.3. SCR performance tests
The SCR activity tests were carried out in a fixed-bed quartz tube
reactor and the reaction gas contained 500 ppm NO, 500 ppm NH3, 5
vol.% O2, 100/200/500 ppm SO2 (when used) and Ar in balance. The
total gas flow rate was 200 mL/min, corresponding to a WHSV of
60,000 mL g–1 h–1 and GHSV of ca. 60,000 h–1. Prior to the test, flaky
samples of 200 mg underwent a pure Ar stream pretreatment at 200 °C
for 30 min to remove the moisture and impurities and then cooled to
room temperature. After that, the reaction system was introduced with
the mixed gases and the reaction activity data was collected at each
target temperature. The concentrations of outlet gases were detected by
an online Nicolet IS10 FTIR spectrometer. NO conversion and N2 selectivity were calculated according to the following formulas respectively:

NO conversion(%) =

[NO]in [NO]out
× 100%
[NO]in

N2 selectivity(%)
[NO]in [NO]out + [NH3 ]in [NH3 ]out
=
[NO]in [NO]out + [NH3 ]in
× 100%

(1)

[NO2 ]out
[NH3 ]out

2[N2 O]out
(2)

2.4. Computational details
In this study, the adsorption of NH3 on the surface of γ-Fe2O3 and γFe2O3-SO42− were investigated using computational modeling. More
experimental details are described in the Supporting Information.
3. Results and discussion
3.1. SO2 resistance on γ-Fe2O3 catalyst
The catalytic activity of γ-Fe2O3 catalyst exhibited a volcano-type
tendency with the temperature increasing. And the NO conversion
reached above 80 % in the temperature range of 200−300 °C (Fig. S1).
The activity tests in the presence of SO2 have been carried out from 200
°C to 300 °C to investigate the effect of sulfur poisoning on NH3-SCR
reaction performance. As shown in Fig. 1, in the first 2 h after the introduction of SO2, the NO conversions displayed various degree of decline by about 20, 50, 60, 75 % at 200, 225, 250, 275 °C respectively.

3.2. Poisoning effect of SO2 on catalytic activity
3.2.1. Textual properties
BET results: One pathway leading to SO2 induced deactivation on
SCR catalysts is the deposition of sulfate species on the surface of catalysts, which will result in a decrease of the specific surface areas. To
explore this possibility, the surface areas of fresh and spent samples
used in SO2 resistance test (γ-Fe2O3-X (Y), X and Y represented the
temperature and duration, respectively.) were measured. As listed in
Table 1
Structural parameters on fresh and spent γ-Fe2O3 catalysts.
Samples
γ-Fe2O3-p
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-250
γ-Fe2O3-300

Fig. 1. SCR lifetime tests on γ-Fe2O3 in the presence of SO2 at different temperature (the inset: long lifetime test at 225 °C for 216 h); reaction condition:
500 ppm NO, 500 ppm NH3, 5 vol.% O2, 100 ppm SO2 (when used), Ar balance,
WHSV = 60,000 mL g–1 h–1.
3

(1.5 h)
(10 h)
(20 h)
(40 h)
(40 h)
(40 h)

BET surface areas
(m2/g)

Pore diameter
(nm)

Pore volume
(cm3/g)

