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Mn/PG catalysts. MnSb0.156 /PG catalyst showed highest NO conversion at low temperatures
in the presence of SO2 which reveals that addition of Sb oxides effectively enhances the
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SCR activity of catalysts. A SO2 step-wise study showed that MnSb0.156 /PG catalyst displays
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higher durable resistance to SO2 than Mn/PG catalyst, where the sulfating of active phase

Antimony oxides

is greatly inhibited after Sb doping. Scanning electron microscopy and X-ray diffraction re-

Low-temperature SCR

sults showed that Sb loading enhances the dispersion of Mn oxides on the carrier surface.

Metal sulfates

According to the results of characterization analyses, it is suggested that the main reason

Sponge-like structure

for the deactivation of Mn/PG is the formation of manganese sulfates which cause the permanent deactivation of Mn-based catalysts. For Sb-doped Mn/PG catalyst, SOx ad-species
formed were mainly combined with SbOx rather than MnOx . This preferential interaction
between SbOx and SO2 effectively shields the MnOx as active species from being sulfated
by SO2 resulting in the improvement of SO2 tolerance on Sb-added catalyst. Multiple information support that, owing to the addition of Sb, original formed MnOx crystallite has been
completely transformed into highly dispersed amorphous phase accounting for higher SCR
activity.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Selective catalytic reduction (SCR) has been demonstrated
as a feasible technology to reduce NOx emission from stationary sources, including power plants and industrial boilers
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(Burkardt and Weisweiler, 2001; Karami and Salehi, 2012). As
the core technology of SCR, catalysts for SCR have caused extensive concern. Commercialised V2 O5 -WO3 (MoO3 )/TiO2 catalyst is widely used at 300–400°C, but this high temperature
range requires SCR reactors to be located upstream of the particle removal device and desulphuriser to avoid reheating flue
gas (Busca et al., 1998; Amiridis et al., 1999). However, the existences of high concentration of particles and other poison
gas make the catalyst susceptible to deactivation. Therefore,
developing a new candidate for SCR catalyst is important. And
it has become essential to develop not only highly active catalysts at low-temperature but also materials for NO reduction
resistant to catalytic deactivation.
NH3 -SCR catalysts work at relatively high NOx at temperatures higher than 300°C over metal oxide catalyst
(Topsøe, 1994; Rauch et al., 2015). However, high-temperature
catalysts are expensive. Low-temperature (<300°C) NH3 -SCR
catalysts are considered an ideal material for NO removal
because of their energy efficiency. Many metal oxide catalysts have been applied to low-temperature NH3 -SCR, such
as Mn/TiO2 (Shi et al., 2013), V2 O5 /TiO2 (Topsoe et al., 1995a),
Cr/TiO2 (Schneider et al., 1995), Cu/TiO2 (Sreekanth et al., 2006).
Amongst the low-temperature SCR catalysts, catalysts based
on MnOx have been proven to be the most active catalysts
(Kim et al., 2010). Peña et al., 2004 compared various metal
oxide-loaded catalysts and found that the activities of TiO2 supported V, Cr, Fe, Mn, Ni, Co and Cu catalysts decrease according to the sequence of Mn > Cu > Cr > Co > Fe > V
> Ni during low-temperature SCR of NO with NH3 . Qi and
Yang (2003) found that Mn/TiO2 catalysts are highly active
for low-temperature SCR of NO with NH3 with 100% NO conversion at 180°C (Zhang et al., 2015). Two types of catalysts
based on MnOx have been reported in the literature. One is the
unloaded-MnOx catalyst, which is prepared directly from different types of Mn precursors (Ettireddy et al., 2007); the other
is the MnOx -supported catalyst. The use of supports provides
catalysts with high specific surface areas, good thermal stability and high dispersion of the active substance on surfaces.
Supported-MnOx catalyst is an excellent candidate for industrial use.
Various MnOx -supported catalysts, such as MnOx /TiO2
(Lu et al., 2014; Zhang et al., 2011), MnOx /Al2 O3 (Aguero et al.,
2009; Kapteijn et al., 1994b), MnOx /CNT (carbon nanotube)
(Wang et al., 2013; Zhang et al., 2013) and MnOx /ACF (activated carbon fibre) (Sun et al., 2013; Marbán and Fuertes, 2001),
have been reported. The use of support materials has been reported to play an important role in the activity of SCR catalysts
(Jin et al., 2010b). In our previous study, a clay mineral, palygorskite (PG), was used as support instead of TiO2 and Al2 O3
to prepare a novel MnOx -supported PG catalyst (MnOx /PG);
this support exhibited good performance and economy in lowtemperature SCR of flue gas NO (Zhang et al., 2015).
Another critical issue in low-temperature NH3 -SCR catalyst is the sensitivity to S poisoning because S compounds can
be formed over the catalyst in the presence of SO2 , leading to
the loss of surface active sites and irreversible deactivation.
The sensitivity of catalysts to SO2 is an important consideration when the catalysts are operated in real flue gas for an extended period of time. Catalysts which are durably resistant to
SO2 have been found. Mn-Ce/TiO2 catalyst demonstrates high

