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ABSTRACT: A fundamental understanding of the effect of SO2 on
low-temperature NH3-SCR is vitally important for SO2-tolerant
catalysts. Here, the effects of SO2 on CeO2, γ-Fe2O3, and γ-MnO2
were reported, and the mechanism was thoroughly elucidated. Based on
the experimental and density functional theory study, it was discovered
that the NH3-SCR performance of different metal oxide catalysts in a
sulfur-containing atmosphere was closely related to the difference in the
deposition/decomposition ability of the formed sulfate species. For
CeO2 and γ-Fe2O3, corresponding metal sulfates governed their
denitrification efficiency when facing SO2 intrusion, favored by the
equilibrium between deposition and consumption of surface ammonium
bisulfate. However, the activity of γ-MnO2, hardly affected by the
formed manganese sulfate, was mainly encroached by a large amount of
ABS covering active sites. Meanwhile, NH3, the reducing agent in the gas phase, significantly boosted the decomposition of metal
sulfates. Moreover, the most easily decomposed iron sulfate, thus, claimed responsibility for the long-lasting sulfur tolerance of γ-
Fe2O3.

1. INTRODUCTION
Selective catalytic reduction of nitrogen oxides (NOx) with
NH3 (NH3-SCR) is an efficient technology for NOx
elimination.1,2 As the currently most widely used NH3-SCR
industrial catalyst, V2O5-WO3(MoO3)/TiO2 (VWTi) still has
several unavoidable shortcomings, for example, an unsatis-
factory low-temperature catalytic performance, a relatively
narrow operation temperature window (300−400 °C), and
toxicity of V2O5, which restrict its further practical
application.3−6 Especially with the increasing demand for flue
gas deNOx in nonpower industries (such as steel sintering
machines, glass furnaces, and cement furnaces), the lower flue
gas temperature (100−280 °C)7 makes it difficult to match the
use of VWTi catalysts. Therefore, whether from the
perspective of energy saving (flue gas is heated first and then
denitrified in many industries) or environment protection
(V2O5 is toxic), it’s urgent to develop eco-friendly low-
temperature NH3-SCR catalysts with high efficiency.

In recent years, more and more research focuses on Mn-
based,8−11 Fe-based,12−15 and Ce-based16,17 catalysts. The
elements Mn, Fe, and Ce existing either as a support or a
modifier make the catalysts not only exhibit an excellent low-
temperature activity but also show certain sulfur tolerance.
However, it should be noted that the current research on the
nature of low-temperature performance improvement is going

deeper but leaves the mechanism of sulfur tolerance awaiting
some rational elaboration. Owing to the complexity of catalysts
and the sulfur-containing reaction, the contribution of specific
elements is difficult to define, and the nature of SO2 tolerance
is easily confused. Particularly, the complexity of the research
on the sulfur tolerance of catalysts is reflected in two aspects:
(1) the diversity of sulfur-containing species (ABS, ammonium
sulfate, and metal sulfates of different valences, etc.) and the
different poisoning effects of these species in a specific catalyst
system; (2) the intricacy of catalyst components (a variety of
metal elements contained) leading to the different states and
content of sulfur-containing species.

For example, Yu et al.18 found that the NO conversion of the
Ce/MnOx/SAPO-34 catalyst kept decreasing after SO2 was
introduced, and the ABS formed was proved to lead to a
continuous deactivation by covering the active sites. While Gan
et al.19 observed that the generation of a large amount of
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MnSO3/MnSO4 was identified as the main reason for the
persistent decrease in the activity of α-MnO2 and Ce/α-MnO2
with SO2, a deactivation caused by the sulfation of the active
component. Apparently, no unanimous conclusion can be
drawn even in the discussion of the SO2 tolerance of the same
component. Furthermore, the role of the same component
would be quite different in various multicomponent systems.
Ye et al.20 reported that after adding Fe to the Ce/Nb catalyst,
its SO2 tolerance was significantly improved. Relevant
experimental characterization demonstrated that SO4

2− was
easier to combine with the addition of Fe, protecting the main
active component Ce from sulfation. However, Yu et al.18

claimed Ce served as a sacrificial agent, giving priority to be
sulfated and thus retaining the Mn active sites. Also, Xie et al.21

found that Ce-doped γ-Fe2O3 had an excellent anti-SO2
oxidation performance, which restrained the formation of
sulfates. These phenomena seemed to indicate that simplifying
catalyst components or comparative studies based on
controlled variables were the inevitable approaches to
exploring the mechanism of SO2 tolerance.

Fortunately, some inspiration was acquired from published
works. Fan et al.22 found that the content and thermal stability
of sulfates species were different through loading of Al2O3 and
other 20 kinds of single-metal oxides, respectively, on MnOx to
improve its SO2 tolerance. The Al2O3 additive proved to be
optimum in boosting the decomposition of ABS and inhibiting
the reaction between MnOx and SO2. Wang et al.23 discovered
that S-containing species affected the catalytic activity by
blocking NH3/NO adsorption. Also, the sulfate species
decomposed more easily on the poisoned FeW/Ti catalyst
through comparative research, preceding other MW/Ti
catalysts (M = Fe, Mn, Cu, and V). Nevertheless, the specific
mechanism of sulfate species on each component is still
unclear. Therefore, further component simplifications, such as
building model catalysts and a comparative study on this basis,
are indispensable. Just recently, He et al.24 have taken the lead
in adopting this research ideology. Through theoretical
calculations and comparative studies, they answered the
essential reason for the excellent low-temperature activity of
Mn-based catalysts.