61.2
60.8
54.4
55.8
54.6
52.7
54.5

10.3
10.3
10.2
9.0
10.1
10.3
10.2

0.258
0.231
0.248
0.224
0.224
0.225
0.219
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band at 1004 cm]]−1 of OSOee can be assigned to chelating bidentate sulfate [46,47]. Besides, the band at 1345 cm−1 can be ascribed
to the only SO] for tridentate sulfate species [10]. It can be concluded
that sulfate species exist steadily on the surface of γ-Fe2O3 catalyst, and
mainly connect to ferric sites in the forms of bridged bidentate and
chelating bidentate structures.
Effect of SO2 on NOx/NH3 adsorption: The DRIFT spectra of
SO2+O2 and pre-adsorbed NO + O2 was carefully conducted at 225 °C
over fresh γ-Fe2O3 (Fig. 4a). After NO + O2 adsorption and N2 purge,
the bands attributed to bridged nitrates (1610 cm−1) [48,49], bidentate
nitrate (1584 cm−1) [50,51], monodentate nitrates (1548, 1239 cm−1)
[52,53] and cis-(N2O2)2− species (1007 cm−1) [54] appeared. However, with the introduction of SO2+O2, the intensities of the bands
assigned to nitrate species gradually diminished and disappeared in 4
min. Simultaneously, the sulfate species were observed and the intensity of these bands got enhanced with time demonstrating that SO2
suppresses NO adsorption on the surface of catalyst.
In addition, in situ DRIFTs of NO + SO2+O2 co-adsorption test was
also performed. As shown in Fig. 4b, when the mixed gas was introduced to the samples, two broad bands emerged in the region of
800−1800 cm−1. The bands centered at 1603−1613 cm−1 can be
assigned to nitrate species while the bands at 1170−1180 cm−1 can be
attributed to sulfate species (Fig. 4c). It was interesting to find that the
intensity of bands assigned to nitrate species got enhanced rapidly in
the first few minutes and reached the maximum at ∼5 min but then
gradually weakened until vanished at ∼20 min. For the sulfate species,
the intensity of the corresponding bands continuously increased with
the increment of time. The results above prove that there is competitive
adsorption between SO2 and NO on the surface of catalyst. And the
adsorption of NO would be significantly inhibited by sulfate species. It
is worthwhile to note that after the NO + O2 adsorption and N2 purge
at 225 °C, the intensity of all bands assigned to nitrate species got
weakened on the sulfated γ-Fe2O3 catalysts with the sulfation duration
extended, compared with the fresh γ-Fe2O3 (Fig. S3), further clarifying
the accumulation of iron sulfate species severely inhibits the formation
of active nitrate species on the surface of catalyst.
NH3 adsorption behavior is very important in NH3-SCR reaction,
and is easily affected by the introduction of SO2 [38,55]. In situ DRIFTs
experiment of NH3 adsorption on SO2+O2 pre-adsorbed sample was
conducted in Fig. S4. After the introduction of NH3 to sulfated γ-Fe2O3,
intensive bands at 1423 cm−1 and ca. 1250 cm−1 emerged, attributed
NH3 species adsorbed on Brønsted acid sites and Lewis acid sites, respectively. More details will be discussed further below, which is derived from the deposited sulfate species [10,56].
Reaction mechanism: As shown in Figs. S5 and S6, the NH3-SCR
process on γ-Fe2O3 catalyst at 225/300 °C was fully investigated. The
adsorbed nitrate species (1610 cm−1, 1588 cm−1, 1546 cm−1) could be
consumed by NH3 efficiently. Furthermore, adsorbed NH3 (1206 cm−1)
could react with NO + O2 rapidly as well, indicating that NH3-SCR
reaction on γ-Fe2O3 could be proceeded by L-H mechanism and E-R
mechanism. However, in SO2 resistance tests, it was difficult for NOx
species to adsorb on the γ-Fe2O3 surface. Thus the L-H pathway was cut
off. Fig. S7 shows the consumption plot of adsorbed NH3 with the introduction of NO + O2. It could be found that the adsorbed NH3 reacted
more quickly with gaseous NOx at 300 °C. In other words, the efficiency
of reaction proceeding by E-R pathway at 225 °C is much lower than
that at 300 °C, implying that the SCR reaction mainly follow L-H mechanism at low temperature, in agreement with the literature [11,57].
Therefore, the competitive adsorption between SO2 and NO may be the
main reason that lead to the decline of catalytic performance of γ-Fe2O3
in the first few hours of the SO2 resistance test at low temperature.
Moreover, the reaction can be proceeded by E-R mechanism at high
temperature effectively, so there is no negative effect on the activity in
the presence of SO2 at 300 °C.

Fig. 2. XRD patterns on fresh and spent γ-Fe2O3 catalysts.

Table 1, compared with fresh γ-Fe2O3 catalyst, the surface area and
pore volume on the spent catalysts at 225 °C showed no significant
change with the increase of test time (1.5, 10, 20 and 40 h respectively)
(61.2 vs 54.6 m2/g, 0.258 vs 0.224 cm3/g). In addition, the spent
samples tested at 250 and 300 °C for 40 h also had a slight drop in the
surface area from 61.2 m2/g to 52.7 and 54.5 m2/g respectively. Thus,
with the increase of the test time and temperature, the surface areas
decreased slightly, but both remained around 54.0 m2/g. And the result
is inconsistent with the SCR activity tendency in the presence of SO2.
That’s to say, the surface area has no important influence on catalyst
deactivation.
XRD results: Zhang et al. [39] has pointed out that the characteristic diffraction peaks assigned to bulk metal sulfate species on the
catalyst surface could be detected by XRD after sulfation, which may
result in the decrease (or increase) of SCR activity. To clarify the variation of crystalline species on the γ-Fe2O3 after the SO2 resistance tests,
XRD was performed. Fig. 2 displays the diffraction patterns of fresh and
spent γ-Fe2O3 catalysts tested at 225, 250, 275 and 300 °C for 40 h. It
could be found that fresh γ-Fe2O3 exhibited typical spinel structure
corresponding with standard card of maghemite (JCPDS No. 25-1402)
[40,41]. After the SCR reaction with SO2 at different temperature for 40
h, no diffraction peaks assigned to sulfate species were observed, suggesting that no bulk-like sulfate species generated, and sulfate species
were highly dispersed or existed as very small particles on the catalyst
surface [23].
3.2.2. The competitive adsorption of SO2 and reactant
Since the structure of γ-Fe2O3 was not changed in the SO2 resistance
test, the adsorption-reaction-desorption properties of the reactant gas
molecules might be changed by SO2 during the process of the test. For
Fe-based catalysts, adsorbed NH3 and NOx species are both main active
species in the NH3-SCR reaction [42]. Previous researchers found that
the introduction of SO2 inhibited the adsorption of NOx species on the
catalyst surface but increased the amount of the Brønsted acid sites to
participate in SCR reaction proceeded via Eley-Rideal (E-R) reaction
pathway [43]. Therefore, the influence of SO2 on NH3/NOx adsorption
should be investigated.
SO2 adsorption: As we all know, SO2 in the reactant has a great
impact on the activity of NH3-SCR catalysts, especially when the operating temperature is lower than 300 °C [10,44]. In order to better
understand the interaction between SO2 and the surface of γ-Fe2O3
catalyst, in situ DRIFTs of SO2+O2 adsorption was performed (Fig. 3).
When SO2+O2 was introduced at 225 °C, the bands assigned to various
sulfate species appeared and got enhanced gradually. The strong bands
at 1360, 1297 and 1167 cm−1 are attributed to the asymmetric and
symmetric stretching vibration of OSO]] for bridged bidentate sulfate species [45]. The bands at 1377 and 1280 cm−1 of OSO and the
4
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Fig. 3. In situ DRIFTs of SO2+O2 adsorption at 225 °C.

