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2/H2O enhanced rare earth
tailings catalysts in NH3-SCR at medium and high
temperature

Kunling Jiao,ab Jiaming Liu,a Xiaoyun Jiao,a Siying Wang, a Jingran Zhanga

and Wenfei Wu *ab

Rare earth tailings (RET) NH3-SCR catalysts were prepared by mechanical and microwave activation of

a large amount of rare earth tailings after beneficiation of Bayan Ebo rare earth ore. The effects of SO2/

H2O on the denitrification performance of the RET catalysts were evaluated by conducting denitrification

activity tests, SO2/H2O tolerance tests and in situ DRIFTs mechanistic analysis. The results showed that

the denitrification activity was significantly increased in the presence of SO2/H2O. And in situ DRIFTs

analysis showed that in the presence of SO2/H2O, SO2 could be adsorbed as SO3
2− groups by the

hydroxyl groups on the catalyst surface and react with SO4
2− to form S2O7

2− species. And in the

presence of NH3, S2O7
2− would decompose into unstable SO4

2− species and SO3
2− and continue to

react cyclically to form S2O7
2− species, providing the RET catalyst provides more acid sites, facilitating

the SCR reaction.
1 Introduction

NOx is considered to be one of the serious air pollutants and its
main source is industrial combustion emissions from fossil
fuels in thermal power plants. NH3-SCR technology is an
effective method for NOx removal.1–3 V2O5–WO3(MoO3)/TiO2

has been used industrially for many years,4,5 but its applicable
denitrication temperature range is narrow. To broaden or
reduce the applicable temperature range, researchers have
carried out work on the preparation of NH3-SCR catalysts
using transition metal elements,6–13 which mainly focused on
Mn-based, Fe-based and rare earth-based catalysts. It was
found that Mn-based catalysts have a good De-NOX activity in
the low temperature band but poor SO2/H2O tolerance.6–8 Fe-
based catalysts have some activity (lower than Mn-based
catalysts) in the medium to high temperature band (150–450
°C) and have better SO2 tolerance.9–13 Single metal oxide
catalysts usually have certain defects, so they are usually
loaded with other elements to form composite metal oxides for
the preparation of the NH3-SCR catalysts to compensate for
each other's defects.

Bayan Ebo has a large amount of rare earth tailings aer
beneciation, which contains a rich variety of NH3-SCR active
elements (Fe, Ce, Mn),14 of which rare earth elements are
excellent NH3-SCR catalyst active components.15 In addition,
er Mongolia University of Science and

omous Region, 014010, China. E-mail:
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14
there are congenial relationships such as adjacency, leaching
and encapsulation of various active minerals in rare earth tail-
ings, and the interactions that exist between these congenial
minerals can also facilitate the SCR reaction process,16,17 so rare
earth tailings are naturally excellent materials that can be used
to prepare NH3-SCR catalysts.

SO2/H2O poisoning phenomenon seriously affects the
activity of SCR catalysts. Due to the increase of HSO4

− and
SO4

2− on the catalyst surface, it oen leads to accumulation of
ammonium sulfate on the catalyst surface and irreversible
sulfation of the active components of the catalyst leading to
decreased activity. So improving the SO2/H2O tolerance of
catalysts is directly related to the practical application of cata-
lysts and is an unavoidable indicator in the evaluation of NH3-
SCR catalysts. Composite oxide catalysts doped with rare earth
elements exhibit better SO2/H2O tolerance and denitrication
efficiency compared to Fe-based and Mn-based denitrication
catalysts.18–21 In contrast, rare earth tailings with multiple active
components (Fe, Ce, Mn) are natural composite oxides, and rare
earth tailings catalysts have better SO2/H2O tolerance perfor-
mance than most composite oxide catalysts.