resistance to SO2 in flue gas at low temperatures (Jin et al.,
2014). NO conversion over Mn/TiO2 decreases from an initial
value of 92% to 25% in 10 hr in the presence of 100 ppmV SO2
at 150°C, whereas Mn-Ce/TiO2 provides 60% NO conversion in
10 hr under the same conditions (Jin et al., 2014). Although the
activity of Mn-Ce/TiO2 in the presence of SO2 was improved,
the long-term stability of NO conversion was low and the concentration of SO2 was only 100 ppmV SO2 . Therefore, developing a new catalyst which is durably resistant to SO2 at a low
temperature is important.
Some researchers have proposed addition of Sb to the
catalyst to improve its tolerance to SO2 poisoning. Results
have shown that Sb improves the S resistance of the catalyst
(Guo et al., 2016, Guo et al., 2018). Phil et al., 2008 found that
Sb-doped V2 O5 /TiO2 catalyst is best for low-temperature SO2
deactivation resistance via a quantum chemical calculation
study before experimentation. Du et al., 2012 reported that
the SCR performance of V2 O5 /TiO2 catalyst is enhanced when
1000 ppmV SO2 is added to the feed stream with Sb and Nb.
This active role may be due to the fact that the presence of
SO2 improves the SCR reaction to a certain degree.
In this work, the effect of adding Sb to Mn/PG for NH3 SCR reaction is investigated. The influence of SO2 on activities
over Mn-Sb0.156 /PG is studied. Specific surface area (BrunauerEmmett-Teller (BET)) analysis, scanning electron microscopy
(SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to characterise the surface properties and crystalline structures of Sb-added catalysts. SO2 + O2
temperature-programmed desorption (TPD) analysis was employed to explore the poisoning mechanism of Sb-added catalysts. H2 -temperature-programmed reduction (TPR) analysis
was applied to investigate the redox state of catalysts.

1.

Materials and methods

1.1.

Materials

The palygorskite, supplied by Xinzhou New Material factory
(Anhui, China), was ground and 0.42–0.84 mm sieved. The
chemical composition of the palygorskite was 69.44 wt.% SiO2 ,
11.84 wt.% Al2 O3 , 5.14 wt.% Fe2 O3 , 12.16 wt.% MgO, 0.43 wt.%
TiO2 , 0.5 wt.% K2 O, 0.21 wt.% CaO, and 0.28 wt.% others. All
used chemicals including citric acid, manganese nitrate, antimony acetate, barium nitrate, cobalt nitrate and molybdenum nitrate were of analytical grade and purchased from
Sinopharm Group Co., Ltd. Simulated flue gas provided by
Nanjing Shangyuan Industrial Gas Plant.

1.2.

Catalyst preparation

The wetness co-impregnation method with Mn nitrate and
Sb acetate dissolved in citric acid is used to synthesize
the MnSby /PG catalysts. Mn(NO3 )2 (50 wt.%, 29.1 mmol) and
(CH3 COO)3 Sb (the molar ratio of Sb/Mn = 0.022–0.201, the loading of MnOx was 8 wt.% based on PG) were dissolved in 2 mol/L
citric acid solution as metal precursors. Ten gram of PG (0.42–
0.84 mm) was added to this mixed solution and was impregnated for 24 hr. After dried at 50°C for 6 hr and 110°C for 12
hr, the samples were then calcined in air at 300°C for 3 hr
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to obtain MnSby /PG catalyst (y represents the molar ratio of
Sb to Mn in catalysts). Following the same procedure, a series of MnM0.022 /PG catalysts was prepared by using different
metal (0.32 mmol La, W, Mo, Mg and Sb) precursor salts. All of
the catalysts for evaluation were ground and sieved to 0.42–
0.84 mm. The catalysts prepared were denoted as MnMx /PG (x
represents the molar ratio of M to Mn in catalysts).

1.3.

Catalytic activity measurements

Catalytic activity tests for the reduction of NO by NH3 were
conducted in a fixed-bed quartz reactor containing 2 g of catalyst without any pre-treatment and operating under atmospheric pressure at 100–300°C. The feed gas mixture consisted
of 600 ppmV of NH3 , 600 ppmV of NO, 3 vol.% O2 , 5 vol.% H2 O,
200 ppmV of SO2 (when used) and Ar gas as the balance. The
total flow rate of 350 mL/min was maintained for all tests and
the gas hourly space velocity (GHSV) was approximately 5400
hr−1 . The concentrations of the gas inlet and outlet of NOx
(NO and NO2 ) were measured online by a flue gas analyser
(Testo350-XL, Testo AG, Germany), and the concentration of
SO2 was monitored by a SO2 analyser (Testo300 M-I, Testo AG,
Germany). Data were recorded when the reaction reached a
steady state at each temperature for at least 1 hr. Catalyst performance was estimated by NO conversion calculated by the
following equation:
XNO = ([NO]in − [NO]out )/[NO]in

(1)

where XNO represents the conversion of NO, [NO]in and [NO]out
denote the inlet and outlet concentrations of NO, respectively.

1.4.

Catalyst characterisation

Brunauer-Emmett-Teller (BET) surface area was measured
from the N2 adsorption and desorption isotherms at −196°C
using the NOVA 2200e (Quantachrome, USA) adsorption analyser. Prior to analysis, 0.08–0.1 g of catalyst was preheated at
200°C for 4 hr under a N2 atmosphere.
Scanning electron microscopy (SEM) images of the samples were obtained by a JSM-6490LV (Hitachi, Japan) analyser.
Energy-dispersive X-ray spectroscopy (EDX) was used to determine the element content on the sample surface by a JSM6490LV (Hitachi, Japan) analyser, EDX detector system operating at 20 kV and 80 mA.
X-ray diffraction (XRD) was performed on a D/MAx2500V
diffractometer (Rigaku, Japan) equipped with a monochromated Cu Kα radiation source. The catalysts were scanned at
2θ ranging from 10°−90°.
X-ray photoelectron spectroscopy (XPS) was used to explore the surface chemical properties of the tested catalyst,
especially the state of the manganese species. Spectra were
recorded on an ESCALAB250 (Thermo, USA) spectrometer using Al Kα radiation (1486.6 eV). Binding energies (BE) were
measured for Mn 2p, Sb 3d, O1s and S 2p.
SO2 + O2 temperature-programmed desorption (TPD) experiments were performed to specify the sulfate type in 1 g of
SO2 -poisoned samples by a mass spectrometer (Hiden QGA,
Beijing Hiden Analytical Technology Ltd, Germany). In a typical process, the catalysts (1 g) were pretreated at 120°C for 5 hr
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in Ar flow (350 mL/min). After cooled down to 50°C, the samples were initially reacted with 200 ppmV of SO2 -containing
gases at 200°C for 2 hr. TPD experiments were subsequently
performed by raising the temperature from 60 to 800°C at a
heating rate of 5°C/min in Ar (350 mL/min) atmosphere.
H2 -temperature-programmed reduction (TPR) was conducted in an automated catalyst characterisation system.
Prior to analysis, approximately 50 mg of the catalysts were
pretreated at 50°C for 2 hr in ultra-high pure Ar (20 mL/min)
steam. After preheating, the samples were tested by increasing the temperature from 50 to 800°C at a rate of 10°C/min
under 5 vol.% H2 /Ar. The consumption of H2 was detected
by a mass spectrometer (Hiden QGA, Beijing Hiden Analytical
Technology Ltd, Germany).

