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Mn-based catalysts for selective catalytic
reduction of NO†
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In this work, the poisoning effect of SO2 was investigated in binary MnTi and ternary MnCeTi mixed oxides

for the NH3-SCR reaction under conditions relevant for mobile applications. For the binary MnTi sample,

catalytic activity increases up to 250 °C, and then drops due to the oxidation of ammonia to NOx. The

addition of Ce decreases the catalytic activity at 150 °C but widens the optimal operational temperature

and reaches high conversion at 350 °C. Upon performing activity test with 100 ppm of SO2 in the gas

stream, catalytic activity drastically decreases in all catalyst samples. The shape of the deactivation curve

and SO2 concentrations at the outlet of the reactor suggest a strong adsorption and poisoning of SO2 on

all the catalysts. Although samples containing large amounts of Ce display a better SO2 tolerance, this is

insufficient to be considered for practical applications. Deactivated samples were investigated by a wide

range of characterization tools. N2 physisorption measurements reveal a drop in the surface area that could

partially explain catalyst deactivation. TGA reveals the absence of (NH4)2SO4 on the deactivated samples

and suggests the formation of Mn and Ce sulfates on the catalyst surface. XPS results confirm the

formation of MnSO4 and also show a decrease in the Mn and Ce oxidation states. Analysis of the redox

function by catalytic NO oxidation and H2-TPR experiments shows a strong loss of redox function upon

SO2 deactivation, which could explain the decrease of NH3-SCR catalytic activity. Upon unraveling the

effect and cause of deactivation, a doping study was performed. As in the binary MnTi and ternary MnCeTi,

catalytic activity strongly decreases upon the introduction of SO2 in the gas stream. None of the dopants

investigated was able to suppress SO2 deactivation, which suggest that other dopants or strategies should

be pursued to commercialize Mn-based catalysts for low-temperature applications.

1. Introduction

Selective catalytic reduction (SCR) with ammonia is one of the
most promising technologies to abate nitric oxides (NOx,
which includes NO and NO2) under lean-burning conditions
encountered in mobile lean-burn engines and stationary
applications.1–3 Currently, there is a search for more efficient
SCR catalysts motivated by the ever-increasing demand of
stringent global legislation for improving air quality.4 V2O5–

WO3/TiO2 catalysts provide high NOx removal efficiency (over
90%) at high gas-hourly space velocities (60 000–90 000 h−1)

and between 250 and 400 °C.5–8 Unfortunately, the emission
of toxic V oxides during operation has restricted such
catalysts for mobile applications. Cu-CHA zeolites (Cu-SSZ-13
and Cu-SAPO-34) have been revolutionary in SCR applications
due to their high activity and broader operational
temperature (200–450 °C).9–11 Still, great advances in engine
technology have brought more efficient combustion engines
and consequently lower exhaust temperatures, which makes
NOx more refractory to abate, even for Cu-zeolites. Due to this
situation, low-temperature (below 200 °C) catalysts are
required. In this field, Mn-based catalysts have exhibited
optimal NH3-SCR activity due to their strong redox
functionality. Typically, Mn-oxide catalysts contain other
metal oxides that serve as supports and modulate their
catalytic properties. Although Mn-oxide catalysts have shown
their superior performance at low-temperature NH3-SCR, they
are not commercialized in automotive applications. One of
the main reasons is their strong intolerance to SO2,

12–15

which is due to the combustion of sulfur contaminants in
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fuels and lubricants. Although the SO2 concentration could
be as low as a few ppm, those are sufficient to effectively
poison Mn-oxide catalyst's active sites.

Several studies have discussed the detrimental effect of
SO2 on Mn-based catalysts and the deactivation effect has
been explained by two main reasons. The first one is due to
the reaction of SO2 and NH3 and H2O to form (NH4)2SO4 and
NH4HSO4, which deposit on the catalyst surface and have a

high decomposition temperature (230 and 350 °C),
respectively.16,17 The second one is related to the formation
of metal sulfates that might modify or deactivate the active
sites. Bliek et al. investigated the SO2 deactivation of MnOx/
Al2O3 catalysts by IR spectroscopy and found that the
formation of MnSO4 is the main source of deactivation.18

There are reports describing the regeneration of SO2-
poisoned catalysts can be efficient by water washing.19