Therefore, it is necessary to investigate the SO2/H2O toler-
ance characteristics of the Bayan Ebo rare earth tailings cata-
lysts (RET) in the NH3-SCR denitrication process and to
investigate the SO2/H2O tolerance mechanism in the denitri-
cation process. This paper explores the process and tolerance
mechanism of SO2/H2O on the denitrication performance of
the RET catalysts and expands the research eld of NH3-SCR
denitrication with rare earth tailings catalysts from Bayan Ebo.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Rare earth tailings catalyst (RET) XRF results

Element Fe Ca Si Mg Ce Al Mn Other
Percentage (%) 17.394 17.798 8.804 3.104 1.783 1.485 0.926 48.706

Table 2 Working conditions for the preparation of the four RET
catalysts

Catalysts NH3/ppm NO/ppm O2/% H2O/% SO2/ppm

Sample 0 500 500 6 — —
Sample 1 500 500 6 6 —
Sample 2 500 500 6 — 500
Sample 3 500 500 6 6 500
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2 Materials and methods
2.1 Catalysts preparation

The rare earth tailings catalyst was prepared by ball mills. And
the rare earth tailings come from Bayan Ebo (Baotou, China).
The beneciated rare earth tailings material was xed in
a canister on a planetary ball mill and ball milled at 300 rpm for
2 h. The obtainedmaterial was passed through a 200mesh sieve
and microwave roasted at 1100 w, 250 °C for 20 min to obtain
the catalyst powder. The elemental content of the catalyst was
quantied by XRF. As shown in Table 1, the results of the XRF
analysis, in which Fe, Ca, Si, Mg, Ce and Al were the major
elements with a total content of 50.4%, and the remaining
49.6% are Mn and other trace elements, and the content of each
trace element is <1%. The Bayan Ebo rare earth tailings catalyst
is indicated as RET.

2.2 Catalytic performance experiment

The NH3-SCR performance experiments with the RET catalysts
were carried out in a SCR denitrication evaluation unit, as
shown in Fig. 1. The denitrication evaluation unit is consisted
of gas distribution system (1–4), reaction system (5–8) and
analysis system (9–11), and is equipped with a tail gas treatment
unit (12). The sample is xed in a 9 mm inner diameter quartz
xed bed reaction tube. The reaction gas mixture consists of NO
(500 ppm), NH3 (500 ppm), H2O (6 vol% when in use), SO2

(500 ppm when in use), O2 (6 vol%) and N2 are controlled by the
gas distribution system at a ow rate (100 mL min−1), and the
GHSV are set to 30 000 h−1. The gas mixture were measured by
on-line multi-component ue gas analyzer (HP-OMGA, China),
the measurement accuracy is #± 2% FS, and the NOX conver-
sion is obtained from the formula (1):

NOx conversionð%Þ ¼ ½NOx �in � ½NOx �out
½NOx �in

� 100%ðx ¼ 1; 2Þ

(1)
Fig. 1 Schematic diagram of the NH3-SCR evaluation unit ((1) gas flow
control system; (2) heating water tank; (3) gas distribution tank; (4)
heating pipes; (5) heating furnace; (6) quartz tubes; (7) RET catalyst; (8)
quartz wool; (9) rotameter; (10) condensation drying device; (11) flue
gas online detection device; (12) tail gas treatment device).

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

The RET catalysts were characterization by the X-ray diffraction
(XRD), temperature programmed reduction by H2 and NH3 (H2-
TPR and NH3-TPD), and in situ Diffuse Reectance Infrared
Fourier Transform Spectroscopy (DRIFTS).
3 Results and discussion

The RET catalysts aer denitrication under different operating
conditions were characterised as sample 0, 1, 2 and 3. The total
ow rate for all operating condition cases is 100 mL min−1, as
shown in Table 2.
3.1 Structural changes of catalysts

As shown in Fig. 2, the diffraction peaks of uorite (CaF2),
quartz (SiO2), aluminium trioxide (Al2O3), iron dolomite
{Ca(MgFe)[(CO3)2]}, hematite (Fe2O3) and cerium uoride
(CeCO3F) were mainly detected on the surface of sample 0,
where the Ca(MgFe)[(CO3)2], Fe2O3 and CeCO3F diffraction
peaks are overlap, it is due to the natural action of these reactive
minerals to form a solid solution structure.18,19 In comparison to
sample 0, no signicant crystalline phase changes were
observed for sample 1 when the catalyst was reacted under H2O
conditions for 24 hours. However, when the catalyst was reacted
Fig. 2 Rare earth tailings catalyst (RET) XRD results.
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Fig. 4 Rare earth tailings catalyst (RET) H2-TPR results.
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under SO2 or SO2 and H2O conditions for 24 hours, a decrease in
the intensity of the Ca(MgFe)[(CO3)2] and Fe2O3 diffraction peak
intensities was found for samples 2 and 3, but no characteristic
metal sulphate peaks were detected, indicating that the SO2