2.

Results

2.1.

Activity studies

2.1.1.

Influence of promoters on SCR activity without SO2

Fig. 1 shows the NO conversion in the SCR activity over different metal-promoted Mn/PG catalysts in the temperature
range of 100–300°C. All catalysts showed increasing trend in
NO conversion with temperature increased until 250°C (nearly
100%). Then, the NO conversion started to decrease for all
catalysts except for MnSb0.022 /PG at temperature higher than
250°C. The low-temperature NO conversion of La, W, Mo, Mg
and Sb-promoted Mn/PG catalysts followed the order Sb > Mo
> La > W > Mg. Obviously, amongst all catalysts, Sb doped
catalyst showed not only the best SCR activity, but also the
widest operating-temperature windows. Park et al., 2001 reported that NH3 are oxidised into NO and NO2 at sufficiently
high temperatures over a natural Mn ore catalyst in the presence of O2 ; they attributed the decrease in NO conversion to
NH3 oxidation over the Mn ore catalyst. The decreases in NO
conversion at high temperatures (> 250°C) for above catalysts
(except for MnSb0.22 /PG) were the same as that for the reported
Mn ore catalyst, indicating that the NH3 oxidation was accelerated along with the increasing temperature. Comparatively,
the Sb addition not only enhanced the SCR activity of catalysts
at lower temperatures, but also inhibited the decrease in NO
conversion at temperature higher than 250°C caused by the
excessive oxidation of NH3 . What’s more, the surface active
manganese species might be formed in a different state from
that on the original or other metal added catalysts.

2.1.2.

Effect of Sb loading on the tolerance of Mn/PG to SO2

NO conversion of Sb-modified Mn/PG catalysts (MnSbx /PG) in
the presence of SO2 is shown in Fig. 2a. NO conversion for all
catalysts presented the same tendency increased as temperature rose. It was found that the Sb loading content had moderate effect on catalytic performance. Compared to other samples, MnSb0.156 /PG showed the best performance especially at
125–250°C. According to this result, we followingly selected
MnSb0.156 /PG as typical sample for the further study on the
sulfur resistance of Sb loading. Comparing to the results in
the absence of SO2 displayed above, the NO conversion for
Mn/PG was much lower in the whole temperature range, indicating a serious deactivation caused by SO2 . The difference
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Fig. 1 – Effect of promoter loading on the Mn/palygorskite (PG) catalysts. Reaction conditions: [NO] = [NH3 ] = 600 ppmV,
[O2 ] = 3 vol.%, [H2 O] = 5 vol.%, Ar gas as the balance and gas hourly space velocity (GHSV) = 5400 hr−1 . [X] refers to the
concentration of the species X.

was that no obvious decrease in NO conversion is observed for
Mn/PG catalyst at higher temperature, which was discussed in
our previous study (Zhang et al., 2015). However, for Sb added
catalysts (MnSbx /PG), similar tendency in NO conversion were
obtained as that for MnSb0.22 /PG showed in Fig. 1. Based on
this point, it can be confirmed that a high SCR activity with
reliable resistance to SO2 poisoning can be achieved over Sbadded catalysts. Side reaction such as NO oxidation/NO2 decomposition at high temperatures (i.e., > 400°C) could occur:
2NO + O2 ↔ 2NO2 , so outlet NO2 concentration was much low
in the temperature range of 100–300°C (Colombo et al., 2010;
Schuler et al., 2009). We also detected outlet NO2 concentration but found it was very low during the SCR process. Results
in Fig. 2b illustrated the concentration of NO2 with a negligible value less than 5 ppmV in the entire operating temperature range studied over. To explore the potential interaction
of SbOx and MnOx answering for the significant promotion
on the performance of the catalyst, the sole Sb-added sample
(Sb0.156 /PG) was also prepared and estimated for SCR in the
same conditions. Sb0.156 /PG was found to be inactive for SCR
reaction with a negligible NO conversion, suggesting that Sb
acts as an effective promoter other than an additional active
specie.
For further evaluating the catalyst’s tolerance to SO2 contributed by doping of Sb, we calculated the decrease in
NO conversion caused by SO2 (200 ppmV) for Mn/PG and
MnSb0.156 /PG, respectively, as shown in Fig. 2c. As can be seen,
the presence of 200 ppmV gaseous SO2 leads to the decreases
in NO conversion for both of them, implying that the deactivation has happened. However, the deactivation on Mn/PG is
much more serious than that of MnSb0.156 /PG especially in the
temperatures range from 150 to 250°C. For example, at 200°C,
the decrease in NO conversion for Mn/PG caused by SO2 is
nearly 60%, while just 1% decrease is obtained for Sb-added
catalyst. It should be noted that the decrease in NO conversion for MnSb0.156 /PG during the entire temperature range is
all less than 10%.

In comprehension, from the results of those activity studies, it can be deduced that the doping of Sb as additive not only
promotes the SCR activity but also enhances the resistance to
SO2 poisoning. Accordingly, the synergistic action between Sb
promoter and active Mn species could be expected.