Unfortunately, this approach is unfeasible for in situ catalyst
regeneration in a real mobile application. To solve this
deactivation process, catalyst formulations were modified
with Fe,20–23 Co,24,25 Ni,26,27 W28 and Sm29,30 to improve their
tolerance to SO2 and H2O. For example, Wang et al. shown
that Fe and Co co-doping reduces the adsorption of SO2 on
Mn–Ce/TiO2 catalysts.23 Sm-doped mixed oxide catalysts were
shown to exhibit considerably enhanced catalytic activity and

Fig. 1 NOx conversion (a) and N2O concentration (b) as a function of the reaction temperature for Mn0.35Ce0.00Ti0.65 (black), Mn0.37Ce0.04Ti0.59
(orange), Mn0.33Ce0.07Ti0.60 (green), and Mn0.30Ce0.19Ti0.51 (blue).

Fig. 2 a) Conversion plots and deactivation constants and b) SO2 concentration at the outlet during the deactivation experiments performed at
250 °C for Mn0.35Ce0.00Ti0.65 (black), Mn0.37Ce0.04Ti0.59 (orange), Mn0.33Ce0.07Ti0.60 (green), and Mn0.30Ce0.19Ti0.51 (blue).

Table 1 SO2 uptake during deactivation experiments

Sample SO2 uptake (μmol g−1) SO2 uptake (μmol m−2)

Mn0.35Ce0.00Ti0.65 139 1.2
Mn0.37Ce0.04Ti0.59 119 0.6
Mn0.33Ce0.07Ti0.60 165 0.7
Mn0.30Ce0.19Ti0.51 182 0.7
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Fig. 3 a) TGA analysis and b) derivative thermogravimetric curves of the Mn0.35Ce0.00Ti0.65 sample after normal NH3-SCR reaction (blue) and NH3-
SCR reaction with SO2 (yellow).

Fig. 5 a) TGA analysis and b) derivative thermogravimetric curves of the Mn0.30Ce0.19Ti0.51 ternary system after normal NH3-SCR reaction (blue)
and NH3-SCR reaction with SO2 (yellow).

Fig. 4 a) TGA analysis and b) derivative thermogravimetric curves of the Mn0.37Ce0.04Ti0.59 ternary system after normal NH3-SCR reaction (blue)
and NH3-SCR reaction with SO2 (yellow).
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SO2 tolerance. Sun et al.29 found that the electron transfer
from Sm2+ to Mn4+ restrained the electron transfer from SO2

to Mn4+, thereby suppressing the formation of SO3 and sulfate
species. Meng et al.31 found that a SmOx–MnOx catalyst had
an ideal SO2 tolerance at low temperature, and they suggested
that the incorporation of Sm could induce the formation of
bulk-like sulfates on the Sm sites and weaken the influence of
SO2 on the Mn sites. However, the origin of the effect of Sm
doping into the catalysts on the SO2 tolerance is still unclear,
and an in-depth study is still needed.

In this work, we aimed to understand the poisoning effect of
SO2 on a MnTi binary mixed oxide. Then, the role of Ce in
catalyst deactivation was investigated in MnCeTi tertiary mixed
oxides with different amounts of Ce. For this purpose, NH3-SCR
reactions were performed by adding an amount of SO2

equivalent to the total amount of S that a catalyst will be
exposed in the exhaust of a real internal combustion engine
after 200 000 km. The activity recovery was assessed by a
regeneration step under high temperature and NH3-SCR
conditions. These conditions were applied to simulate a
theoretical regeneration in a real mobile application. After that,
the catalysts were promoted by a wide range of metal dopants
to evaluate the effect on poisoning and on catalyst regeneration.

2. Experimental

A series of individual, binary and ternary materials with
different molar concentrations were prepared. Titanium(IV)

sulfate solution (Ti(SO4)2, Pfaltz & Bauer., 30% in H2SO4),
cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, Sigma-
Aldrich, 99.999% trace metals basis), manganese(II) nitrate
hydrate (Mn(NO3)2·xH2O, Sigma-Aldrich, 99.999% trace
metals basis), and ammonium hydroxide (NH4OH, Alfa Aesar,
ACS grade, 28.0–30.0%) were used as received, without
further purification. The binary MnTi and ternary MnCeTi
were prepared by a controlled co-precipitation method
described in our previous publication.32 The method was
designed to precipitate all metals at the same pH level to
obtain a homogeneously well-mixed metal oxide system.