Hence, three catalysts, CeO2, γ-Fe2O3, and γ-MnO2,19,25,26

were chosen as representatives for their completely different
sulfur tolerance. Afterward, a series of characterization
methods were implemented to explore the mechanism in
detail. Also, the SO2 poisoning effect over the lifetime of metal
oxide catalysts was expressly clarified by revealing the
interactions at the interface in the whole catalytic reaction
system in this work.

2. EXPERIMENTAL SECTION
2.1. Catalyst Synthesis. 2.1.1. CeO2. CeO2 was prepared

by the thermal decomposition of Ce(NO3)3·6H2O at 550 °C
for 4 h in air.
2.1.2. γ-Fe2O3. γ-Fe2O3 was prepared by a co-precipitation

method. First, FeSO4·7H2O (12.5 mmol) and FeCl3·6H2O (25
mmol) were dissolved in deionized water (250 mL), and 150
mL of the ammonia (1 mol·L−1) solution was then added
dropwise to the solution with continuous stirring for 2 h,
followed by filtering. The solid obtained was washed with
distilled water, dried at 80 °C overnight, and calcined at 300
°C in air for 3 h to give γ-Fe2O3.
2.1.3. γ-MnO2. γ-MnO2 was prepared by a hydrothermal

method. First, MnSO4·H2O (20 mmol) and (NH4)2·S2O8 (20

mmol) were dissolved in deionized water (80 mL) with
continuous stirring for 2 h. Then, the mixed solution was
transferred into a 100 mL Teflon-lined stainless-steel autoclave
and heated at 90 °C for 24 h, followed by filtering. The solid
obtained was washed with distilled water, dried at 80 °C
overnight, and calcined at 350 °C in air for 3 h to give γ-MnO2.
2.1.4. Samples after In Situ Sulfur Tolerance for Different

Times. CeO2, γ-Fe2O3, and γ-MnO2 prepared withstood sulfur
tolerance test at 250 °C for 2, 5, and10 h, respectively. The
inlet gas was 500 ppm NO, 500 ppm NH3, 5 vol % O2, and 100
ppm SO2, and the total gas flow rate was 200 mL/min. The
obtained samples were denoted as Me-p-2/5/10 h (Me = Ce,
Fe, and Mn).
2.1.5. Samples Containing Metal Sulfates Only. Me-p-2/

5/10 h were purged at 350 °C under an Ar atmosphere for 1 h
to remove the ABS presented on the surface. The obtained
samples were denoted as Me-p-2/5/10 h-350 (Me = Ce, Fe,
and Mn).
2.1.6. SO2 + O2 Pretreated γ-MnO2 Samples. γ-MnO2 was

pretreated with 100 ppm SO2 + 5 vol % O2 with Ar as the
balance gas at 250 °C for 2, 5, and 10 h to simulate the
situation where only metal sulfates were presented. The
obtained samples were denoted as Mn-s-2/5/10 h.
2.2. Characterizations. X-ray diffraction (XRD) patterns

were recorded on a Philips X’pert Pro diffractometer using Ni-
filtered Cu Kα radiation (λ = 0.15418 nm) from 10 to 80°.
The X-ray tube was operated at 40 kV and 30 mA.

Fourier transform infrared (FT-IR) spectra were collected
on a Nicolet IS10 FT-IR spectrometer at a spectral resolution
of 4 cm−1 for 32 scans. The background was collected first and
then subtracted for every sample.

Ion chromatography (IC) was used to detect soluble species
on samples. The content of ABS and metal sulfates were
inferred based on the quantitatively analyzed NH4

+ and SO4
2−

in the samples after the sulfur tolerance test. The samples with
25 mg, respectively, were dispersed in 24.85 mL of deionized
water and 0.15 mL of nitric acid solution at 16 mol·L−1 and
placed overnight. Then, the solutions were filtered with a 0.22
μm filter membrane, and the liquid phases were prepared for
the IC tests.

Thermogravimetry (TG) 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−1

from room temperature to 900 °C. The reference TG curve
was obtained by operating the same analysis on an empty
crucible.

Temperature-programmed surface reaction (TPSR) experi-
ments were performed with a Nicolet IS10 FTIR spectrometer
and an online LC-D series mass spectrometer. First, the Me-p-
5 h sample (100 mg) was loaded into a quartz tube and
exposed to 500 ppm NO + 5 vol % O2 or 500 ppm NH3 (gas
mixture of 100 mL/min, Ar balanced) until saturation at
ambient temperature. After that, the sample was heated up to
730/250 °C at a rate of 10 °C·min−1 to record the NO and N2
signal.