2.1.3.

NO oxidation activity

It was reported that the oxidation of NO to NO2 may be a key
step for NH3 -SCR over manganese based catalysts, which is
easily inhibited by the presence of gaseous SO2 (Li et al., 2012;
Zhang et al., 2008). To investigate whether there was a direct
relationship between the NO oxidation to NO2 and the SCR activity, the behaviours of NO oxidation to NO2 over the Mn/PG
and MnSb0.156 /PG catalysts were evaluated and compared as
shown in Fig. 3. Firstly, the conversion of NO to NO2 slightly increased as temperature rose for both of the catalysts, but the
tendency was quite inconsistent with that of SCR activity as illustrated in Fig. 1. Secondly, the NO to NO2 conversion over the
MnSb0.156 /PG catalyst was also moderately higher than that
over Mn/PG catalyst. However, the increment in NO to NO2
conversion contributed by the addition of Sb was less than
15%, which is negligible compared with that in NO conversion in SCR process. Based on the point, it is reasonable to deduce that the NO oxidation to NO2 is inessential for SCR for
both of those catalysts. Consequently, the great improvement
in SCR activity and SO2 tolerance should not be ascribed to the
slightly promoting of NO oxidation to NO2 over the Sb-added
catalyst.

2.1.4.

SO2 step-wise study

According to Eley–Rideal mechanism model, and the experience on the performance of commercial V2 O5 -WO3 /TiO2 catalyst, the deposition of ammonia sulfates was believed to be the
main reason for the deactivation caused by SO2 (Forzatti, 2001;
Kobayashi and Hagi, 2006). However, for manganese based catalyst with excellent SCR activity at low temperatures, the deactivation caused by SO2 is also a blank wall and the mechanism still remains controverted (Wu et al., 2009; Park et al.,
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Fig. 2 – (a) Effect of Sb loading on NO conversion, (b) concentrations of NO and NO2 on MnSb0.156 /PG, and (c) decrease in NO
conversion (࢞NO conversion ) caused by SO2 (200 ppmV) for Mn/PG and MnSb0.156 /PG. Reaction conditions: [NO] = [NH3 ] = 600
ppmV, [SO2 ] = 200 ppmV, [O2 ] = 3 vol.%, [H2 O] = 5 vol.%, Ar gas as the balance and GHSV = 5400 hr−1 .

2013; Jin et al., 2010a; Sheng et al., 2012). Generally, besides the
deposition of ammonia sulfates, the formation of manganese
sulfates was also considered to be a potential reason for the
deactivation of manganese-based catalysts (Wu et al., 2009;
Biervliet et al., 1998).

In this work, the SO2 tolerance of Mn/PG and MnSb0.156 /PG
catalysts was investigated via a step-wise of SO2 durable
steady SCR reaction. The SO2 step-wise experiments were performed under isothermal conditions at 200°C. As illustrated
in Fig. 4a, the SCR activities of NO with NH3 over Mn/PG and
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[H2 O] = 5 vol.%, Ar gas as the balance and GHSV = 5400 hr−1 .
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Fig. 4 – (a) Effect of SO2 on NO conversion for Mn/PG and MnSb0.156 /PG catalysts. Reaction conditions: [NO] = [NH3 ] = 600
ppmV, [SO2 ] = 200 ppmV, [O2 ] = 3 vol.%, [H2 O] = 5 vol.%, Ar gas as the balance and GHSV = 5400 hr−1 , T = 200 °C. (b) Stability
of MnSb0.156 /PG catalysts. Reaction conditions: [NO] = [NH3 ] = 600 ppmV, [O2 ] = 3 vol.%, Ar gas as the balance and
GHSV = 5400 hr−1 , T = 200 °C.
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MnSb0.156 /PG catalysts were initially stable for 30 min in simulated flue gas without SO2 . After 200 ppmV of SO2 was added
to the simulated flue gas, NO conversion of Mn/PG catalyst decreased rapidly to lower than 20% within 400 min and could
not be recovered after removal of SO2 . As a result, after the
removal of SO2 and H2 O from the flue gas, a little increase in
indicating value of the outlet NOx appeared leading to a decrease in calculated NO conversion. Because it did not interfere the result that an irreversible deactivation had happened
on Mn/PG catalyst, we did not revise this deviation with respect for the facticity of experimental data. It was widely reported that there are two possible routes accounting for the
deactivation of Mn based catalysts for SCR caused by SO2 .
One was the deposition of ammonium sulfates ((NH4 )2 SO4 ,
NH4 HSO4 or the mixture) which depend on a dynamic balance
between the formation and decomposition of ammonium sulfates in SCR reactions (Yu et al., 2010). This problem could be
resolved by rising the reaction temperature, because at high
temperatures, the formation of ammonium sulfates could be
inhibited and the decomposition accelerated. Otherwise, in
the case of SO2 being removed, the balance would move to
the decomposition until all deposited ammonium sulfates being consumed. In other words, the deactivation of catalysts
through this route could be recovered when SO2 was removed
from the flue gas. Another suggested route was the formation
of manganese sulfates. It could not be decomposed at temperature lower than 800°C and is hard to participate in NH3 -SCR
redox cycle reaction of electron, implying that this type of deactivation cannot be resolved in 100–300°C (Huang et al., 2003).
Based on these analyses, it was reasonable to suggest that the
deactivation of Mn/PG caused by SO2 is mainly the sulfation
of surface active species (MnOx ) (Shu et al., 2014). However,
for Sb-added catalyst, the profile in NO conversion during SO2
step-wise experience was quite different from that of Mn/PG.
When SO2 was introduced, NO conversion for MnSb0.156 /PG remained nearly 100% for a quite long time (about 120 min) followed by a mild decrease from 100% to a steady 78%. When
SO2 was removed from the feed gas, NO conversion was recovered immediately. This phenomenon could be due to the
formation of ammonium sulfates ((NH4 )2 SO4 or NH4 HSO4 ) occurring slowly over Sb-added Mn/PG catalyst leading to a completely decomposition of ammonium sulfates after removal
of SO2 . This result also confirmed that the sulfation of catalyst active sites (MnOx ) is greatly lessened after Sb doping
during SCR reaction in the presence of SO2 , which may be
the key reason for the great enhancement in SO2 tolerance
of the catalysts after Sb addition. Therefore, it can be deduced
that the addition of Sb shields surface active species (MnOx )
from being sulfated but slightly boost the deposition of ammonium sulfates. As a result, MnSb0.156 /PG catalyst displays
higher durable resistance to SO2 than Mn/PG catalyst. In order to further explore whether the MnSb0.156 /PG catalysts had
practical application value, a long-term stability test was carried out on the MnSb0.156 /PG catalysts under a GHSV of 5400
hr−1 . As shown in Fig. 4b, the initial NO conversion of the
MnSb0.156 /PG catalysts was 100% at 200°C. After 96 hr, the NO
conversion of the MnSb0.156 /PG catalysts decreased slightly to
96%. It was suggested the MnSb0.156 /PG catalysts had application potential.