For the doping of the ternary MnCeTi catalysts,
precipitation and impregnation methods were explored. In
the precipitation method, a ternary MnCeTi was first
suspended in an aqueous solution (50 mL). Then, 50 ml
aqueous solution with the dopants were added slowly to
the MnCeTi suspension, then the suspension was stirred
for 30 min. After that, an aqueous ammonium hydroxide
solution was added dropwise to the suspension under
continuous stirring until a pH of 10.5 was reached. This
was performed to precipitate all metal precursors on the
catalyst surface. Afterwards, the suspension was stirred for
another 1 h and then filtered. The solid product was
washed with water 5–6 times, then dried in a hot air-oven
overnight. For the impregnation method, 3 g of ternary
MnCeTi sample were suspended in 50 ml of water. After 30
min of stirring, 50 ml of an aqueous solution of the dopant
precursor were slowly added to the catalyst suspension.
After stirring for 24 h, the suspension was evaporated and
the solid was dried overnight. All catalysts were calcined at
500 °C for 6 h.

For the TG/DTA-MS analysis, 10–20 mg of sample was
used. The samples were first kept at 30 °C for 30 min to
stabilize the mass-loss signal. Then, the sample was heated
with a ramp of 10 °C min−1 to 950 °C at 10 ml min−1 of air.
The analysis of the gases was performed by mass

Fig. 6 X-ray diffraction patterns of the Mn0.35Ce0.00Ti0.65 (black), Mn0.37Ce0.04Ti0.59 (orange), Mn0.33Ce0.07Ti0.60 (green), and Mn0.30Ce0.19Ti0.51
(blue) samples: a) fresh and b) after SO2 deactivation.

Table 2 Sulfur composition of the samples in the bulk and on the
surface

Sample
Surface composition
(mol%)

Bulk composition
(mol%)

Mn0.35Ce0.00Ti0.65 6.4 3
Mn0.37Ce0.04Ti0.59 6.9 5.3
Mn0.30Ce0.19Ti0.51 7.8 3.3
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spectrometry by following the signal from H2O (m/e = 18), NO
(m/e = 30), N2O (m/e = 44) and SO2 (m/e = 48).

X-ray diffraction patterns were obtained using a Bruker D8
Advance A25 diffractometer in the Bragg–Brentano geometry
with a Cu Kα,β radiation source operated at 40 kV and 40 mA.
β radiation was filtered out with a Ni plate. The
diffractograms were measured with a step size of 0.05° in the
2θ range of 10–80°.

Nitrogen adsorption and desorption isotherms of the
samples were measured at 77 K using a Micromeritics ASAP-
2420 surface area and porosity analyzer instrument. The
samples were previously evacuated at 300 °C for 3 hours.
Specific surface areas and pore size distribution were
calculated according to the multi-point Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) methods,

respectively. From the adsorption data, total pore volumes
were estimated at P/P0 = 0.99. The elemental compositions
(Mn, Ce, Ti) of the samples were determined using an
inductively coupled plasma spectrometer (Model 8900,
Agilent Technologies). The samples were dissolved in HF and
HCl.

H2-TPR experiments were performed on an Autochem
2950 instrument equipped with a thermal conductivity
detector and a dry ice/isopropanol cold trap (−78 °C) to
remove H2O generated during the reduction. All catalysts
(100 mg) were pretreated in a U-shaped quartz tubular
microreactor in a flow of Ar at 250 °C for 2 h to yield a clean
surface, and then cooled down to 40 °C temperature. Then,
the temperature was raised from 40 to 1000 °C at a rate of 10
°C min−1 under a flow of 10 vol% H2 (90 vol% Ar).

Temperature-programmed desorption of ammonia (NH3-
TPD) was used to determine the acidity of the fresh samples
and samples deactivated by SO2. The experiments were
performed in a fixed bed quartz tube reactor. Prior to the
measurement, the samples were first pretreated at 500 °C
under a N2 flow. The reactor was cooled down at 100 °C and
the samples were saturated with 1050 ppm NH3 for 30 min.
The samples were flushed with N2 for 30 min at room
temperature, and then the temperature was increased to 500
°C at a rate of 10 K min−1. The outlet gas composition (NH3,
NO, NO2, N2O) was monitored by using a MultiGas™ 2030
FTIR continuous gas analyzer.