Temperature-programmed desorption (TPD) measure-
ments were carried out in a fixed-bed quartz reactor equipped
with an FTIR spectrometer to monitor the outlet gas signal,
and the interval of spectrum collection was set at 30 s. For the
NH3/NO-TPD experiment, 50 mg of Me-p-5h-350 sample was
exposed to 500 ppm NH3 or 500 ppm NO + 5 vol % O2 (gas
mixture of 50 mL/min, Ar balanced) until saturation at
ambient temperature. Subsequently, the sample was purged
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with flowing highly purified Ar to remove gaseous and weakly
absorbed species. Finally, the sample was heated to 650 °C at a
rate of 10 °C·min−1 to record the NH3 or NO signal. For the
SO2-TPD experiment, 50 mg of CeO2/γ-Fe2O3/γ-MnO2
sample was exposed to SO2 + 5 vol % O2 (gas mixture of 50
mL/min, Ar balanced) until saturation at 250 °C. Sub-
sequently, the sample was purged with flowing highly purified
Ar to remove gaseous and weakly absorbed species. Finally, the
sample was heated to 730 °C at a rate of 10 °C·min−1 to record
the SO2 signal.

In situ DRIFTS experiments were conducted on a Nicolet
Nexus 5700 FTIR spectrometer. The spectra were collected by
an MCT detector and presented as a Kubelka−Munk function.
The resolution was 4 cm−1, and 32 scans were taken. Before
collecting the background spectra, the powder samples were
pretreated with highly purified N2 at 400 °C (for CeO2) or 300
°C (for γ-Fe2O3 and γ-MnO2) for 0.5 h. Background spectra
were then collected in a flowing highly purified N2 stream as
the powder samples cooled to 250 °C. The sample spectra
were then obtained after the subtraction of the background
spectra. The samples were exposed to a controlled stream of a
specific gas mixture for a certain amount of time: 3000 ppm
NH3; 500 ppm SO2 + 5 vol % O2; 3000 ppm NO + 5 vol %
O2; 3000 ppm NH3 + 3000 ppm NO + 5 vol % O2. All of the
reaction gasses were balanced with N2 at a flow rate of 50 mL/
min.
2.3. Catalytic 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 ppm SO2 (when used), and Ar in balance. The total
gas flow rate was 200 mL/min, corresponding to a weight
hourly space velocity (WHSV) of 60 000 mL·g−1·h−1. Prior to
the test, flaky samples (obtained from catalyst powder after
being compressed, ground, and sieved into 40−60 mesh
particles.) of 200 mg underwent a pure Ar stream pretreatment
at 200 °C for 0.5 h to remove the moisture and impurities and
then cooled to ambient temperature. After that, the reaction
system was introduced with the gas mixture, 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 NO

NO
100%in out

in
= [ ] [ ]

[ ]
×

(1)

N selectivity 100% NO NO NH

NH NO 2 N O / NO

NO NH NH

2 in out 3 in

3 out 2 out 2 out in

out 3 in 3 out

= × {[ ] [ ] + [ ]

[ ] [ ] [ ] } {[ ]

[ ] + [ ] [ ] } (2)

The details of density functional theory theoretical
calculation could be found in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Catalytic Performance and the Sulfur Tolerance

Test. The XRD spectra of the target catalysts were displayed in
Figure S1, and all samples were in line with the crystal
structure we designed. The NO conversion and N2 selectivity
of CeO2, γ-Fe2O3, and γ-MnO2 were shown in Figure 1a,b. It
can be found that the three samples presented totally different
catalytic activity curves. CeO2 showed a poor catalytic activity
with the highest NO conversion of only 40%, and this was why
it usually served as a support or adjuvant. Although the
catalytic performance of γ-Fe2O3 below 200 °C was
unsatisfactory, it maintained an NO conversion over 80% at
200−350 °C. However, the consistency of the two lies in the
superior N2 selectivity in the entire temperature range, close to
100%. As γ-MnO2 displayed an inferior N2 selectivity, over
80% NO conversion at 150−350 °C was performed
simultaneously. A favorable activity made γ-Fe2O3 and γ-
MnO2 be regarded as the preferred active components for low-
temperature NH3-SCR catalysts. Taking into account the flue
gas temperature in the nonelectric industry and the decreased
activity of conventional catalysts after sulfurization, 250 °C was
chosen as the temperature to study the trend of sulfur
tolerance of different catalysts.

As shown in Figure 1c, CeO2, γ-Fe2O3, and γ-MnO2
represented different sulfur tolerance after 100 ppm SO2 was
introduced: (1) the activity of CeO2 increased rapidly in the
first 1 h, with a NO conversion up to 70%, and then gradually
decreased with the time on. Zhang et al.,27 in our group,
declared that the surface sulfates gave an enhanced activity to
CeO2 by increasing its acidity, while the bulk sulfates brought
by the deepened sulfation process impaired its activity. (2)
Contrary to the performance of CeO2, the NO conversion of γ-
Fe2O3 dropped suddenly from 100 to 70% within 1 h after the
introduction of SO2 and then remained at about 70%, showing
a slow upward trend over time. Yu et al.26 believed that this
phenomenon was mainly attributed to the changes in the
surface sulfate species before and after the sulfurization and the
resulting changes in the reaction pathway. (3) For γ-MnO2, a