2.2.

Catalytic characterisation

2.2.1.

SEM analyses

7

Fresh and used samples of Mn/PG and MnSb0.156 /PG were characterised by SEM to determine the morphologies of catalysts.
As shown in Fig. 5, the characteristics of the catalyst’s surface
have changed due to the Sb loading. For fresh Mn/PG, the surface of the catalyst carrier was scattered with a layer of clear
particles corresponding to the microlite of Mn oxides phase,
and the fabric of PG carrier was not observed. In contrast, the
micrographs of fresh MnSb0.156 /PG (Fig. 5b) were entirely different from that of Mn/PG. After modified by Sb, the visible
micro-particles of Mn oxides completely disappeared and the
fabric of PG clearly exposed with sponge like structure. This
result indicated that addition of Sb oxides causes Mn oxides
to become highly dispersed on the catalyst’s surface, and the
size of newly-formed material is close to ultra-manometer,
which is beneficial to SCR of NO by NH3 . Firstly, It was more
likely because the presence of Sb inhibited the crystallization
of precursor of Mn specie (Mn(NO3 )2 ) during the drying process. Secondly, the decomposition of Mn nitrate to form MnOx
specie was remarkably affected by the co-decomposition of
Sb(CH3 COO)3 during the calcination process. Apparently, a
composite oxide of Mn and Sb had formed a better dispersion of active species and a special sponge-like structure. For
used Mn/PG sample (for SCR in the presence of 200 ppmV SO2 ),
the boundary between surface particles became vague. It was
more likely due to the aggregation and growth of those particles caused by the sulfation of manganese oxides. As a result, the surface layer of used Mn/PG catalyst was even denser
than that of fresh catalyst. However, from the images of used
MnSb0.156 /PG, no obvious difference from fresh MnSb0.156 /PG
was found. The sponge like fabric of PG remained steady without accumulation of bulk compounds.
These results reveal that the sponge-like structure of
MnSb0.156 /PG not only improves the dispersion of MnOx on
the catalyst surface but also inhibits the sulfation of manganese oxides, due to the transformation of manganese active
species from micro-crystal to amorphous phase. Besides, the
surface assembling of metal elements for each catalyst was
also examined by energy dispersive spectroscope (EDS). The
resultant peak intensities for the fresh and used catalysts are
presented in Fig. 5e-h. For fresh catalysts, the intensity of Mn
element on Mn/PG was found to be much higher than that
on MnSb0.156 /PG, implying higher accumulation of manganese
oxides on Mn/PG and better dispersion of manganese oxides
on MnSb0.156 /PG, which is in accordance with the phenomena observed in SEM image. For used catalysts, the peak of
Mn was found to be enhanced on Mn/PG but remained low on
MnSb0.156 /PG. This information also supported that the accumulation of micro-particles caused by the sulfating of manganese species occurs on Mn/PG but avoids on MnSb0.156 /PG
catalyst.

2.2.2.

XRD analyses

The XRD patterns of the Sb-modified Mn/PG samples are
shown in Fig. 6. All samples were calcined at 300°C to maintain the primary structure of PG. Several diffraction peaks observed at 14.2°, 16.4°, 20.3°, 21.3°, 35.4° and 61.8° matching the
support PG well (Middea et al., 2015). While, the appearance
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Fig. 5 – Scanning electron microscopy images of (a) fresh Mn/PG, (b) fresh MnSb0.156 /PG, (c) SO2 -poisoned Mn/PG and (d)
SO2 -poisoned MnSb0.156 /PG. Energy-dispersive X-ray spectroscopy images of (e) fresh Mn/PG, (f) fresh MnSb0.156 /PG, (g)
SO2 -poisoned Mn/PG and (h) SO2 -poisoned MnSb0.156 /PG.

Fig. 6 – X-ray diffraction patterns of Mn/PG, MnSb0.022 /PG, MnSb0.044 /PG, MnSb0.067 /PG, MnSb0.089 /PG, MnSb0.111 /PG,
MnSb0.134 /PG, and MnSb0.156 /PG.

journal of environmental sciences 101 (2021) 1–15

of the peaks at 37.6°, 42.8°, 57.0° were due to the MnO2 crystallite (PDF#30–0820). Following Sb acetate impregnation, the
peaks corresponding to MnO2 weakened in turn as Sb loading
increased, which can be attributed to the amorphous phase of
the formed solids. From these results pertaining to MnSbx /PG,
it was possible that more MnOx (participated in SCR reaction)
is dispersed in the amorphous phase in MnSb0.156 /PG, thus
leading to higher activity. Besides, the amorphous structure
of manganese oxide has been suggested to improve the existence of O vacancies, and enhance active component dispersion which agrees with the result of SEM analyses, leading
to low sintering and high activity (Saqer et al., 2011). What’s
more, all these patterns did not show intense peaks of Sb compounds, indicating that Sb possibly exists in an amorphous or
highly dispersed phase on the catalysts surface. Accordingly,
in the case of Sb-loaded catalysts, there may be a greater contact between manganese oxides and antimony oxides, since
these oxides are well dispersed on the support material.