For the XPS study, a Kratos Axis Ultra X-ray photoelectron
spectrometer equipped with a monochromatic Al Kα source
was used to determine the surface composition and chemical
states of the samples. The C 1s signal for adventitious carbon
(284.8 eV) was used to calibrate the sample energy. The
chemical states of manganese and cerium in the catalysts

Table 3 Surface composition and chemistry of Mn and Ce species measured by XPS

Sample

Surface
composition
(at%) Manganese Cerium

Mn Ce MnO2 Mn2O3 MnO MnSO4 Ce(IV) Ce(III)

Mn0.35Ce0.00Ti0.65 15.2 0.0 17.9 66.1 16.0 0.0 0.0 0.0
Mn0.35Ce0.00Ti0.65 SO2 12.3 0.0 1.1 33.4 56.0 9.5 0.0 0.0
Mn0.37Ce0.04Ti0.59 23.4 2.4 12.3 75.8 11.9 0.0 70.7 29.3
Mn0.37Ce0.04Ti0.59 SO2 18.2 2.7 19.6 18.8 53.6 8.0 36.3 63.7
Mn0.30Ce0.19Ti0.51 14.5 6.3 20.6 27.3 42.3 9.7 66.2 33.8
Mn0.30Ce0.19Ti0.51 SO2 10.5 6.0 18.9 17.2 42.4 21.3 38.1 61.9

Table 4 Textural properties of the samples

Sample BET surface area (m2 g−1) Total pore volume (cm3 g−1) Pore size (nm)

Mn0.35Ce0.00Ti0.65 117 0.45 14.0
Mn0.37Ce0.04Ti0.59 200 0.53 9.5
Mn0.33Ce0.07Ti0.60 222 0.63 10.0
Mn0.30Ce0.19Ti0.51 243 0.86 12.5
Mn0.35Ce0.00Ti0.65 SO2 90 0.36 20.4
Mn0.37Ce0.04Ti0.59 SO2 142 0.51 13.1
Mn0.33Ce0.07Ti0.60 SO2 159 0.49 11.6
Mn0.30Ce0.19Ti0.51 SO2 147 0.44 11.2

Fig. 7 NO oxidation experiments of Mn0.37Ce0.04Ti0.59 under dry
(square) and wet (circle) conditions for the fresh sample (blue) and
sample upon SO2 deactivation (orange).
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were determined by peak modeling in CasaXPS software. To
model the Mn 2p3/2 peaks of the catalysts, pure MnO, Mn2O3,
and MnO2 samples were used as references. Manganese(IV)
oxide (99.997% – metals basis) was acquired from Alfa Aesar
(Fisher US), manganese(III) oxide (99.9% – trace metals basis)
was acquired from Sigma Aldrich, and manganese(II) oxide
(99.99% – trace metal basis) was acquired from Acros
Organics (VWR). The fitting parameter data (FWHM and peak
positions) obtained from the peak modeling of the standard
samples were used for the calculation of the chemical state
of manganese in our catalysts. More details about the fitting
procedure and measurements can be obtained in our
previous publication.32

The catalytic activity measurements of the catalysts in the
NH3-SCR reaction were carried out in a fixed bed quartz tube
reactor loaded with 0.5 ml of sample (PID Eng&Tech). Before
loading, the catalysts were pressed into pellets, crushed and
sieved to obtain a fraction between 500 and 710 μm. The
application-relevant catalyst particle size, space velocity and
gas composition were applied. The inlet NOx composition
contained no NO2 to avoid higher conversions coming from
the “fast SCR” mechanism when this gas is present. The total
flow rate was maintained at 1000 ml min−1, and the reaction
condition corresponds to a GHSV of 120 000 hr−1. The flow
rate of gases was controlled using Bronkhorst mass flow
controllers. A controlled evaporation and mixing (CEM)
system from Bronkhorst was used for evaporation to achieve
the target steam content in the gas feed before entering the
reactor. The inlet gas stream contained 450 ppm NO, 500
ppm NH3, 5% O2, 5% H2O and N2 balance. A MultiGas™

2030 FTIR continuous gas analyzer was used to analyze the
inlet and outlet gas compositions (NO, NO2, NH3, N2O). The
catalytic tests were performed in the temperature range of
150–500 °C (with an interval of 50 °C) at ambient pressure.
NO conversion and N2O selectivities were calculated under
steady-state conditions. The SCR activity (NO conversion) and
N2 selectivity are calculated as follows:

NO conversion %ð Þ ¼ NO½ �in − NO½ �out
NO½ �in

× 100 (1)

N2O selectivity %ð Þ ¼ 2 N2O½ �out
NOx½ �in þ NH3½ �in − NOx½ �out − NH3½ �out

× 100

(2)

where [NH3]in, [NOx]in, [NH3]out, [NOx]out, and [N2O]out are the
concentrations of NH3 and NOx (including NO and NO2) at
the inlet and those at the outlet.

The NO oxidation reaction was performed in the same
fashion as the NH3-SCR. In this case, 250 ppm of NO and 5%
O2 were fed to the reactor and balanced with N2. In the
experiments under wet conditions, 5% of vapor H2O was
included in the inlet gas stream.

3. Results
Activity measurements

NOx conversion of the MnTi binary and MnCeTi ternary
mixed oxides as a function of the reaction temperature is
presented in Fig. 1. The data at 150 °C were determined to be
free of external and internal mass transport limitations (more

Fig. 8 H2-TPR results of S15, S24 and S28: fresh (solid line) and SO2 deactivated (dashed line).

Table 5 NH3-SCR catalytic performance of sample Mn0.37Ce0.04Ti0.59 and doped samples via precipitation (ppt) and impregnation (imp) methods

Sample

Conversion before
deactivation (%) Conversion after SO2 deactivation (%)

Conversion after SO2

regeneration (%)

150 °C 250 °C 250 °C 150 °C 250 °C

Mn0.37Ce0.04Ti0.59 47 95 48 4 28
1% Sm/Mn0.37Ce0.04Ti0.59 (ppt) 53 98 35 2 24
1% V/Mn0.37Ce0.04Ti0.59 (ppt) 57 98 38 6 58
1% La/Mn0.37Ce0.04Ti0.59 (ppt) 68 98 47 6 34
1% Mo/Mn0.37Ce0.04Ti0.59 (imp) 45 96 28 4 52
1 wt% Eu/Mn0.37Ce0.04Ti0.59 (imp) 72 95 25 3 34
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details in the ESI†). In general, conversion increases until
reaching a maximum, and then decreases with the reaction
temperature. NH3 conversion (ESI† Fig. S1) follows the same
trend as NOx conversion, but monotonically increases when
the conversion drops. This mismatch in conversions is
related to the undesired combustion of ammonia, which
leads to the formation of additional NOx in the gas stream.
The binary MnTi catalyst is more active at low temperatures
but lacks N2 selectivity, showing a high concentration of N2O
at the outlet (see Fig. 1b). The addition of Ce has several
effects on catalytic performance. First, low-temperature
activity decreases suggesting that Mn species are less active
due to the interaction with Ce, as we previously reported.32

Second, the addition of Ce widens the operational window,
as was also reported previously,3 and finally promotes N2

selectivity.
In order to understand the effect of SO2 poisoning,

experiments were performed where NOx conversion was
measured before and during SO2 poisoning under NH3-SCR
conditions. Fig. 2 shows the NH3-SCR conversion at 250 °C
before and during SO2 deactivation. When 100 ppm SO2 is
introduced in the stream, the conversion of all samples
drastically decreased from ≈90% to ≈20% in 4 hours.
Interestingly, the sample with the largest amount of Ce
(Mn0.30Ce0.19Ti0.51) displays a better sulfur tolerance. The
S-type shape of the deactivation curves suggest that SO2 is
adsorbing strongly on the catalyst surface and deactivating
the catalyst bed from the inlet to the outlet. Deactivation
rates were consistently compared using second-order
deactivation kinetics by applying the equation da/dt = −kD·a2
where a is the normalized NOx activity. Deactivation rate
constants, in Fig. 2a, are more pronounced for the binary
MnTi catalyst and the samples with a small amount of Ce
(Mn0.37Ce0.04Ti0.59). Then, deactivation constants drop when
the amount of Ce increases, suggesting a lessening of
deactivation with increasing Ce content. After removal of SO2

from the feed gas, NOx conversion is marginally recovered
indicating that SO2 deactivation is mostly irreversible.