sulphide phase was present in an amorphous form and could
not be observed by XRD. However, in the presence of SO2 or SO2/
H2O, new diffraction peaks were observed for samples 2, 3 at
18.43°, 24.17°, 24.84°, 33.14°, 37.02° and 50.68°, which can be
attributed to sulphonate (NH3SO3) (PDF#08-0483). And these
diffraction peaks overlap with or are similar to the active
mineral diffraction peaks of Ca(MgFe)[(CO3)2], Fe2O3 and
CeCO3F. It can be inferred that the newly formed crystalline
phase NH3SO3 is produced because the acid groups formed on
the catalyst surface aer SO2/H2O is involved in the denitri-
cation process and during the drop to low temperature interact
with the NH3 adsorbed species and a reduction reaction occurs
to reduce the active metal centres in the active minerals to their
original state.22–24
3.2 Catalyst performance change

To examine the effect of SO2/H2O on the NH3 adsorption of the
RET catalyst as shown in Fig. 3. The peak temperatures of the
desorption peaks of sample 0 were 147 °C (weak acid centers),
356 °C (medium centers) and 480 °C (strong centers).25 The NH3

adsorption capacity of samples 1, 2 and 3 was signicantly
higher than sample 0, while the NH3 adsorption capacity of
samples 2 and 3 was slightly higher than sample 1. Sample
0 showed a desorption peak at 147 °C corresponding to the
weak acid site, a desorption peak at 356 °C corresponding to at
the medium to strong acidic site, and a desorption peak at 480 °
C corresponding to the strong acidic site. At 480 °C corresponds
to the desorption peak from the strongly acidic site. Samples 1,
2 and 3 also showed three peaks in the low and medium-high
temperature sections, each acidic site being shied back and
enhanced compared to sample 0, indicating that the presence
of a suitable amount of SO2/H2O can strengthen the acidic sites
on the RET catalyst. The peak at 150 °C for sample 3, which was
inuenced by the combined presence of SO2/H2O, was attrib-
uted to the weakly acidic sites, with a signicantly greater ability
to adsorb NH3 on the weakly acidic sites relative to the RET
Fig. 3 Rare earth tailings catalyst (RET) NH3-TPD results.

7208 | RSC Adv., 2024, 14, 7206–7214
catalysts inuenced by the presence of SO2 or H2O alone with
larger desorption peaks at 365 °C and 489 °C attributed to the
moderately strong and strong acidic sites. Signicantly larger
peak areas in the mid to high temperature fractions compared
to samples 1 and 2, which were affected by SO2/H2O alone. It
means that co-modication of SO2 and H2O can also substan-
tially enhance the ability of medium to strong acidic sites to
adsorb NH3. Overall, the RET catalyst with the inuence of SO2/
H2O both increased the acidic sites and improved NH3

adsorption capacity. Combined with XRD analysis, it was found
that the increase in acidic sites aer the catalyst was affected by
SO2/H2O can be attributed to the formation of NH3SO3, which is
readily decomposed by heat, thus providing more acidic sites.