2.2.3.

BET analyses

The physical properties of catalysts are important in determining the adsorption-desorption phenomena of gases
onto its surface. BET analysis was conducted for Mn/PG and
MnSb0.156 /PG before and after SO2 poison to understand the
effect of SO2 . These SO2 poisoned catalysts were pre-treated at
200°C for 2 hr SCR reaction in reactant gas contained NH3 , NO,
O2 , Ar and 200 ppmV SO2 . The surface areas of fresh Mn/PG,
SO2 -poisoned Mn/PG, fresh MnSb0.156 /PG and SO2 -poisoned
MnSb0.156 /PG were 142.2, 122.1, 78.0 and 75.7 m2 /g, respectively. The surface area of the Sb-added samples is smaller
than those of the raw catalysts especially for sulfated catalysts. Combined with SEM analyses, it could be deduced that
the decrease in surface area for fresh Sb-added sample is
ascribed to the uniform distribution of newly-formed ultramanometer material on PG surface which is growth in the
structure of PG and does not influence the original microscopic of PG. For the sulfated catalysts, surface area decreased
appropriate 14% on Mn/PG while just 3% decrease obtained on
Sb-added catalyst compared to those of fresh samples. Since
the accumulation of ammonium sulfates on catalyst surface
may lead to the large decrease of catalyst surface area, it cannot be classes as the main reason for the decrease of catalyst
surface area (Jin et al., 2010a). Besides, the following experiment of SO2 -TPD also confirmed the plenty existent of metal
sulfates instead of ammonium sulfates especially for Mn/PG
which is also in accordance with the decrease trends in catalyst’s surface area. Thus, it can be deduced that there are only
tiny amounts of metal sulfates produced in Sb-added catalyst
and the decrease in catalyst’s surface area attributes to the formation of metal sulfates rather than the decomposition ammonium sulfates.

3.

Discussion

3.1.

SO2 -TPD analyses

SO2 -TPD was performed on Mn/PG and MnSb0.156 /PG to examine the thermal stability of S contained species formed
during SO2 -poisoning. As shown in Fig. 7, the desorption of
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SO2 on Mn/PG began at 780°C and reached a peak at 920°C
matching the pattern of decomposition of MnSO4 (Yu et al.,
2010; Huang et al., 2008). This result confirmed the formation of MnSO4 on Mn/PG catalysts, which is considered to
be the main reason for the deactivation of Mn-based catalysts (Huang et al., 2008). However, on MnSb0.156 /PG, there were
two distinct peaks in the SO2 -TPD profile. One began at 550°C
and peaked at 620°C and another one began at higher than
800°C as a quite weaker peak. Obviously, the second peak
showed the same thermal property as that on Mn/PG which
ascribes to the decomposition of MnSO4 . While compared to
the peak on Mn/PG, this little peak is negligible. It meant that
only a small amount of MnSO4 is formed on the surface of
MnSb0.156 /PG during SO2 -poisoning. Notably, there was a new
peak appeared at lower than 800°C (peaking at about 620°C),
which shows a distinctive thermal stability other than MnSO4 .
It was more likely due to the decomposition of Sb2 (SO4 )3 . Thus,
it was reasonable to confirm that, after the introduction of Sb,
the formation of manganese sulfates is lessened. And, it could
also deduce that the formation of Sb2 (SO4 )3 is prior to MnSO4 .
As discussed above, manganese oxides were proved to be the
sole active specie for SCR process. Maintaining the stability of
manganese active specie in the presence of SO2 was regard
to be the most important aspect for enhancing the tolerance
to SO2 -poisoing for Mn based catalysts. Based on the results
of SO2 -TPD, it was firmly suggested that the reaction between
manganese oxides and SO2 may be lessened by addition of
Sb. Results of SEM illustrated that the morphology is changed
and the dispersion of surface specie is greatly improved after Sb-loading, so that the better SCR activity can be achieved.
However, the redox property of the catalyst is widely considered to be relative to the formation of surface sulfates. Therefore, more information about the change in redox property of
the catalysts due to Sb addition should be presented for better
comprehension.

3.2.

H2 -TPR analyses

The redox state of MnSb0.156 /PG was investigated using H2 TPR, and the results are shown in Fig. 8. For comparison,
Mn/PG and Sb0.156 /PG were also characterised using TPR.
Three main H reduction peaks with different strength were
observed over Mn/PG in temperature range of 300–700°C. It
was generally suggested (Ettireddy et al., 2007; Shen et al.,
2014; Trawczyński et al., 2005) that the first peak at 370°C was
due to the transformation of lattice O (Oβ ) companied with
Mn to chemisorbed oxygen (Oα ) (MnO2 to Mn2 O3 ), and that the
peaks at 470 and 670°C could be attributed to the reductions
of Mn2 O3 to Mn3 O4 and Mn3 O4 to MnO, respectively. However,
after Sb species incorporation into Mn/PG, the peak centred
at 370°C weakened acutely, implying the markedly decrease
in lattice oxygen (Oβ ) companied with Mn. A new peak appeared at about 600°C could be ascribed to the reduction of
Sb5+ to Sb3+ , as can be confirmed from the profile of Sb0.156 /PG.
The peak at 600°C for MnSb0.156 /PG was observed to be higher
than for Sb0.156 /PG. It meant that part of active lattice O (Oβ )
companied with Mn has combined with Sb. The shift of lattice
O (Oβ ) from Mn species to Sb species may lead to SO2 prior
reacting with Sb oxides other than Mn oxides. We calculated
the area by integrating 100–800°C on the curve in the H2 -TPR
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Fig. 8 – H2 -temperature-programmed reduction profiles on fresh Mn/PG, MnSb0.156 /PG and Sb0.156 /PG.

diagram. Total areas of H2 -TPR curves of Mn/PG, Sb/PG and
MnSb0.156 /PG were 20,364,381, 3,843,523 and 24,288,461 a.u.,
respectively. The area of the MnSb0.156 /PG catalyst in the curve
was about the sum of the areas of the other two samples,
and its peak area of hydrogen consumption was the largest
amongst the curves of three samples, indicating that the doping of Sb improved the redox performance of the manganesebased catalyst.