SO2 uptakes were calculated by monitoring the SO2

concentration at the reactor outlet in Fig. 2b. Clearly, the
drop in NOx conversion is strongly related to the SO2 uptake.
The results show that all catalysts are adsorbing all SO2 at
the first stage of the experiment. Then, the SO2 concentration
is monotonically increasing until almost reaching the inlet
concentration. SO2 uptakes, in Table 1, show an increase in
the uptake for MnCeTi ternary catalysts with higher Ce
loading. To rule out the effect of the surface area on the SO2

uptake, a surface normalization was applied. After such
normalization, the results show a nearly constant SO2

adsorption in the MnCeTi ternary systems and therefore an
independency from the amount of Ce. In the case of the
binary MnTi, the SO2 uptake normalized by the surface area
shows a twofold increase with respect to the Ce-containing
samples. Our previous study showed that the surface of the
binary MnTi samples is enriched with Mn,32 which would
suggest that sulfur prefers Mn to either Ti or Ce.

In order to understand if there are sulfates formed and
their chemistry, thermogravimetric analysis (TGA) was
performed with the samples before and after SO2

deactivation. The chemistry of the sulfate species was
inferred by comparing the results with the TGA analysis
results of pure (NH4)2SO4, TiOSO4, MnSO4, and Ce(SO4)2.
These results are included in the ESI† Fig. S2. The MnTi
binary sample, in Fig. 3, shows a continuous decrease in
mass loss after the normal NH3-SCR reaction, which could be
related to the removal of species adsorbed after the reaction.
In the NH3-SCR reaction with SO2, there is a lack of mass loss
at around 400 °C for the SO2 deactivated sample, which
indicates that (NH4)2SO4 is not present in the deactivated
material. In contrast, there is a remarkable increase in the
weight loss at around 780 °C, which is a temperature slightly
lower than the decomposition temperature of MnSO4 (see
ESI†). Combined mass spectrometry measurements (in ESI†
Fig. S3a) show an evolution of SO2 coming out of the sample,
suggesting the decomposition of a metal sulfate. We
hypothesized that the weight loss is due to the
decomposition of MnSO4 and the fact that the decomposition
temperature is slightly lower than that of pure bulk sulfates
could be due to the fact that the sulfates might be finely
dispersed on the catalyst surface. The existence of TiOSO4 is
discarded due to the lack of weight loss and SO2 evolution at
the decomposition temperature of such species.

The TGA analysis of the ternary Mn0.37Ce0.04Ti0.59 and
Mn0.30Ce0.19Ti0.51 samples is shown in Fig. 4 and 5. The
samples without deactivation show a slight mass loss around
800 °C with an SO2 evolution, suggesting that there are some
sulfates formed during the catalyst synthesis due the use of
TiOSO4 as a titanium precursor. All samples have also mass
loss around 650 °C, which could be related to the
decomposition of TiOSO4. However, this cannot be confirmed
as there is no evolution of SO3 in the mass spectrometer.
Measuring SO3 is quite challenging due to its highly reactive
nature. Upon SO2 deactivation, there are several
decomposition events at around 800 °C, which could be
ascribed to the formation of both Ce and Mn sulfates. The
existence of sulfates is corroborated by the evolution of SO2

during the TGA experiments.
To understand the structural changes occurring upon SO2

deactivation, the crystalline structure of the samples before
and after deactivation was investigated by X-ray diffraction
(XRD). The results, in Fig. 6, show that the MnCe binary
oxide show reflections of rutile TiO2, with no appearance of
MnOx phases. In the case of the MnCeTi ternary systems, the
diffraction patterns lack any reflection indicating the
amorphous nature of the samples. After SO2 deactivation, the
diffraction patterns resemble the fresh counterparts. The lack
of additional crystalline phases indicates that the metal
sulfates have an amorphous nature, most likely due to the
formation of the sulfates solely on the catalyst surface.

To further investigate the location of the sulfur species on
the catalysts, the bulk and surface composition of sulfur was
investigated by ICP and XPS, respectively. Table 2 shows the
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sulfur composition in mol%. Clearly, all the samples show a
sulfur enrichment on the catalyst surface compared to the
total bulk composition, in line with the hypothesis that sulfur
species are created more preferentially on the catalyst
surface.