Fig. 4. In situ DRIFTs of a) SO2+O2 purging after the adsorption of NO + O2 on γ-Fe2O3; b, c) co-adsorption of NO + SO2+O2 on γ-Fe2O3; reaction temperature at
225 °C.

3.3. Resistance to continuous deactivation with SO2

Table 2
IC results on the spent samples containing SO2 with different treatment time at
225 °C and different treated temperature.

The deposition of sulfate species on the surface of catalysts has been
taken as a common reason for the deactivation. To estimate the impact
of the deposition of sulfate species on the catalytic performance of γFe2O3, a series of experiments were designed.
Ion Chromatography tests: IC has been proved to be very useful
for the distinguish of aqueous ionic species with pK less than about
seven, including NH4+ and SO42− [58,59]. Therefore, IC was used to
measure the content of NH4+ and SO42- of the spent γ-Fe2O3 catalysts.
As shown in Fig. S8, S 2p XPS signal on washed γ-Fe2O3-225 (40 h) was
neglectable, indicating that almost all NH4+ and SO42- were washed off
from the sulfated samples.
To investigate the impact of reaction duration on the amount of ABS
deposited on the surface of catalysts, we chose the spent γ-Fe2O3 catalysts with different reaction time of 10 min, 30 min, 1.5 h, 10 h, 20 h,
40 h and 216 h at the reaction temperature of 225 °C. As shown in
Table 2, in initial 1.5 h, the concentration of NH4+ increased from 2.61
mg/gcat. to 4.18 mg/gcat.. The deposited NH4+ is mainly derived from
ABS, thus the formation of ABS may be the reason for the slight decrease of BET surface areas. Interestingly, the content of NH4+ showed
little change with the time-on-stream went on even up to 216 h (ignoring the errors of test and preparation), implying that ABS no more
accumulates on the surface of catalyst, which also aligns with the result

Samples

γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-225
γ-Fe2O3-250
γ-Fe2O3-300

Ion concentration (mg/gcat.)

(10 min)
(30 min)
(1.5 h)
(10 h)
(20 h)
(40 h)
(216 h)
(40 h)
(40 h)

NH4+

SO42−

2.61
2.21
4.18
4.79
4.96
4.93
5.00
4.16
3.14

1.94
2.96
9.40
14.06
18.33
22.77
33.36
28.29
32.17

mABS/mcat. (%)

1.67
1.41
2.67
3.06
3.17
3.16
3.19
2.66
2.01

of BET experiment.
In addition, to compare the amount of ABS deposited on the surface
of catalysts which were tested at different temperature, the spent γFe2O3 catalysts at 225, 250 and 300 °C with the same reaction time of
40 h were chosen for IC tests. Obviously, the spent catalyst at 300 °C
possessed the least content of NH4+ (3.14 mg/gcat.) compared with 225
and 250 °C (4.15 and 4.16 mg/gcat.), which because ABS on the surface
of catalysts has already begun to decompose at 300 °C [13,18,60]. It
5
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Fig. 5. The TPSR profile on 5 % ABS/γ-Fe2O3 in a flow of 500 ppm NO and 5
vol.% O2.

Fig. 6. TG curves on the fresh and spent samples.

not reduced, but even increase slowly at all reaction temperature of
200−300 °C, hinting that the sulfation of γ-Fe2O3 may have a promotion effect on the catalytic activity in NH3-SCR reaction.
TG tests: Previous IC result indicates that the test temperature affects the generating rate of SO42−. To further verify this point, TG tests
of fresh and spent samples were performed (Fig. 6). The TG plot of 5 %
ABS/γ-Fe2O3 was also collected as reference (Fig. S9). Three weight loss
steps were found and denoted as P1, P2 and P3, respectively. The
weight loss at 50∼200 °C (P1) is the evaporation of adsorbed H2O on
the catalyst surface [20,56]. The P2 at 200−500 °C could be ascribed to
the release of NH3 and H2O as ammonium bisulfate decomposed
[18,60]. Moreover, the distinguished weight loss peaks of P3
(500−950 °C) is derived from the decomposition of ferric sulfates
which are formed on the catalyst surface during the SO2 resistance test
and ABS decomposition at P2 [60,62]. The ratio of weight loss derived
from sulfate species decomposition to the spent samples tested at different temperature were 2.49, 2.84 and 3.60 wt%, respectively. This
well supports our hypothesis that SO42- generates more rapidly at
higher reaction temperature.
XPS results: To evaluate the change of surface chemical states of
the fresh and spent catalysts, the XPS test was conducted. The obtained
spectra are shown in Fig. 8 and the results of the surface atomic concentration are listed in Table 3 [23,24].
S 2p spectra of the spent samples (Fig. 7a) all displayed a peak at ca.
168.5–169.1 eV, which are assigned to SO42− bonding to the ferric sites
[11,63]. Moreover, the surface concentration of S grew gradually with
the increase of reaction temperature, which matches well with the results of TG, IC and SO2-TPD experiments.
For the Fe 2p spectra of fresh γ-Fe2O3 (Fig. 7b), two peaks at ca.
710.6 and 724.2 eV were observed, corresponding to Fe 2p3/2 and Fe
2p1/2, respectively [64]. It was noteworthy that the Fe 2p peaks of spent
samples shifted towards higher binding energy, implying an electrondeficit state of Fe atom, which was well supported by previous work
that SO42− with higher electronegativity possesses forceful affinity to
the electrons around Fe atoms [65]. As a result of that, the strength of
Lewis and Brønsted acidity on Fe sites may get enhanced [66], which