Figure 1. (a) NO conversion and (b) N2 selectivity of CeO2, γ-Fe2O3, and γ-MnO2 as a function of the reaction temperature. (c) Sulfur tolerance
tests on CeO2, γ-Fe2O3, and γ-MnO2 in the presence of 100 ppm SO2 as a function of the reaction time (the feeding gas contained 500 ppm NH3,
500 ppm NO, 5% O2. WHSV = 60 000 mL·g−1·h−1.).
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constant decline in its NO conversion spread out with the
continuously introduced SO2. As discussed before,28,29 the
perception of sulfur tolerance of manganese oxide was still
uncompromising, entangled by ABS domination or metal
sulfate domination. It can be inferred that though certain
conclusions gained, the essential reason why different oxides
performed diverse sulfur tolerance remains unknown. Building
on past achievements and striving for new progress, the key
factors, catalysts, ABS, metal sulfates, and their reaction
atmosphere, become the focus of our discussion in the
following research.
3.2. Surface Sulfate Species Clarification. Determining

the existence state of sulfate species is a prerequisite for
analyzing the influence on the sulfur tolerance of the catalyst.
FT-IR is skilled in differentiating various S-containing species
and is sensitive to the NH4

+ in ABS. Hence, IR spectra of Me-
p-2/5/10 h were performed, and the results are shown in
Figure 2a−c. The sulfation process of CeO2, γ-Fe2O3, and γ-
MnO2 gradually deepened with sulfur tolerance time,
demonstrating the accumulation of ABS and metal sulfates
and the final appearance of bulk sulfates. Universally, bands
assigned to NH4

+ in ABS (1428 cm−1 for Ce-p-2/5/10 h, 1432
cm−1 for Fe-p-2/5/10 h, and 1428 cm−1 for Mn-p-2/5/10 h)
were all observed on the surface of the samples.30 Beyond that,
sulfate species including S−O species (1110 cm−1 for Ce-p-2/
5/10 h, 1125 cm−1 for Fe-p-2/5/10 h, and 1118, 1095, 1018,
1003 cm−1 for Mn-p-2/5/10 h), S�O species (1308 cm−1 for
Ce-p-2/5/10 h), and bulk sulfate species (1045, 988 cm−1 for
Ce-p-2/5/10 h, 1185, 1043, 986 cm−1 for Fe-p-2/5/10 h, and
1160 cm−1 for Mn-p-2/5/10 h) are also presented.27

Aiming to further determine the precise content of each
sulfate species, the pickling Me-p-2/5/10 h were then
subjected to IC with the ion concentration (ppm) and
corresponding wt % listed in Table 1. Taking the negligible
experimental errors and other factors into account, it can be
found that the content of both sulfate species increased with
the sulfur tolerance test time. In particular, the amount of
surface ABS on γ-MnO2 increased rapidly during the 5−10 h,
in contrast with the slow accumulation on CeO2 and γ-Fe2O3.
Ma et al.31 once reported that the amount of surface ABS was
constant and did not accumulate on CeO2 even if it was tested
in the presence of SO2 for 1000 h. Same for γ-Fe2O3, Yu et al.26

found that the content of ABS on γ-Fe2O3 changed little even
up to 216 h. Both studies confirmed the establishment of a
dynamic equilibrium between deposition and consumption of
ABS on CeO2 and γ-Fe2O3. As for metal sulfates, a slackened
increase rate with time was another puzzle to be solved later.
Additionally, TG curves gave a further demonstration of the
thermal stability of surface sulfates (Figure S2). Except for

weight loss corroborating the IC results, it showed that ABS
could start to decompose at about 250 °C, and the
decomposition temperature of each metal sulfate was quite
different, which could be attributed to the decomposition of
Ce2(SO4)3,31,32 Fe2(SO4)3

33 and MnSO4.23 To sum up, in view
of the differences in the content of sulfate species on Me-p-2/
5/10 h, it’s worth studying how each sulfate species evolved
over time in the reaction. Therefore, the following experiments
were designed to investigate in detail.
3.3. Evolution of the Surface Sulfate Species. It was

reported in the previous studies that NH4
+ in ABS could react

with NO under a reaction atmosphere, and the remaining
SO4

2‑ would combine with the metal ions in catalyst to form
thermally stable metal sulfates.30 Hence, the Me-p-5 h sample
was then taken as an example to implement the NO + O2
TPSR test. As presented in Figure 3a, the outlet NO
concentration did not fall below the saturation value at the
beginning for all samples until the temperature exceeded a
certain point. As temperature continued to rise, the outlet NO
concentration returned slowly to the initial saturation value.
Strikingly, a scarce NH3 signal emerged throughout the TPSR
test, which meant that almost all NH4

+ in the ABS was
consumed by NO + O2, followed by the reaction: NH4HSO4 +
NO + O2 → N2 + H2O + H2SO4.