H2-TPR tests were using to investigate the effect of the SO2/
H2O on the redox ability of the RET catalyst. In Fig. 4, the Oa

peak located below 400 °C is the reduction peak of oxygen
species adsorbed on the catalyst surface. The Ob1 peak located
between 400 and 600 °C is the peak of H2 consumption (Fe2O3

to Fe3O4 and the reduction of the CeO2).26,27 The Ob2 peak
between 600 and 700 °C is the peak of H2 consumption (Fe3O4

to FeO).26 The Ob3 peak above 700 °C is the peak of H2

consumption (FeO to Fe).26 The reduction peaks of the RET
catalysts with SO2 or SO2/H2O are shied towards a lower
temperature region and the peak area is slightly increased
compared to the RET catalysts without the inuence of SO2 or
H2O. This means that SO2 and H2O can inuence the RET
catalysts to induce a benecial change in redox capacity towards
a more benecial catalytic reduction reaction occurring, with
new shoulder peaks are due to the reduction of the CeO2 at 693 °
C and 695 °C,27 and the introduction of SO2/H2O leads to a more
pronounced shoulder peak shape at 695 °C. Which combined
with XRD analysis, is presumed to be due to the inuence of
SO2, which induces the reduction of RET catalysts with the
natural co-occurrence of active minerals associated properties
of the RET catalyst resulted from the joint participation of
multiple substances in the redox reaction.28 From the H2-TPR
results, electron transfer paths can be derived (Fe3+ 4 Fe2+ and
Ce4+ 4 Ce3+).

The surface of the rare earth tailings catalyst (Fig. 5a) showed
an uneven and pitted morphology, and the surface of the rare
earth tailings catalyst (Fig. 5b) did not change much aer the
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08782d


Fig. 5 SEM and EDS surface sweeps before and after the effect of SO2/
H2O on RET catalysts ((a) fresh RET catalyst; (b) after H2O; (c) after SO2;
(d) after SO2/H2O).
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H2O tolerance test. Aer being affected by SO2 alone and SO2/
H2O tolerance, the catalysts (Fig. 5c and d) showed some
mobility, which was in the form of stacked lamellar fragmen-
tation with a few ne particles attached to the surface, aer
being affected by SO2/H2O tolerance, there was a large volume of
lamellar particles stacked on the surface of the catalysts, and
aer the catalysts were affected by the simultaneous presence of
SO2 and H2O, the lamellar particles were attached to the surface
of the catalysts.
3.3 In situ DRIFTs analysis

3.3.1 Effect of H2O on the adsorption of SO2 on the catalyst
surface. The adsorption of SO2 in the presence of H2O at 350 °C
was investigated by in situ DRIFTS, as shown in Fig. 6.

As shown in Fig. 6, the RET catalyst was exposed to SO2/O2

for 60 min and treated in a pure N2 gas stream (100 mL min−1)
at 350 °C for a further 30 min. 5 min aer the addition of H2O,
Fig. 6 Effect of H2O on the adsorption of SO2 by the RET catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
an absorption peak of molecular water (1647 cm−1) appeared,
with little change in peak intensity with increasing time,
meaning that the H2O tolerance of the RET catalyst was good.
The absorption peak of sulte (1434 cm−1) disappeared with
increasing time and the absorption peak of pyrosulfate
(1396 cm−1) gradually became stronger. The absorption peaks
of bridged tri-dentate sulphate (1326 cm−1), double-dentate
sulphate (1076 cm−1), bridged double-dentate sulphate
(1197 cm−1) and single-dentate sulphate (1261 cm−1) showed
little change.31,32,35,36 The crystalline water variable angle vibra-
tional peak shied from 1535 to 1581 cm−1, it is due to the
chemisorption of gaseous SO2 onto the catalyst surface via
hydroxyl groups.37 The increase in persulphate is due to the
presence of H2O, which causes the formation of hydroxyl groups
on the RET catalyst surface, and adsorb more SO2 to form
SO3

2−, which in turn reacts with the catalyst surface sulphate
species to form S2O7

2−, so H2O promotes the formation of
S2O7

2− species on the RET catalyst surface.
3.3.2 Effect of SO2/H2O on surface acidity. Fig. 7 shows that

NH3 was rst adsorbed without SO2 for 60 min at 350 °C and
then treated in a pure N2 gas stream (100 mL min−1) for
a further 30 min.