was noticeable that the concentration of SO42− became much higher
than that of NH4+ after 1.5 h. And the amount of SO42− continuously
increased with the increment of reaction time and temperature. This
portion of SO42− can be assigned to the ferric sulfate species. However,
the activity of γ-Fe2O3 didn’t decrease but even got enhanced as the
sulfate species accumulated, indicating that the formation of ferric
sulfate species has a positive effect on the catalytic activity of γ-Fe2O3 in
NH3-SCR.
TPSR experiment: Since the amounts of deposited ABS on the
surface of the catalyst reached the maximum and no longer increases in
the first several hours, we speculate that ABS could be consumed in the
SCR reaction and a dynamic equilibrium between the formation and
consumption of ABS was established. To reveal the reactivity of ABS on
the surface of catalyst, the temperature programmed surface reaction
(TPSR) of 5 % ABS/γ-Fe2O3 with NO + O2 was implemented.
According to previous research [17,61], compared with the ammonium
sulfate salts formed during SCR reaction, adding ABS on the catalyst via
the wet impregnation method behaves similarly to some extent. As
presented in Fig. 5, the outlet NO concentration began to decrease at ca.
180 °C and the maximum value of the NO consumption occurs at 260
°C, indicating that the reaction between NH4+ from ABS and NO + O2
mixture easily happened on γ-Fe2O3 at low temperature. Simultaneously, negligible NH3 signal in the process of TPSR test (from room
temperature to 630 °C), which meant that almost all of NH4+ was
consumed by NO + O2. Moreover, when the temperature exceeded 310
°C, the NO concentration returned to the saturation value of 500 ppm,
suggesting that NH4+ on the surface of catalyst could be consumed
completely in a relatively low temperature range. The higher temperature, the faster consumption of ABS would occur on γ-Fe2O3, explaining why almost no decline in NO conversion when the SO2 resistance test was performed at 250 °C or higher temperatures (Fig. 1).
Additionally, the outlet SO2 signal was not observed during the
reaction, implying that SO42− adsorbs on Fe sites and continues to remain on the surface of catalyst after NH4+ expends by NO/O2 [17,61].
When the temperature rised to 500 °C, the outlet SO2 signal began to
occur and the NO concentration dropped at the same time. This means
that sulfate species on the catalyst surface starts to decompose at high
temperature and NO occupies the adsorption sites of sulfate species,
further supporting the view that there is a competitive adsorption between NO and SO2. On the other hand, it suggests that sulfate species
are stable on the surface of catalyst when temperature is below 500 °C.
It can be concluded that the deposited ABS can be rapidly consumed
by NO + O2 and the equilibrium between deposition and consumption
of ABS avoids the continuous deposition of ABS on the catalysts at low
temperature, which greatly suppress the activity. Furthermore, with the
accumulation of the sulfate species (ferric sulfate), NO conversions are

Table 3
The surface composition of Fe, O, S on the fresh and spent samples.
Samples

γ-Fe2O3
γ-Fe2O3-225
γ-Fe2O3-250
γ-Fe2O3-300

6

Atomic concentration (%)

Atomic ratio (%)

Fe

O

S

Oα/(Oα+ Oβ)

36.05
33.37
30.70
29.28

63.95
63.44
65.71
67.16

–
3.18
3.58
3.56

4.1
22.2
26.8
27.8
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Fig. 7. XPS spectra of a) S 2p, b) Fe 2p and c) O1 s on the fresh and spent samples.