Differences among the three reactions could be further
elaborated from the temperature at which NO consumption
reached the maximum. Followed by the order of Fe-p-5 h
(∼180 °C) ≈ Ce-p-5 h (∼180 °C) < Mn-p-5 h (∼390 °C),
such sequence manifested that the difficulty of NH4

+ in ABS to
participate in the reaction was different among three samples.
The harder the NH4

+ was to participate in the reaction, the

Figure 2. IR spectra of (a) Ce-p-2/5/10 h, (b) Fe-p-2/5/10 h, and (c) Mn-p-2/5/10 h.

Table 1. Ion Concentration of the Pickling Ce-p-2/5/10 h,
Fe-p-2/5/10 h, and Mn-p-2/5/10 h Samples at 250 °C

ion concentration
(ppm)

catalyst ABS
metal
sulfate

mABS/mcat.
(wt %)

mmetal sulfate/mcat.
(wt %)

Ce-p-2 h 2.2 1.3 0.44 0.26
Ce-p-5 h 2.8 18.7 0.56 3.74
Ce-p-10 h 3.4 30.1 0.68 6.02
Fe-p-2 h 2.3 8.1 0.46 1.62
Fe-p-5 h 2.8 15.6 0.56 3.12
Fe-p-10 h 2.7 29.8 0.54 5.96
Mn-p-2 h 2.9 47.1 0.58 9.42
Mn-p-5 h 3.1 69.1 0.62 13.8
Mn-p-10 h 5.1 83.1 1.02 16.6
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larger the ABS accumulated, which also identified with what
the IC test obtained.

Conclusions can be drawn that the deposited ABS could be
consumed by NO + O2 while being constantly generated, and
thus the equilibrium between deposition and consumption of
ABS was well established. Moreover, the NH4

+ in ABS on Ce-
p-5 h and Fe-p-5 h could participate in the reaction at a
relatively lower temperature, while the NH4

+ in ABS on Mn-p-
5 h seemed less reactive in such a reaction. Also, it perhaps
illustrated that ABS may have less effect on long-running
sulfurization for CeO2 and γ-Fe2O3, but for γ-MnO2, ABS
would exert a more obvious inhibitory effect on its activity.

The thermal stability and reactivity of metal sulfates species
initially mentioned in TG was further measured in SO2-TPD.
As displayed in Figure 3b, all samples showed a strong
desorption peak at about 600 °C, which could be attributed to
the decomposition of metal sulfates formed by the strong
interaction between SO2 and metal elements in the catalyst.23

Differently, γ-Fe2O3 possessed a weak desorption peak at about
420 °C, which was assigned to the desorption of SO2 adsorbed
on surface.34 Followed by the order of Fe2(SO4)3 (∼600 °C) <
Ce2(SO4)3 (∼655 °C) < MnSO4 (∼690 °C), an identical
result with NO-TPSR’s could be acquired from the desorption
peak temperature of CeO2, γ-Fe2O3, and γ-MnO2.23 More
precisely, ΔGf of corresponding metal sulfates of CeO2, γ-
Fe2O3, and γ-MnO2 at 250 °C (Table S1) declared the
spontaneous formation of three metal sulfates. MnSO4 was the
easiest to form and existed most stably among them, which is
in line with the SO2-TPD results.

As can be noticed, the increased rate of metal sulfates in IC
slowed down with time. Taking CeO2 as an example, the
accumulation rate of Ce2(SO4)3 was 1.16 wt %·h−1 in 2−5 h,
while this value was merely 0.46 wt %·h−1 in 5−10 h

(calculated), showing a sharp decline. There was a report35

that showed that metal sulfates could be consumed by NH3
reduction at around 250 °C, so NH3-TPSR over Me-p-5h-350
was implemented to disclose the reactivity of these metal
sulfates (Figure 3c). As the system beings heating up after the
adsorption of NH3 reached saturation at ambient temperature,
the SO2 desorption signal was gradually observed. Compared
with SO2-TPD (Figure 3b), the desorption peak temperature
of SO2 all obviously moved toward lower points; thus, it’s
reasonable to deduce that the bonding of SO4

2− and metal ions
was weakened when NH3 presented, and an easier SO2 escape
was succeeded therefore. Relevant studies corroborated above
inference and gave the product in the reaction. Yu et al.36

investigated the deSOx mechanism of Mn oxides, and they
found that the oxidized sulfur species would favor the
formation of ABS instead of MnSO4, generated from
introduced NH3. Ma et al.31 directly observed the reaction of
NH3 with Ce2(SO4)3 and verified ABS formation by first
principles calculations. Jangjou et al.37 alleged that NH3 could
drive S-containing species from a seemingly more strongly
adsorbed position/form to the less stable ABS.

Conclusions can be drawn that the formed metal sulfates
could be consumed by NH3 while being constantly generated
and became another source of ABS thereby. Moreover,
Fe2(SO4)3 could participate in the reaction relatively easily,
while Ce2(SO4)3 and MnSO4 seemed less reactive in such a
reaction according to the SO2 escape temperature. Also, it
perhaps illustrated why γ-Fe2O3 possessed the least amount of
surface metal sulfate after sulfurization, followed by CeO2 and
γ-MnO2.
3.4. Effect of Sulfate Species on the Sulfur Tolerance.