Fig. 7 shows the absorption peaks of NH4
+ adsorption at the

Brønsted acid site (1392, 1427, 1461, 1500 cm−1), NH3 adsorp-
tion at the Lewis acid site (1025, 1157, 1228, 1620 cm−1) and it
causes NH3 form –NH2 (1332 cm−1).29,30 Aer continuing the
ammonia stream and 5 min of SO2, H2O and O2, the absorption
peaks of NH4

+ adsorption (1392, 1461 cm−1) and NH3 adsorp-
tion at the Lewis acid site (1157, 1228, 1620 cm−1) disappeared.
The intermediate product –NH2 (1529 cm−1)29,30 and NH3

adsorption (1600 cm−1)29,30 with increasing peak intensity with
time, meaning that the presence of SO2/H2O promoted NH3

adsorption. Bidentate sulfate (1068 cm−1), bridged bidentate
sulfate (1191 cm−1), and monodentate sulfate (1265 cm−1)
absorption peaks were also present aer 40 min.31,35,36 The
intensity of the bidentate and bridged bidentate sulfate
absorption peaks frequently changes but no pyrosulfate species
were found at 1391 cm−1. In combination with XRD analysis,
was attributed to the formation of NH3SO3 from NH3 adsorbed
species bound to the catalyst surface. Aer 40min of addition of
SO2, H2O and O2, the intermediate product –NH2 (1300,
Fig. 7 Effect of SO2/H2O on catalyst NH3 adsorption.
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Fig. 8 Effect of SO2/H2O on NO adsorption by RET catalysts.

Fig. 9 RET Catalytic transient reaction in the presence of SO2/H2O ((a)
NH3/NO; (b) NO/NH3).
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1572 cm−1) appeared, resulting from the creation of a new Lewis
acid site, which is consistent with NH3-TPD results. SO2/H2O
caused the formation of an unstable sulphate species, which
adsorbed on the active metal sites are strongly acidic, so this
unstable sulphate species provides more acidic sites for the
NH3-SCR process and is less likely to form ammonium sulphate
species with NH3. The combination of NH3 with catalyst surface
species to form NH3SO3 resulted in the disappearance of per-
sulphate species from the RET catalyst surface, indicating that
the presence of NH3 promoted the decomposition of S2O7

2−.
3.3.3 Effect of SO2 on the adsorbed NO species. As in step

with Fig. 8, the in situ DRIFTS spectra showed the effect of SO2/
H2O on NO adsorption on the RET catalyst at 350 °C.

In Fig. 8, the addition of NO and O2 gas streams followed by
a pure N2 gas stream shows monodentate nitrite (1027, 1091,
1159 cm−1), bridged nitrite (1234 cm−1), intermediate product-
NO2 (1338, 1399, 1458 cm−1), intermediate product-NO3

(1521 cm−1) and adsorbed NO2 (1593, 1650 cm−1).33,34 Aer
simultaneous introduction of NO, O2, H2O and SO2 for 5 min,
the absorption peak of bridged nitrite shied from 1234 to
1218 cm−1 with little change in peak intensity with increasing
time, with bridged nitrite still occupying the active site. Aer
10 min of addition of H2O and SO2, the absorption peaks of –
NO2 (1399 cm−1) and adsorbed NO2 (1650 cm−1) disappeared
and absorption peaks of bidentate sulfate (1056 cm−1), pyro-
sulfate (1393 cm−1) and NO2 (1697 cm−1) generated by the
reaction of adsorbed NO on the surface appeared.33,34,38 In the
presence of SO2/H2O, the absorption peak of S2O7

2− species
gradually increased with time and the –NO2 disappeared, due to
the competition between SO2 and NO adsorption on this active
site to produce S2O7

2− species. It occupies part of the NO
adsorption site, and the increase in surface active oxygen
species due to SO2 acidication of the RET catalyst, converting
more NO to NO2 and hence the absorption peak of NO2.

3.3.4 Transient reactions of NH3 and NO on the catalyst
surface. As shown in Fig. 9a, the in situ DRIFTs spectra of the
reaction of NO with pre-adsorbed NH3 species on the RET
catalyst surface under the inuence of SO2/H2O and Fig. 9b
shows the in situDRIFTs spectra of the reaction of NH3 with pre-
adsorbed NO species on the RET catalyst surface under the
inuence of SO2/H2O.
7210 | RSC Adv., 2024, 14, 7206–7214
As shown in Fig. 9a, the RET catalysts were rstly exposed to
NH3 gas ow for 60 min in the addition of SO2/H2O, and then
purged with N2 at 350 °C for 20 min.