will be further verified by NH3-TPD and DFT calculations.
As shown in Fig. 7c, the O 1s XPS spectra of fresh and spent catalysts
were fitted to two peaks. The peak at ca. 529.9–530.4 eV is attributed to
lattice oxygen (donated as Oβ) while the peak at ca. 531.2–531.8 eV is
assigned to surface adsorbed oxygen (donated as Oα) [67]. For the spent
samples, the peak positions of Oβ and Oα all shifted to higher binding
energy compared with the fresh sample due to the inductive effect of
S6+ in SO42−. Furthermore, for the spent samples, the atomic ratio of
Oα / (Oα+Oβ) enormously elevated and continuously increased along
with the temperature raising (Table 3). The increase in the surface
adsorbed oxygen might be derived from hydroxyl-like groups provided
by S]O, which is highly related to the generation of more Brønsted
acid sites [68]. Thus, the increase of surface adsorbed oxygen may
contribute to promoting the enhancement of catalytic activity of γFe2O3 in SCR reaction.
Surface acidity: To further explain the positive effect of ferric
sulfate species on NH3 adsorption, the amount of NH3 released from γFe2O3 catalyst exposed to different feed compositions were tested by a
temperature-programmed desorption experiment, and the results are
shown in Fig. 8. The outlet NH3 was detected by FTIR spectrometer. For
pristine γ-Fe2O3, three desorption peaks could be observed. Peak α

Fig. 8. NH3-TPD profile of γ-Fe2O3, γ-Fe2O3-S225-2 h and γ-Fe2O3-S300-2 h.
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could be assigned to the NH3 desorbed from physically/weakly adsorption sites, while peak β and peak γ could be attributed to NH3
desorbed from moderate acid sites and strong acid sites, respectively
[43]. For γ-Fe2O3 sulfated at 225 °C and 300 °C, the three peaks above
could also be detected. However, the intensity of peak α and peak β on
sulfated samples at high temperature got enhanced significantly, compared to pristine γ-Fe2O3. As illustrated in Fig. S10, after the sulfation
treatment, several new intensive bands emerged, the bands at 1427
cm−1 and 1684 cm−1 could be assigned to NH4+ adsorbed on Brønsted
acid sites while the bands at 1264 cm−1 was attributed to NH3 on Lewis
acid sites, indicating that the enhancement of surface acidity on sulfated γ-Fe2O3 might derive from the formation of ferric sulfates after the
sulfation treatment. The fitting results of the NH3-TPD plots were listed
in Table S1.
The above data expound that the accumulation of ferric sulfate
species on the surface of γ-Fe2O3 catalyst enhances the surface acidity
but inhabited the NO adsorption. In turn, it is conducive to the reaction
process that follows the E-R mechanism, but makes the L-H reaction
channel restricted. As shown in Fig. S11, although the adsorption of
nitrate species was significantly inhibited, the SCR reaction on sulfated
γ-Fe2O3 could follow an efficient pathway of E-R mechanism, where
adsorbed NH3 on acid sites could directly react with gaseous NO. Thus,
the enhancement of the surface acidity opens up the E-R reaction
pathway and promotes the SCR reaction. As the generating rate of SO42is influenced by the test temperature, the SCR activity in the presence of
SO2 increases more slowly at low temperature.
DFT calculations: Density functional theory (DFT) calculations
were performed to expound the nature of the enhanced surface acidity.
The γ-Fe2O3 (001) surface was chosen since it is the most stable among
various possible exposed crystal plane (Fig. S12).
The adsorption energy (Eads) of NH3 on the surface Fe site increases
from -2.169 eV on the pristine γ-Fe2O3 (001) to -2.627 eV on the γFe2O3 (001)-SO42− (Fig. 9a and b). The Fe sites served as Lewis acid
sites in these two configurations. The higher Eads for NH3 on γ-Fe2O3
(001)-SO42− indicates that the formation of surface metal sulfate species greatly enhances the strength of the surface acidity adsorbed on the
surface Fe sites, in good agreement with the results of NH3-TPD and
DRIFTS experiments. Furthermore, the Eads of NH3 on hydroxyl derived
from surface of SO42- (Brønsted acid sites) is up to −0.2.971 eV
(Fig. 9c), implying that newly formed ferric sulfate species could be the
important sites for NH3 adsorption, in accordance with the results of in
situ DRIFTs and NH3-TPD. To further clarify that the formation of ferric
sulfate species enhances the surface acidity, and then promotes the

Fig. 10. Optimized models for NO adsorption on a) pristine γ-Fe2O3, b) sulfated
γ-Fe2O3.

increase of SCR activity.
The Eads of NO on pristine and sulfated γ-Fe2O3 was also calculated.
The configurations were demonstrated in Fig. 10. Eads of NO on pristine
γ-Fe2O3 was −2.853 eV, indicating a strong interaction between NO
and Fe sites on pristine γ-Fe2O3. While Eads decreased to -1.605 eV for
NO on γ-Fe2O3 after the sulfation treatment, well supporting the view
that NO adsorption was inhibited by surface sulfation, as mentioned in
DRIFTS experiment (Figs. 4 and S3).
As discussed above, during the SO2 resistance tests, the deposition
of the sulfate species inhibit the adsorption of NOx species and cut off
the L-H reaction pathway, resulting in the activity loss. However, with
the continuous accumulation of the ferric sulfate species, the surface
acidity gets greatly enhanced, carving out the E-R reaction route for the
SCR reaction in the presence of SO2, further leading to the increase of
the activity. Moreover, the SCR reaction on catalyst at high temperature
follows E-R mechanism effectively. The deposition of ABS is also suppressed at high operation temperature. Thus, the γ-Fe2O3 catalyst shows
continuously increased activity for the whole test period at 300 °C in
the presence of SO2. Based on the above results, we propose the SCR
reaction mechanism before and during the SO2 resistance test on the γFe2O3 catalyst, as presented in Scheme 1.