The effect of sulfate species formed on the surface of catalysts
during the sulfur tolerance test would be intuitively uncovered

Figure 3. (a) NO + O2 TPSR results of Me-p-5 h. (b) SO2-TPD results of CeO2, γ-Fe2O3, and γ-MnO2 and (c) NH3-TPSR profiles of the Me-p-
5h-350.

Figure 4. NO conversion of Me-p-2/5/10 h, Me-p-2/5/10 h-350, and fresh samples at 250 °C.
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when we combined two types of activity data together (Figure
4). Descriptively, histograms (the red one) were made by the
activity data of each sample at the initial state, 2nd, 5th, and
10th h of the sulfur tolerance test, in which both ABS and
metal sulfate species presented. Then, a sample with only metal
sulfates on its surface was obtained through high-temperature
treatment of the sample after the sulfur tolerance test, in which
complete decomposition of ABS was guaranteed. Afterward,
the catalytic performance of the obtained Me-p-2/5/10 h-350
samples at 250 °C were plotted as histograms (the blue one).
Highlighting the differences in the catalytic performance
among the Me-p-2/5/10 h, Me-p-2/5/10 h-350, and fresh
samples, the weight of two sulfate species could be visually
revealed: For CeO2 and γ-Fe2O3, before and after removing the
surface ABS, the catalytic activity (represented by the red and
green histograms) had basically the same trend over time. That
is to say that the residual ABS hardly affected the activity due
to its dynamic equilibrium between deposition and con-
sumption. While the catalytic performance of γ-MnO2 almost
returned to the level before sulfurization after removing ABS,
and its activity recovery degree remained nearly unchanged
with the SO2 poisoning time. Thus, (1) for CeO2 and γ-Fe2O3,
their sulfur tolerance is mainly determined by metal
sulfates,25−27 benefiting from ABS consumed in time; (2)
while for γ-MnO2, MnSO4 formed did not play a significant
role, the coverage effect of deposited ABS was speculated to

make more contribution to the continuous downward sulfur
tolerance.
3.5. Coverage Effect of Deposited ABS and the

Working Mechanism of Metal Sulfates. The coverage
effect of the deposited ABS on γ-MnO2, which was distinctive
from CeO2 and γ-Fe2O3, needed more direct evidence for
being self-proven, and so TPSR was further investigated
(Figure 5a) to disclose the reactivity of these surface-deposited
ABS. After the adsorption of NO + O2 reached saturation at
ambient temperature, the Me-p-5 h were heated up to 250 °C
at a rate of 10 °C·min−1 and held for several hours to record
the N2 signal. For Ce-p-5 h and Fe-p-5 h, on account of the
swift reaction between NO + O2 and NH4

+ in ABS, the
deposited ABS was easily consumed by NO and produced N2.
However, scarcely any N2 signal emerged on Me-p-5 h, proving
the quite inert NH4

+ in deposited ABS on γ-MnO2. Besides,
the SCR performance of the Mn-s-2/5/10 h at 250 °C could
be another supporting argument (Figure S3). Few differences
were recognized among the catalytic activity of the fresh γ-
MnO2, Mn-p-2/5/10 h-350, and the Mn-s-2/5/10 h at 250 °C,
consolidating the weak influence of MnSO4.

Furthermore, the reaction pathways of the ABS with NO on
the surface of each Me-p-5 h were simulated by computational
methods. It’s known that NH3 can be effectively adsorbed on
Brønsted acid sites of the catalyst, and then the NH3-SCR
reaction takes place following the commonly accepted E-R

Figure 5. (a) NO + O2 TPSR results of Me-p-5 h at 250 °C. (b) Theoretical energy and structure profiles for the reaction of NO with deposited
ABS over Me-p-5 h. (c) Adsorption peak area of fresh and Me-p-5 h-350 for NH3/NO at 20 °C. (d) Flow chart unfolding the effect of metal
sulfates on the reaction mechanism.
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reaction mechanism. Therein, the adsorbed NH3 reacts with
the gas phase NO to form H2NNO, which can rapidly
decompose to N2 and H2O. The formation of H2NNO is
identified as the rate-determining step.38 Such a reaction route
is universal when it comes to the reaction of NO with the
deposited ABS.40 Here, the initial energy of ABS on each Me-
p-5 h was deemed as 0.00 eV. As shown in Figure 5b, the
SO4

2− of ABS was tightly bound to the Me−O−Me site of the
Me-p-5 h through a close chemical bond formed between the S
atom and the surface O atoms. When a NO molecule
approached the NH4

+ of ABS, the NH4
+ was then activated by

transferring an H+ to HSO4
− to form electrically neutral H2SO4

and an H to the adjacent Ce/Fe/Mn site, leading to the
formation of an H2NNO intermediate (IM) through the
bonding of the two N atoms. This intermediate was never seen
and, therefore, probably underwent rapid decomposition to
yield the reaction products, N2 and H2O.38 On the surface of
CeO2 and γ-MnO2, the migrations of H+ from NH4

+ to O in
HSO4

− and H from NH4
+ to O in the adjacent Ce/Mn site

were a synergistic one-step process. However, on the surface of
γ-Fe2O3, the migration of H and H+ split into two steps due to
a new stable intermediate (IM) formed, attributing to the
ultralow energy barrier of H migration from NH4

+ to O in the
adjacent Fe site (TS1). The energy barrier for the formation of
H2NNO in the above reaction was 1.60 eV for CeO2 (from
0.00 to 1.60 eV), 1.06 eV for γ-Fe2O3 (from −1.20 to −0.14
eV), and 1.71 eV for γ-MnO2 (from 0.00 to 1.70 eV),
respectively. The higher energy barrier of γ-MnO2 implied that
the reaction between ABS and NO on it was difficult to carry
out, which was consistent with the experimental results.
Therefore, the coverage effect of the deposited ABS on γ-
MnO2 that gave rise to the poor sulfur tolerance was
thoroughly verified.