Fig. 9a shows the absorption peaks of NH4
+ adsorption

(1392, 1438, 1485, 1513, 1727 cm−1), NH3 adsorption (1150,
1215, 1616 cm−1) and –NH2 (1334, 1560 cm

−1).29,30 Aer 5 min of
the addition of NO and O2, the NH3 adsorbed species dis-
appeared and peaks appeared for monodentate nitrite (1030,
1097 cm−1), bridged nitrite (1230 cm−1), intermediate product –
NO2 (1355, 1415, 1618 cm−1), bidentate nitrate (1569 cm−1) and
NO2 (1699 cm

−1).33,34 The peak of –NO2 (1415 cm
−1) disappeared

rapidly with increasing time. The peak pattern of bridged nitrite
shied from 1230 to 1240 cm−1 with little change in peak
intensity. Monodentate nitrite (1097 cm−1) and bidentate
nitrate (1569 cm−1) showed little change. Absorption peaks for
intermediate product-NO2 (1305, 1398 cm−1) and intermediate
product-NO3 (1502 cm−1) appeared aer 20 min of the addition
of NO/O2. Absorption peaks of –NO3 at 1519, 1508, 1485 and
1533 cm−1 appeared, with signicant changes in peak pattern
with increasing time. The absorption peaks of –NO2 did not
change much aer 20 min of NO/O2 addition, and the peak
intensity increased. This is due to the fact that when NO/O2 were
rst added, the NH3 adsorbed species mainly combined with –

NO2 to form the intermediate product, and aer 20 min as NO
was oxidized to more NO2, the –NO3 group was generated to
participate in the reaction. The results show that –NO2 is easier
to combine with NH4

+ than –NO3 to form the intermediate
product NH4NO2. And when NH3 is present, the NO species
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mainly form the –NO2 group directly to participate in the reac-
tion, without oxidation between the catalyst and NO2 to form
the –NO3 group, shortening the reaction process in favor of the
NH3-SCR reaction.

In Fig. 9b, the samples were rst exposed to NO and O2 for
60 min in the presence of SO2/H2O, and then treated in a pure
N2 gas stream (100 mL min−1) at 350 °C for a further 30 min.
The appearance of monodentate nitrite (1030, 1090, 1147 cm−1)
was observed in Fig. 9b, with bridging nitrite (1230 cm−1), –NO2

(1285, 1340, 1400, 1460 cm−1), –NO3 (1521 cm−1) and adsorbed
NO2 (1594, 1654 cm−1) absorption peaks.33,34 Aer 5 min of the
addition of NH3, the peaks of the nitrate-like adsorbed species,
adsorbed state NO2, intermediate products –NO2 and –NO3

disappeared, along with the peaks of adsorbed NH4
+ (1370,

1425, 1494 cm−1), adsorbed NH3 (1080, 1257 cm−1) and –NH2

(1309, 1530, 1560 cm−1),29,30 where the absorption peak of –NH2

increased in intensity with time. The peak of adsorbed NH3 was
less variable, and the peak of adsorbed NH4

+ disappeared
quickly. Absorption peaks for NH4

+ (1385, 1419, 1456, 1467,
1495 cm−1) and –NH2 (1625 cm−1) adsorbed at the Brønsted
acid site appeared aer 20 min of the addition of NH3.29,30 When
NH3 was present, the –NO2 and –NO3 groups as well as the
adsorbed NO2 disappeared from the catalyst surface and NH4

+

and –NH2 groups were generated at subsequent time periods of
the reaction, indicating that intermediate products NH4NO3,
NH4NO2 and NH2NO2 were generated on the RET catalyst
surface to remove NO adsorption products, suggesting that both
the E–R mechanism and the L–H mechanism, which acted
together to remove NOX through both pathways.
4 Denitrification mechanism of SO2/
H2O enhanced rare earth tailings
catalyst