Fig. 9. Optimized models for NH3 adsorption on a) pristine γ-Fe2O3, b) Lewis acid sites and c) Brønsted acid sites on sulfated γ-Fe2O3.
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Scheme 1. The proposed reaction mechanism before and during the SO2 resistance test on the γ-Fe2O3 catalyst.

3.4. Discussion

the temperature range of 225 and 250 °C, which is due to the deposition
of ABS and the competitive adsorption of SO2 and NO. When the
temperature increased to 300 °C, the addition of SO2 has no negative
effect on the activity because the SCR reaction on γ-Fe2O3 catalyst over
300 °C could effectively follow E-R mechanism and ABS began to decompose [11].
Round 3: switched off SO2, then cooled down to 200 °C, reaction
condition: 500 ppm NO, 500 ppm NH3, 5 vol.% O2, 100 ppm SO2, from
200 to 300 °C.
In the presence of SO2, an obvious decrease in NO conversion from
60 % to 20 % happened at 200 °C, corresponding to the result that the
deposition of sulfate inhibited the activity of γ-Fe2O3. Compared with
that presented in Round 2, NO conversion at 225 °C remained unchanged, which is achieved by confirming the balance between ABS
formation and decomposition. Finally, benefiting from the formation of
ferric sulfate and the enhancement of E-R reaction pathway, the activity
of γ-Fe2O3 got enhanced at 250 and 300 °C. The NH3-SCR performance
of samples at high temperature (300 °C) was even higher than that of
fresh γ-Fe2O3, which could be assigned to the significant improvement
of surface acidity at high temperature by the formation of ferric sulfates.
Round 4/5: switched off SO2, cooled down to 200 °C, reaction
condition: 500 ppm NO, 500 ppm NH3, 5 vol.% O2, form 200 to 300 °C.
The two Rounds were used to obverse the variation of catalytic
activity after switched off SO2. It could be found that the sample exhibited almost the same NO conversion as that during Round 3 in the
whole temperature range of 200−300 °C. The possible reason may be
that the absence of ferric sulfates weaken the continuous increase of
SCR activity.
The results exhibited in S1-S5 play an auxiliary role in further
confirming our opinions above.

Repeating activity tests with different reaction gas mixture experiment was designed to further verify the impact of SO2 on the catalytic
performance of γ-Fe2O3 as discussed above. This experiment consisted
of multiple rounds as follows and the results are shown in Fig. 11.
Round 1: reaction condition: 500 ppm NO, 500 ppm NH3, 5 vol.%
O2, from RT to 300 °C, each target temperature maintained 15 min.
The catalyst showed intrinsic NO conversion of about 80 % in the
whole temperature range of 200−300 °C.
Round 2: cooled down to 200 °C, reaction condition: 500 ppm NO,
500 ppm NH3, 5 vol.% O2, 100 ppm SO2, from 200 to 300 °C.
When the temperature cooled down to 200 °C, 100 ppm SO2 was
introduced to the feeding gas. The sample exhibited a decrease in NO
conversion at 200 °C, and continued to fall off with varying degree in

Fig. 11. SCR performance on γ-Fe2O3 in S1-S5. NO conversion; reaction condition: 500 ppm NO, 500 ppm NH3, 5 vol.% O2, 100 ppm SO2 (when used).
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In this work, the effects of SO2 on SCR activity over γ-Fe2O3 catalyst
were studied in detailed via a series of characterization methods combined with DFT modeling. γ-Fe2O3 catalyst exhibits different SCR activity tendency in the presence of SO2 under the influence of reaction
time and temperature. The key findings are as follows:
(1) The adsorption of NO can be grievously inhibited by the introduction of SO2, and the reaction pathway following the L-H mechanism
was cut off. As a result of that, the activity (< 300 °C) of γ-Fe2O3
declines rapidly in the first 2 h in SO2 resistance test. While tested at
300 °C, the SCR reaction can proceed effectively by E-R mechanism,
and deposited ABS decompose easily at 300 °C, so the activity don’t
decrease.
(2) NH4+ in the deposited ABS on the surface of γ-Fe2O3 catalyst can
easily react with NO + O2, which restrains the continuous accumulation of ABS and an equilibrium between ABS deposition and
consumption on the γ-Fe2O3 surface was established. While SO42−
in ammonium sulfates continue to combine with ferric ions to form
ferric sulfates on the catalyst surface.
(3) The formation of ferric sulfate species can increase the amount of
acid sites and enhance the acidity strength, which promotes the E-R
reaction pathway. The content of surface adsorbed oxygen species
is also increased. These are important reasons for the promoted SCR
efficiency. What’s more, the generating amount of SO42− is affected
by the test temperature, which results in different rates of activity
increasing at different temperatures.
Credit author statement
I confirm that this paper is not under current consideration by another journal, and the results reported in the paper are unique and have
not been published in accessible from anywhere else. All authors of the
paper agree to the submission of this paper to Applied Catalysis B:
Environmental. All organizations that funded my research in the acknowledgements section of my submission have been mentioned, including grant numbers where appropriate.
Declaration of Competing Interest
The authors report no declarations of interest.
Acknowledgement
The financial support from the National Natural Science Foundation
of China (21773106, 21976081, 21707066, 21806077) and the
Fundamental Research Funds for the Central Universities (14380236)
are gratefully acknowledged.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.apcatb.2020.119544.
References
[1] P. Cheremisinoff, Air Pollution Control and Design for Industry, (1993) #, ##-##.
[2] M. Benarie, Air Pollution Control Technology 13 (1979), pp. 3–13.
[3] M. Twigg, Progress and future challenges in controlling automotive exhaust gas
emissions, Appl. Catal. B: Environ. 70 (2007) 2–15.
[4] L. Yan, F. Wang, P. Wang, S. Impeng, X. Liu, L. Han, T. Yan, D. Zhang, Unraveling
the unexpected offset effects of Cd and SO2 deactivation over CeO2-WO3/TiO2
catalysts for NOx reduction, Environ. Sci. Technol. 54 (2020) 7697–7705.
[5] L. Alemany, L. Lietti, N. Ferlazzo, P. Forzatti, G. Busca, E. Giamello, F. Bregani,
Reactivity and physicochemical characterization of V2O5-WO3/TiO2 De-NOx catalysts, J. Catal. 155 (1995) 117–130.
[6] S. Sang, Y. Chen, L. Chao, Research of low temperature SCR denitration technology