Experiments to understand the acidity of the samples
upon SO2 deactivation were performed by temperature-
programmed desorption of ammonia (NH3-TPD). The
temperature-programmed evolution of the binary Mn0.35-
Ce0.00Ti0.65 sample is plotted in ESI† Fig. S4. The amount of
NH3 desorbed is more than double after SO2 deactivation
(see ESI† Table S1), which reflect the formation of new acid
sites. This insight has also been reported previously and
indicates the acidic nature of the new sulfate species formed
on the surface.33–35 Additional information about the
reactivity of oxygen species on the catalyst could be extracted
from the evolution of N2O during NH3-TPD. Less N2O is
formed at higher temperature after SO2 deactivation, which
points to the loss of active oxygen during deactivation.

To gain more insight into the effect of SO2, the chemistry
of Mn and Ce was investigated by XPS. Oxidation states of
Mn were rigorously fitted from a set of Gaussian–Lorentzian
components per oxidation state, due to the multiplet splitting
between the unpaired electrons in Mn 2+, 3+ and 4+. The set
of components of the discrete oxidation states were obtained
from measurements of pure MnSO4, MnO, Mn2O3 and MnO2

oxides and the results were compared with previously
reported measurements.36 The Mn 2p spectra of the reference
samples and catalysts (fresh and SO2 deactivated) are plotted
in ESI† Fig. S5 and S6. Table 3 shows the surface composition
and chemistry of Mn and Ce on selected samples. After SO2

deactivation, Mn surface composition decreases whereas Ce
remains nearly constant. The Mn (2p3/2) spectra show an
overall change in the composition of the samples to more
reduced Mn species. Although Mn2O3 is dominant in the
fresh samples, MnO is the most predominant species upon
SO2 deactivation. Additionally, a substantial amount of
MnSO4 is formed. Overall, around 60% of Mn4+ and Mn3+

gets reduced to Mn2+. Ce (3d) spectra show an increase in the
concentration of Ce3+ upon deactivation (see also ESI† Fig.
S7), which could be explained by the oxidation of SO2 to
SO4

−2 and the reduction of Ce4+ to Ce3+ with subsequent
formation of sulfates.37

The N2 physisorption results, in Table 4, show a surface
area of the MnTi binary sample of 117 m2 g−1. After the
addition of Ce, there is an increase in the surface area and
total pore volume, mostly related to the formation of an
amorphous mixed-oxide phase. The samples after SO2

deactivation show a drop in the specific surface area. In the
case of the binary MnTi, 23% of the specific surface area is
lost after deactivation. For the samples with Ce, the loss in
the specific surface area increases with the amount of Ce (28,
29 and 40% for Mn0.33Ce0.07Ti0.60, Mn0.37Ce0.04Ti0.59 and
Mn0.30Ce0.19Ti0.51, respectively). Other authors have also
observed a decrease in the surface area upon SO2

deactivation on Mn-based catalysts,18,38,39 mostly due to the

formation of surface sulphate species. Indeed, this loss in the
surface area has a direct impact on catalyst deactivation.
However, in our study, it can only explain catalyst
deactivation to a limited extent. Therefore, this is not the
main deactivation mechanism.

To gain more insight into the effect of SO2 poisoning on
catalytic performance, NO oxidation to NO2 of the Mn0.37-
Ce0.04Ti0.59 ternary sample was performed before and after
SO2 deactivation. This is a model reaction to investigate the
behavior of the catalyst redox function, which is strongly
related to its NH3-SCR performance at low temperatures.
Additionally, NO oxidation plays a key role in the fast SCR
reaction, which is believed to be ten times faster than the
standard reaction of NO with NH3.

40,41 As the NH3-SCR
reaction is performed under the presence of H2O, the
experiments were performed under dry and wet conditions.
The results, in Fig. 7, show a clear drop in NO oxidation
upon SO2 deactivation in the range of temperatures
investigated, suggesting that the redox function is drastically
affected upon deactivation as it was also observed during the
evolution of N2O in the NH3-TPD experiments. Several
authors have also observed similar effects on CeO2–MnOx

42

and MnOx/TiO2 (ref. 43) catalysts and postulate that the
reason is the formation of Mn sulfates.