Combining the results of in situ DRIFTs analysis and SO2 char-
acterization,22,23,38,39 We can surmise the following reaction
mechanism (Fig. 10) as well as reaction equations (eqn (2)–(16))
can be derived for the effect of SO2/H2O on the RET catalysts. As
shown in Fig. 10, combined with the analysis of the H2-TPR
results, it is found that the conversion between Fe3+ 4 Fe2+ and
Ce4+ 4 Ce3+ on the RET catalyst surface provides the active sites
Fig. 10 Mechanism of SO2/H2O influence on the surface of rare earth
tailings (RET) catalysts (O represents the active metal sites on the RET
catalyst surface; blue arrows represent the gas absorption and release
process; black arrows represent the internal electron transfer process
of the catalyst; red arrows represent the reaction cycle process of the
S2O7

2− group).

© 2024 The Author(s). Published by the Royal Society of Chemistry
for SCR catalytic denitrication, and the conversion between Ce3+

and Ce4+ mainly acts as oxygen storage and release (eqn (2)–(5)).
When SO2/H2O is added, SO2 is adsorbed by the hydroxyl groups
formed by H2O and reacts with O2 to form SO3

2− groups, while
combining with SO4

2− groups to form S2O7
2− (eqn (7)–(9)). When

NH3 and NO are present, they are converted to NH4
+ and NO2

−

respectively, which are then reduced to N2 and H2O (eqn
(10)–(15)). The adsorption of H2O by the catalyst surface increases
the –OH sites on the catalyst surface, leading to easier adsorption
and conversion of SO2 to form SO3

2−, while the S2O7
2− group is

converted to NH3SO3 and the unstable SO4
2− group by the

reduction of NH3 (eqn (16)), allowing the catalyst reactive sites on
the surface are restored, inhibiting the continued sulphation of
the catalyst surface. NH3 also adsorbs to the Brønsted and Lewis
acidic sites on the RET catalyst surface as –NH2 and NH4

+, and
perform NH3-SCR reaction.

Fe3+ 4 Fe2+ + O (2)

O2(g) + 2O / 2O − O (3)

Ce3+ + O2(g) 4 Ce4+ + 2O− (4)

O− + O / O − O (5)

H2O(g) + O / O − OH + H+ (6)

O − OH + SO2(g) / O − SO2−
3 + H2O (7)

2SO2(g) + 3/2O2(g) + H2O / 2SO4
2− + 2H + (8)

SO4
2− + O − SO3

2− / O − S2O7
2− (9)

O − S2O7
2− + H+ / O − S2O7

2–H+ (10)

O − S2O7
2−H+ + NH3(g) / O − S2O7

2−NH4
+ (11)

O − S2O7
2−NH4

+ + NO(g) + 1/2O2(g) /

O–NO2
−S2O7

2–NH4
+ (12)

O − NO2
−S2O7

2–NH4
+ / O − S2O7

2− + N2(g) + 2H2O (13)

O − S2O7
2− + NH3(g) / O − H2NS2O7

2−H+ (14)

O − H2NS2O7
2−H+ + NO(g) / OS2O7

2−H+ + N2(g)

+ H2O (15)

O − S2O7
2−H+ + NH3(g) + H+ / NH3SO3 + SO4

2− + O (16)

where O represents the surface oxygen vacancy in the active
metal center. The symbol (g) represents NO, NH3, SO2, NO2, N2,
and O2 in the gaseous state. The symbol (a) represents the
adsorbed state of NH3, NH4

+ and SO3 on the catalyst surface.
5 Catalyst performance
5.1 Effect of H2O and SO2 on catalytic NOX reduction

The effect of SO2/H2O on the catalytic denitrication activity of
the RET catalyst was studied in the temperature range of 50–
RSC Adv., 2024, 14, 7206–7214 | 7211
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450 °C with 4NO, 4NH3 and 4SO2 of 500 × 10−6, 4O2 of 6 ×

10−2 and 4H2O of 6 × 10−2. Aer the SCR reactor outlet 4NO
was stabilized for 10 min, the NH3 was started to be introduced
and the denitrication rate for each temperature section was
calculated as the average of the NOX outlet concentration values
within 180 min of stabilization were calculated and the results,
as shown in Fig. 11.