10

Applied Catalysis B: Environmental 281 (2021) 119544

Y. Yu, et al.

[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]
[45]

[46]
[47]
[48]
[49]
[50]
[51]

cation on the hydrothermal stability of Cu–SSZ-13 catalyst for the selective catalytic
reduction of NOx with NH3, Appl. Catal. B: Environ. 179 (2015) 206–212.
S. Matsuda, T. Kamo, A. Kato, F. Nakajima, T. Kumura, H. Kuroda, Deposition of
ammonium bisulfate in the selective catalytic reduction of nitrogen oxides with
ammonia, Ind. Eng. Chem. Prod. Res. Dev. 21 (1982) 48–52.
Y. Xu, X. Wu, Q. Lin, J. Hu, R. Ran, D. Weng, SO2 promoted V2O5-MoO3/TiO2
catalyst for NH3-SCR of NOx at low temperatures, Appl. Catal. A: Gen. 570 (2019)
42–50.
L. Zhang, W. Zou, K. Ma, Y. Cao, Y. Xiong, S. Wu, C. Tang, F. Gao, L. Dong, Sulfated
temperature effects on the catalytic activity of CeO2 in NH3-selective catalytic reduction conditions, J. Phys. Chem. C 119 (2015) 1155–1163.
X. Zhou, X. Huang, A. Xie, S. Luo, C. Yao, X. Li, S. Zuo, V2O5-decorated Mn-Fe/
attapulgite catalyst with high SO2 tolerance for SCR of NOx with NH3 at low temperature, Chem. Eng. J. 326 (2017) 1074–1085.
J. Xu, Y. Zhu, Monodisperse Fe3O4 and γ-Fe2O3 magnetic mesoporous microspheres
as anode materials for lithium-ion batteries, ACS Appl. Mater. Interfaces 4 (2012)
4752–4757.
G. Marbán, A. Fuertes, Kinetics of the low-temperature selective catalytic reduction
of NO with NH3 over activated carbon fiber composite-supported iron oxides, Catal.
Lett. 84 (2002) 13–19.
W. Tan, J. Wang, L. Li, A. Liu, G. Song, K. Guo, Y. Luo, F. Liu, F. Gao, L. Dong, Gas
phase sulfation of ceria-zirconia solid solutions for generating highly efficient and
SO2 resistant NH3-SCR catalysts for NO removal, J. Hazard. Mater. 388 (2020)
12172.
L. Zhang, D. Wang, Y. Liu, K. Kamasamudram, J. Li, W. Epling, SO2 poisoning
impact on the NH3-SCR reaction over a commercial Cu-SAPO-34 SCR catalyst, Appl.
Catal. B: Environ. 156 (2014) 371–377.
C. Li, M. Shen, T. Yu, J. Wang, J. Wang, Y. Zhai, The mechanism of ammonium
bisulfate formation and decomposition over V/WTi catalysts for NH3-selective
catalytic reduction at various temperatures, Phys. Chem. Chem. Phys. 19 (2017)
15194–15206.
T. Jin, T. Yamaguchi, K. Tanabe, Mechanism of acidity generation on sulfur-promoted metal oxides, J. Phys. Chem. 90 (1986) 4794–4796.
M. Waqif, P. Bazin, O. Saur, J. Lavalley, G. Blanchard, O. Touret, Study of ceria
sulfation, Appl. Catal. B: Environ. 11 (1997) 193–205.
X. Yao, R. Zhao, L. Chen, J. Du, C. Tao, F. Yang, L. Dong, Selective catalytic reduction of NOx by NH3 over CeO2 supported on TiO2: comparison of anatase,
brookite, and rutile, Appl. Catal. B: Environ. 208 (2017) 82–93.
L. Xu, C. Wang, H. Chang, Q. Wu, T. Zhang, J. Li, New insight into SO2 poisoning
and regeneration of CeO2-WO3/TiO2 and V2O5-WO3/TiO2 catalysts for low-temperature NH3-SCR, Environ. Sci. Technol. 52 (2018) 7064–7071.
K. Sjoerd, D. Brands, H. Smit, E. Poels, A. Bliek, Mechanism of the selective catalytic
reduction of NO with NH3 over MnOx/Al2O3, II reactivity of adsorbed NH3 and NO
complexes, J. Catal. 171 (1997) 219–230.
L. Zhang, J. Sun, Y. Xiong, X. Zeng, C. Tang, L. Dong, Catalytic performance of
highly dispersed WO3 loaded on CeO2 in the selective catalytic reduction of NO by
NH3, Chin. J. Catal. 38 (2017) 1749–1758.