Known from the above discussion, the difference in the
decomposition ability of ABS would lead to the diversity in its
coverage effect. Besides, metal sulfates seemed to directly
determine the sulfur tolerance of CeO2 and γ-Fe2O3, whereas
they show less impact on γ-MnO2. An essential reason for
these phenomena was expected to be acquired. Hence the
effect of metal sulfates on the adsorption of reactant molecules
was investigated first, and corresponding results are shown in
Figure S4. More intuitively, the adsorption peak area of each
sample for the above two reaction molecules at ambient
temperature is placed in Figure 5c. The metal sulfates formed
on the surface of the catalyst were confirmed to bring abundant
acid sites, manifested by a significant increase in the amount of
adsorbed NH3 on Me-p-5 h-350. Such an increase might be
derived from hydroxyl-like groups provided by S�O from
SO4

2−, which were highly related to the generation of more
Brønsted acid sites.41 On the contrary, the NO adsorption on
Ce/Fe-p-5 h-350 was obviously reduced compared with what
their fresh one exhibited, demonstrating that the adsorption
and oxidation of NO were immensely inhibited. This was
because the oxygen atom which could be used to bridge NO
and Ce/Fe cation was covered by SO4

2− after sulfation.41

Compared with CeO2 and γ-Fe2O3, the adsorption behavior of
NO on γ-MnO2 was completely different; a slightly enhanced
state, which indicated that MnSO4 promoted the adsorption of
NO species. This could probably also be the reason for the
difference between the effect of manganese sulfate and other
metal sulfates on the activity. Consequently, such radical
changes on the adsorption behavior of NH3/NO molecules
would be bound to exert an influence on the progress of the

SCR reaction mechanism. Therefore, further exploration of the
effect of metal sulfates on the reaction mechanism was
inevitable.

The in situ DRIFTS spectra of the NH3-SCR reaction on
CeO2, γ-Fe2O3, and γ-MnO2 at 250 °C are given in Figure
S5a−c. Also, to simulate the surface that had been undergoing
the sulfur tolerance test for several hours, CeO2, γ-Fe2O3, and
γ-MnO2 were impelled to preadsorb SO2 + O2 at 250 °C for
about 1 h and collected as a spectral background, respectively,
with the spectra of the NH3-SCR reaction on sulfated CeO2, γ-
Fe2O3 and γ-MnO2 at 250 °C given in Figure S5d−f. A
detailed description of the change in in situ DRIFTS spectra is
placed in the Supporting Information. Related conclusions
explained the difference in the effects of different metal sulfates
on the activity, and a flow chart in Figure 5dis attached for
clarity:

(1) γ-Fe2O3: As the published study,26 the Fe2(SO4)3 species
formed inhibited the NO adsorption and thus cut off the
Langmuir−Hinshelwood (L−H) reaction pathway,
leading to a cliff activity drop. It then switched on the
Eley−Rideal (E−R) reaction pathway later and made an
enhancement in the SCR efficiency.

(2) γ-MnO2: The SCR reaction over γ-MnO2 and sulfated γ-
MnO2 both proceeded through the E−R reaction
mechanism. MnSO4 species did increase its surface
acidity and facilitate NH3 adsorption to a certain extent,
while the simultaneously increased NO adsorption was
not conducive to the E−R pathway (gaseous NO
preferred). Meanwhile, the deposited nitrates may cover
the active sites and block the pore structure, resulting in
NH3 adsorption suppression and a further decrease in
the denitrification activity.42,43 Thus, the promotion
effect was offset, and surface metal sulfates show little
impact on its activity.

(3) CeO2: The E−R reaction pathway remained despite the
sulfation. Therefore, it’s definable that its catalytic
performance was promoted significantly at first,
generating from an increased NH3 adsorption due to
the enhanced surface acidity and suppressed NO
adsorption. However, bulk sulfates formed later were
proved by IR results, so the gradual decline brought
about by those poor-activity bulk sulfates covering on
CeO2 was predictable.27 NH3-TPD profiles in Figure S6
verified the effect of bulk sulfates by characterizing the
change in the desorption peak area before and after H2O
washing.39 Obviously, all desorption peaks of Ce-p-10h-
350-H2O moved to a low temperature. It was evident
that the elimination of bulk sulfates over sulfated Ce-p-
10h-350 was beneficial to the exposure of NH3 adsorbed
on weak acid sites (peak α and β). Also, such weak acid
sites were proved to play a crucial role in the NH3-SCR
activity.40

3.6. Schematic of the Evolution Mechanism of Sulfur-
Containing Species. According to the qualitative and
quantitative characterization results of the surface sulfate
species and their reaction characteristics with the feed gas
NH3/NO, a dynamic evolution during the reaction process is
proposed in Scheme 1. It can be seen that eqs 3 and 4
represent the deposition of ABS and metal sulfate, and eqs 5
and 6 represent their decomposition process, meaning the
simultaneous existence of deposition and decomposition of
these surface sulfur-containing species. The scheme uncovers
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that the fundamental reason for the deactivation of different
metal oxide catalysts in a sulfur-containing atmosphere is
closely related to the difference in the deposition/decom-
position ability of these surface sulfate species.