3.3.

XPS analyses

Mn/PG and MnSb0.156 /PG catalysts were also characterized by
XPS to identify the chemical compositions (atomic concentrations) of the surface layer and ensure the oxidation states of
Mn oxides. The surface atomic concentrations of Mn, Sb, O
and S from XPS are summarised in Table 1. The photoelectron
spectra of Mn2p, Sb3d, O1s and S2p are displayed in Fig. 9.
Fig. 9a shows the photoelectron spectra of Mn 2p for different catalysts before and after SO2 poisoning. The 2p3/2 bind-

ing energies at 640.3, 641.3 and 642.1 eV were attributed to
the presence of surface Mn2+ , Mn3+ and Mn4+ species in the
catalysts, respectively (Thirupathi and Smirniotis, 2011). After being pre-treated by SO2 , the primary peak of Mn 2p3/2
peak in Mn/PG was found to show a binding energy shift of
−0.7 eV, which evinced that, a new surface species forms except for MnOx . Therefore, it could be deduced that the MnOx
is sulfated during the SCR in the presence of SO2 . However,
for Mn-Sb0.156 /PG, no noticeable shifts in the binding energy
of Mn 2p3/2 was perceived after reactions in SO2 containing
gas, which indicates that the Sb addition can efficiently inhibit the sulfation of MnOx on catalysts surface, shielding the
active phases. In Mn/PG, the content of Mn was found to decrease sharply from 3.16% to 1.12% before and after SCR in
the presence of SO2 . Besides, there was large amount of Mn2+
(0.23) (Table 1) existed illustrated that the presence of SO2 may
lead to an unrecoverable reaction of Mn2+ to Mn4+ /Mn3+ and
the permanent deactivation of Mn/PG. In contrast, no obviously decrease in the content of Mn and Sb in MnSb0.156 /PG
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Table 1 – X-ray photoelectron spectroscopy results of catalysts.

Catalyst

Mn4+ /Mn3+ Sb5+ /Mna+

Surface atomic concentration (%)
Mn

Mn/PG
MnSb0.156 /PG
MnSb0.156 /PG-SCR
SO2 -poisoned Mn/PG
SO2 -poisoned MnSb0.156 /PG

3.16
2.48
2.90
1.12
2.92

Mn2+

–
–
–
0.23
–

S

–
–
–
1.06
0.36

Sb

–
0.85
1.69
–
1.14

OT

O/OT (%)

96.84
96.67
95.41
97.47
95.58

Oβ : lattice oxygen; Oα : chemisorbed oxygen; OT : Oβ + Oα . Relative amounts of Mn

4+

/Mn

Oα /OT

Oβ /OT

95.73
100
100

4.27
–
–
–
–

100
3+

2.89
5.14
4.13
2.22
3.93

are expressed in terms of atomic ratio.

Fig. 9 – (a) Mn2p, (b) O1s and Sb3d, (c) S2p XPS spectra for five different samples.

–
0.34
0.58
–
0.39
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Fig. 10 – Graphical description for the effect of Sb addition on the SO2 -resistence of Mn/PG.

was found after SCR in the presence of SO2 (Table 1), indicating that manganese oxides are ultra-highly dispersed on catalyst’s surface and that MnOx keeps stable on the surface of Sbadded catalyst. It was in accordance with the aforementioned
results of SEM, XRD and H2 -TPR analyses. Furthermore, the
ratios of Mn4+ /Mn3+ over the surfaces of MnSb0.156 /PG (5.14)
and MnSb0.156 /PG-SCR (4.31) were relatively higher than that
of the Mn/PG catalyst (2.89) (Table 1) confirmed the transition of Mn3+ to Mn4+ over the surface of PG-supported catalysts with addition of Sb oxides, which is beneficial for SCR
(Kapteijn et al., 1994b). Besides, the ratio of Mn4+ /Mn3+ over
the surface of SO2 -poisoned MnSb0.156 /PG (3.93) was higher
than that of SO2 -poisoned Mn/PG catalyst (2.22). These results
were also in accordance with the results of activity and SO2
step-wise studies described above.
Fig. 9b shows the XPS spectra of O1s and Sb3d for catalysts.
The XPS spectra of O1s peak for Mn/PG could be fitted into
two peaks. The peak that appeared at lower binding energy
(530.3–529.2 eV) could be assigned to Oβ , and the additional
peak that appeared at higher binding energy (532.5–531.3 eV)
corresponds to the surface Oα (Guan et al., 2011). Oβ transformed into Oα upon Sb oxides introduction, likely because
of the oxidation of Sb5+ species on catalyst’s surface. Surface
Oα has been considered the most active O for oxidation reactions because of its higher mobility relative to Oβ and is generally acknowledged to play an important role in SCR activity
(Kang et al., 2007; Wu et al., 2008; Carja et al., 2007). Sb doping
increases Oα on the catalyst surface and enhances SCR activity, consistent with the results shown in Fig. 1. The Sb3d5/2
and Sb3d3/2 spin–orbital spectrum were assigned to the binding energy at 530.2 eV and at 540.1 eV. From the Handbook
of XPS (Knystautas and Singh, 1986), we can determine that
the peak of Sb3d5/2 at approximately 530.2 eV is due to Sb5+