[52] K. Hadjiivanov, Identification of neutral and charged NxOy surface species by IR
spectroscopy, Catal. Rev. Sci. Eng. 42 (2000) 71–144.
[53] W. Kijlstra, D. Brands, E. Poels, A. Bliek, Mechanism of the selective catalytic reduction of NO by NH3 over MnOx/Al2O3. 1. Adsorption and desorption of the single
reaction components, J. Catal. 171 (1997) 208–218.
[54] A. Martínez-Arias, J. Soria, J. Conesa, X. Seoane, A. Arcoya, R. Cataluña, NO reaction at surface oxygen vacancies generated in cerium oxide, J. Chem. Soc.,
Faraday Trans. 91 (1995) 1679–1687.
[55] Z. Huang, J. Zhang, Y. Du, Y. Zhang, X. Wu, G. Jing, Spectroscopic insights into the
mechanism of selective catalytic reduction of NO by ammonia on sulfuric acidmodified Fe2O3 surface, ChemCatChem 11 (2019) 3035–3041.
[56] F. Gao, X. Tang, H. Yi, J. Li, S. Zhao, J. Wang, C. Chu, C. Li, Promotional mechanisms of activity and SO2 tolerance of Co-or Ni-doped MnOx-CeO2 catalysts for
SCR of NOx with NH3 at low temperature, Chem. Eng. J. 317 (2017) 20–31.
[57] F. Liu, K. Asakura, H. He, W. Shan, X. Shi, C. Zhang, Influence of sulfation on iron
titanate catalyst for the selective catalytic reduction of NOx with NH3, Appl. Catal.
B: Environ. 103 (2011) 369–377.
[58] F. Smith Jr., R. Chang, T. Stevens, Ion chromatography, Anal. Chem. 9 (1980)
197–217.
[59] H. Small, T. Stevens, W. Bauman, Novel ion exchange chromatographic method
using conductimetric detection, Anal. Chem. 47 (1975) 1801–1809.
[60] D. Kwon, K. Nam, S. Hong, The role of ceria on the activity and SO2 resistance of
catalysts for the selective catalytic reduction of NOx by NH3, Appl. Catal. B:
Environ. 166 (2015) 37–44.
[61] D. Ye, R. Qu, H. Song, X. Gao, Z. Luo, M. Ni, K. Cen, New insights into the various
decomposition and reactivity behaviors of NH4HSO4 with NO on V2O5/TiO2 catalyst surfaces, Chem. Eng. J. 283 (2016) 846–854.
[62] T. Lee, H. Bai, Metal Sulfate Poisoning effects over MnFe/TiO2 for selective catalytic
reduction of NO by NH3 at low temperature, Ind. Eng. Chem. Res. 57 (2018)
4848–4858.
[63] X. Wu, S. Liu, D. Weng, F. Lin, R. Ran, MnOx-CeO2-Al2O3 mixed oxides for soot
oxidation: activity and thermal stability, J. Hazard. Mater. 187 (2011) 283–290.
[64] J. Sun, Y. Lu, L. Zhang, C. Ge, C. Tang, H. Wan, L. Dong, Comparative study of
different doped metal cations on the reduction, acidity, and activity of Fe9M1Ox
(M= Ti4+, Ce4+/3+, Al3+) catalysts for NH3-SCR reaction, Ind. Eng. Chem. 56
(2017) 12101–12110.
[65] T. Yamaguchi, T. Jin, K. Tanabe, Structure of acid sites on sulfur-promoted iron
oxide, J. Phys. Chem. 90 (1986) 3148–3152.
[66] F. Liu, K. Asakura, H. He, W. Shan, X. Shi, C. Zhang, Influence of sulfation on iron
titanate catalyst for the selective catalytic reduction of NOx with NH3, Appl. Catal.
B: Environ. 103 (2011) 369–377.
[67] L. Jiang, Q. Liu, G. Ran, M. Kong, S. Ren, J. Yang, J. Li, V2O5-modified Mn-Ce/AC
catalyst with high SO2 tolerance for low-temperature NH3-SCR of NO, Chem. Eng. J.
370 (2019) 810–821.
[68] L. Wei, S. Cui, H. Guo, X. Ma, L. Zhang, DRIFT and DFT study of cerium addition on
SO2 of manganese-based catalysts for low temperature SCR, J. Mol. Catal. A Chem.
421 (2016) 102–108.

11