: MeO SO O Me(SO )x y2 2 4+ + (3)

: NH SO O H O NH HSO3 2 2 2 4 4+ + + (4)

: Me(SO ) NH H O Me(OH) NH HSOy y4 3 2 4 4+ + +
(5)

:
NH HSO NO O N H O H SO
Me(OH) O MeO H Oy x

4 4 2 2 2 2 4

2 2

+ + + +
+ +

(6)

In detail, reactions ① and ② (eqs 3 and 4) represent the
formation of surface sulfate species on the catalyst in a SO2-
containing reaction. First, the metal oxide catalyst (MeOx)
oxidizes the gaseous SO2 to SO3 and is itself reduced to the
low-valence oxide (MeOy) (y ≤ x). Then, the generated SO3
can continue to react with MeOy to form Me(SO4)y or react
with NH3 to form ABS. In other words, reactions ① and ② are
competing processes. Besides, unstable sulfite will be rapidly
oxidized to sulfates (e.g., FeSO4 → Fe2(SO4)3),44 and other
stable sulfates remain unchanged (e.g., Ce2(SO4)3 and
MnSO4).23,31,32 Therefore, the deposited metal sulfate is
generally referred to as Me(SO4)y (y ≤ x). For different
metal oxides, the generation ability of surface sulfate species is
also different. Also, in this system, the formation order was
MnSO4 > Ce2(SO4)3 > Fe2(SO4)3, given by SO2-TPD.

Similar to the reaction of metal sulfate and ammonia, the
surface metal sulfate Me(SO4)y (y ≤ x) can react with the
adsorbed NH3 and H2O to form a microdomain liquid phase
reaction and then to generate Me(OH)y and ABS, as shown in
reaction ③ (eq 5).31,36,37 Generally speaking, for a double
replacement reaction, the solubility product (Ksp) of the
hydroxide precipitation, as shown in Table S2, determines the
reaction progress. The smaller the Ksp, the easier the reaction.
As a result, Me(SO4)y (y ≤ x) is more likely to participate in
the order of Fe2(SO4)3 > Ce2(SO4)3 > MnSO4, supported by
the results of IC and NH3-TPSR. This also answers the reason
why some catalysts such as γ-Fe2O3 and MnOx/CeO2(NR)
and so forth can maintain long-term stability even after the
continuous generation of metal sulfate species, which could
inhibit the redox property of the catalysts.26,31

For reaction ④ (eq 6), two reactions are included. One is the
ABS consumption, proved by the NO-TPSR reaction and IC

results. Here, the order of difficulty on different metal oxide
catalysts is CeO2 > γ-Fe2O3 > γ-MnO2. This means that for γ-
MnO2, there is no dynamic equilibrium between deposition
and decomposition of the surface ABS, and the surface
covering effect is the nature of the continuous decrease in its
activity.

The other reaction is the decomposition of insoluble
hydroxide, Me(OH)y, which finally generates stable MeOx
under the atmosphere of O2, completing the metal oxide cycle.
Consequently, due to the different intrinsic properties of
different metal oxides, the difficulty of each step in the cycle is
also different, which will affect or even ultimately determine
the sulfur tolerance of the catalyst to a large extent.

4. CONCLUSIONS
In summary, key determinants behind the sulfur tolerance of
CeO2, γ-Fe2O3, and γ-MnO2 were weighed, and their working
mechanism was expressly illuminated. Given the analysis of the
sulfate species formed and their reaction characteristics in the
reaction atmosphere, it was found that:

(1) The reactivity of NH4
+ was a decisive factor in

determining whether the ABS coverage effect worked.
In this paper, the inert NH4

+ in the deposited ABS on γ-
MnO2 made the coverage effect the main cause for its
poor sulfur tolerance. While for CeO2 and γ-Fe2O3, their
lifetime in SO2 were mainly determined by the effect of
metal sulfates, benefiting from timely consumption of
ABS promoted by active NH4

+.
(2) NH3 was well competent for facilitating the breakdown

of metal sulfates, the difficulty of which was another
factor affecting the sulfur tolerance of metal oxide
catalysts. The easier the reaction, such as γ-Fe2O3, the
better it can maintain its catalytic performance in a
sulfur-containing atmosphere.

(3) A dynamic evolution during the reaction process was
proposed, and a certain guiding significance was
presented. Attention should be paid to the mutual
restriction and interaction between the reaction
atmosphere and surface species when developing novel
low-temperature SO2-tolerance catalysts.
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