Fig. 11 shows that the NOX conversion of the RET catalyst in
the absence of SO2/H2O and SO2 is much lower than that in the
presence of SO2 and H2O, and H2O has almost no effect on the
NOX conversion of the RET catalyst. At relatively low tempera-
tures (50 to 200 °C), the enhancement of catalytic activity in the
presence of SO2 and H2O was similar, about 10 ± 1%. However,
when the reaction temperature is in the medium to high
temperature range (250–450 °C), the activity enhancement
under SO2/H2O can reach 16 ± 1%, and the activity enhance-
ment of the RET catalyst in SO2 only condition is only 10 ± 1%.
Furthermore, at 350 °C, SO2/H2O in the gas supply leads to
a signicant increase in SCR activity of about 18 ± 1%, with
a NOX conversion of 66 ± 1% for the RET catalyst. This
enhancement is due to SO2 gas phase acidication of the active
metal oxides under SO2.37 It suggests that the appropriate
conditions of SO2/H2O presence are favorable to improve the
catalytic activity of the RET catalysts.
Fig. 12 Stability of RET catalyst NOX removal rates under the influence
of SO2/H2O.

7212 | RSC Adv., 2024, 14, 7206–7214
With the same steps, the stability of the effect of SO2/H2O on
the NOX conversion in the temperature range of 350 °C of the
RET catalyst over time is shown in Fig. 12 (the data points in the
gure are the average values of NOX conversion over 30 min).

Fig. 12 showed stable catalytic activity at 350 °C during the
72 h test. When SO2 was added to the gas stream, the NOX

conversion increased from a stable 49 ± 1% in the rst 3 h to
obtain a stable NOX conversion of 62 ± 1% in 24 h, indicating
that SO2 has a signicant effect on the catalyst activity. The
addition of SO2/H2O increases the catalytic activity from 49 ±

1% to 66 ± 1%. However, when H2O is removed from the gas,
the activity can be restored, implying that the enhancement
effect of H2O in promoting SO2 inuence on the activity is
reversible. The NOX conversion of the RET catalyst can be
recovered when there is no SO2 or H2O in the reaction gas
mixture, which proves that the RET catalyst has a good effect on
SO2/H2O, and the SCR activity of the RET catalyst can be ob-
tained at 350 °C with a 17 ± 1% enhancement under the
conditions of both SO2 and H2O.
6 Conclusion

In summary, this paper prepared rare earth tailings (RET)
catalysts from Bayan Ebo rare earth tailings by ball milling and
microwave roasting, and analyzed the SO2/H2O tolerance
mechanism of the RET catalysts by activity testing, character-
ization and in situ DRIFTs experiments. And revealed the
mechanism of SO2/H2O to enhance the denitrication perfor-
mance of catalysts by promoting the cyclic reaction of S2O7

2−

groups on the RET catalysts surface. Although RET catalysts are
less active, they can be used as a catalyst active carrier through
their excellent SO2 tolerance properties.

(1) The effect of SO2/H2O on the RET catalyst was facilitated,
and the NOX conversion of the RET catalyst increased from 48%
to 66 ± 1% at 350 °C under SO2/H2O, which was higher than
that of SO2 or H2O alone.

(2) Rare earth tailings catalyst NH3-SCR denitrication fol-
lowed the combined L–H and E–R mechanism. The Fen+–Cen+

coactivation of the RET catalyst provides Brønsted and Lewis
acid sites.

(3) The effect of SO2 on the RET catalyst is mainly the
formation of SO4

2− and SO3
2− species, while H2O promotes the

formation of hydroxyl groups and facilitates SO2 adsorption to
form SO3

2−, which promotes the reaction of SO3
2− with SO4

2− to
form S2O7

2− groups, which provide acid sites for the RET
catalyst and improve the adsorption of NH3. At the same time,
the S2O7

2− group decomposes into SO3
2− and unstable SO4

2−

groups, thus continuing the cyclic reaction to form S2O7
2−-

groups, thereby increasing the denitrication activity of the RET
catalyst activity and inhibit the continued sulphation of the
catalyst surface.
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