species. At the same time, the peak of Sb3d3/2 at about 540.1 eV
could also be attributed to Sb5+ species (Montilla et al., 2004).
Fig. 9c represents the photoelectron spectra of S2p for
Mn/PG and MnSb0.156 /PG after SO2 poisoning. The peaks at
168.9 eV could be attributed to the S(VI), indicating the formation of sulfate species after SO2 poisoning (Sheng et al., 2012).
Combined with the result of Mn 2p spectra for SO2 poisoned
Mn/PG, it could be proved that the S element is mainly originated from MnSO4 . The conclusion was further confirmed by
the TPD experiment for SO2 poisoned Mn/PG. Additionally, it
could also be observed that the surface S content (0.36) on
SO2 -poisoned MnSb0.156 /PG is lower than that of SO2 -poisoned
Mn/PG (1.06) (Table 1), which suggests that the generation of
sulfate species on catalyst surface is inhibited after Sb doping. Combined with experiment of TPD, the possible reason is
that Sb dopants would preferentially react with SO2 to form
Sb2 (SO4 )3 and thereby shields the active MnOx phases from
being sulfated.

3.4.

Mechanism

A similar mechanism for SCR over manganese based catalysts
has generally been proposed by many researchers based on
Eley-Rideal route in the past decades (Kijlstra et al., 1997a,
1997b). Manganese based catalysts are proved to have high
SCR activity and selectivity at low temperatures. Adsorption
and following middle oxidation of NH3 are believed to be the
key step of SCR process over manganese based catalysts just
as over vanadium based catalyst which has been commercialized for decades (Topsoe et al., 1995a, 1995b; Kapteijn et al.,
1994a). The redox cycle of manganese oxides helped to moderately oxidize adsorbed NH3 rather than excessively oxidize
ammonia to produce many side reaction (Liu et al., 2014). How-
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ever, when exposed to a SO2 containing flue gas, the manganese based catalysts often suffer from serious deactivation (Jin et al., 2014). So many attempts are applied to enhancing the SO2 tolerance including optimization of preparation, nanolization of carrier and modification by additives
(Wang et al., 2013; Thirupathi and Smirniotis, 2011; Guan et al.,
2011). amongst various elements, rare-earth metals are most
often used as additives for their good property as lattice oxygen reservoir (Jiang et al., 2014). While, prior to developing an
effective method for improving SO2 tolerance on manganese
based catalysts, a comprehensive understanding on the deactivation of the catalysts caused by SO2 is essential. In this paper, we found that the modification of Sb as additive on Mn/PG
catalyst remarkably improved tolerance to SO2 -poisoning.
According to the discussion above, a reasonable mechanism about the promotion on the SO2 tolerance of
MnSb0.156 /PG as well as the deactivation of Mn/PG caused by
SO2 can be proposed, as illustrated in Fig. 10.
Firstly, the deactivation route for Mn/PG is described in
Fig. 10a. It was proved that the sulfation of manganese oxides other than the deposition of ammonium sulfates mainly
caused the permanent deactivation of the catalyst. Gaseous
SO2 was firstly oxidized by the active lattice oxygen which
combines with Mn species, and consequently reacted with Mn
to form MnSO4 with high thermal stability. In this way, the redox cycle of MnOx was interrupted. As a result, the continuous
middle oxidation of adsorbed NH3 depending on this redox cycle was also inhibited. In one word, the generation of MnSO4
reduced the number of active sites of MnOx and led to an unrecovered reaction of Mn2+ to Mn4+ /Mn3+ .
For MnSb0.156 /PG catalyst, as discussed in H2 -TPR and XPS
analyses, quite a part of lattice oxygen initially combined with
Mn was shifted to Sb sites. The oxidation of SO2 to SO3 was
then occurred at the site of Sb owing to the shift of lattice oxygen. On the other side, due to the decrease of lattice oxygen
combined with Mn, the in-situ oxidation of SO2 to SO3 on the
site of Mn was diminished, so did the formation of manganese
sulfates. Thus, the redox cycle of MnOx for SCR was continuously maintained.

4.

Conclusions

Manganese oxides supported palygorskite (Mn/PG) catalyst
has been proved to be reliable for SCR at lower temperatures.
While it often suffered from a serious deactivation when exploded to gases contained SO2 , preventing it from practical application for industrial flue gas NO removal at lower temperatures. For the sake of promoting the performance of Mn/PG
catalyst for SCR in presence of SO2 , namely SO2 tolerance,
functional additive Sb was doped to obtain a modified catalyst MnSbx /PG. The catalytic activity of the catalyst was found
to be remarkably improved by the addition of Sb either or not
in the presence of SO2 . MnSb0.156 /PG catalyst displays higher
durable resistance to SO2 than the Mn/PG catalyst does. Despite of mild accumulation in deposition of ammonium sulfates, the fundamental inhibition of manganese sulfates formation was found to be the key reason for great enhancement
in SO2 tolerance of the catalysts after Sb addition. SEM and
XRD results showed that due to Sb loading, originally formed
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MnOx crystallite has been completely transformed into highly
dispersed amorphous phase. According to the results of SO2 TPD, H2 -TPR and XPS analyses, a mechanism about the deactivation of Mn/PG caused by SO2 and the promotion on SO2
tolerance of MnSb0.156 /PG can be proposed as following. For
Mn/PG, gaseous SO2 was firstly oxidized by the active lattice
oxygen combined with Mn species, and consequently reacted
with Mn to form MnSO4 which interrupts the redox cycle of
MnOx caused the permanent deactivation. In different, for Sbdoped Mn/PG catalyst, due to the shift of lattice oxygen from
Mn sites to Sb sites, the in-situ oxidation of SO2 to SO3 on Mn
sides was diminished, so did the formation of manganese sulfates. Thus, the redox cycle of MnOx for SCR was continuously
maintained.
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