Since the redox function seems to be strongly affected
after SO2 deactivation, additional insights were obtained by
temperature-programmed reduction (TPR) experiments with
H2. The H2-TPR results of the samples (fresh and after SO2

deactivation) are shown in Fig. 8. Overall, we ascribe the
reduction of the H2 consumption peak at 200–450 °C to the
reduction of Mn4+ and Mn3+ to Mn2+.44,45 Upon SO2

deactivation, there is a decrease in the H2 consumed at those
temperatures, most likely due to the overall reduction in the
Mn oxidation state, as suggested by the XPS results.
Additionally, H2 consumption is shifted to higher
temperatures, which could be rationalized as a consequence
of the interaction of sulfate species with Mn. The strong H2

consumption at 550–600 °C is related to the reduction of Mn
and Ce sulfates.33,34,46

Overall, our results shows that catalyst deactivation is
mainly due to the formation of metal sulfates, most likely
Mn and Ce sulfates. These metal sulfates are decreasing the
oxidation states of Mn and Ce, which have a strong impact
on the redox function of such metals. Additionally, SO2

deactivation decreases the catalysts' total specific surface
area, but this is not the main deactivation mechanism.

In order to improve the catalytic properties of the samples
upon deactivation, a thorough doping study was performed.
Catalytic performances of the selected samples (fresh and
upon SO2) and NH3-SCR regeneration at 500 °C for 30 min
are shown in Table 5. On the selected metal-doped catalysts,
relatively high NH3-SCR activities were obtained with the
samples doped with Sm, V, La and Eu. Upon catalytic
reaction with 100 ppm of SO2, the NH3-SCR activity was
drastically decreased for both the undoped and doped
samples. Therefore, the dopant seems to be ineffective in
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avoiding catalyst deactivation under the investigated
conditions.

To recover the catalyst activity, the samples were treated at
500 °C in 20% oxygen, as these conditions could be applied
in a real exhaust of a combustion engine. The results show
that in some samples, such conditions are even more
detrimental, decreasing the catalyst activity upon SO2 uptake.
As exceptions, samples doped with V and Mo display an
almost twofold increase in catalytic activity at 250 °C. As
described in the literature, V and Mo are acidic metals and
could inhibit the adsorption of SO2 to some extent.47

Unfortunately, activity at 150 °C is still poor, indicating that
the addition of such metals is not sufficient to avoid the
formation of Mn and Ce sulfates and therefore the loss of
redox function. We hypothesized that the high activities at
250 °C are due to V and Mo themselves, which are active
metals for NH3-SCR and are not that drastically affected by
SO2 deactivation. However, such metals are not sufficiently
active at low temperatures. Our results are contradicting
other previously reported data, for example summarized
elsewhere,3 where dopants improve sulfur tolerance. While
reviewing those studies, one can see that most of them were
performed at lower space velocities and/or in the absence of
steam, which is not representative of a real application.

4. Conclusions

In this work, the poisoning effect of SO2 was investigated in
binary MnTi and ternary MnCeTi mixed oxides for the NH3-
SCR reaction under conditions relevant for mobile
applications. Upon performing activity test with 100 ppm of
SO2 in the gas stream, the catalytic activity drastically
decreases in all catalyst samples. The shape of the
deactivation curve and SO2 concentrations out of the reactor
suggest a strong adsorption and poisoning of SO2 on all the
catalysts. Although samples containing large amounts of Ce
display a better SO2 tolerance, this is insufficient to be
considered for realistic practical applications. Spent samples
were investigated by a wide range of characterization tools.
N2 physisorption measurements reveal a drop in the surface
area that could partially explain catalyst deactivation. TGA
reveals the absence of (NH4)2SO4 on the deactivated samples
and suggests the formation of Mn and Ce sulfates on the
catalyst surface. XPS results confirm the formation of MnSO4

and also show a decrease in the Mn and Ce oxidation states.
Analysis of the redox function by catalytic NO oxidation and
H2-TPR experiments shows a strong loss of redox function
upon SO2 deactivation, which could explain the decrease in
NH3-SCR catalytic activity. Upon unraveling the effect and
cause of deactivation, the catalysts were modified by doping
with a wide range of metals. As in the binary MnTi and
ternary MnCeTi, catalytic activity strongly decreases upon the
introduction of SO2 in the gas stream. None of the dopants
investigated was able to suppress SO2 deactivation nor
regenerate catalyst activity at low temperatures, which
suggest that other dopants or strategies should be pursued to

commercialize Mn-based catalysts for low-temperature
applications.
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