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Evaluation of the external and internal mass transfer limitations

The external mass transfer limitations were estimated by the Carberry criterion with the 
equation below:

𝐶𝑎 =
𝑟𝑣, 𝑜𝑏𝑠

𝑎'𝑘𝑓𝐶𝑏

< 0.05

where rv, obs is the observed reaction rate for NO conversion, a’ is the a’ = Ap/Vp is the specific 
area, kf is the mass transfer coefficient (0.15 m/s, from 1) and Cb is the NO concentration in 
the gas phase. The value of the Ca number at 150 C for the maximum observed rate is 0.011, 
which satisfies the criteria and therefore the absence of external mass transport is confirmed.

The resistance of internal mass transfer inside of the catalyst particles was estimated by the 
Weisz-Prater criterion2, as shown in the equation (1)

(1)
𝜂𝜙2 =

𝑟𝑣, 𝑜𝑏𝑠 ∙ 𝐿2

𝐷𝑒𝑓𝑓 ∙ 𝐶𝑠
< 0.15

where rv, obs is the observed reaction rate for NO conversion, L is the characteristic length of 
the catalyst particles (we have considered particles of an average radius of 300 m). Deff is 
the NO effective diffusivity, which was taken from3 (310-6 m2/s) and Cs is the NO surface 
concentration. The calculated value at 150 C for the maximum observed rate is 0.056, 
therefore the reaction is not internal mass-transfer limited. 
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Supplementary Fig 1. NH3 conversion as a function of the reaction temperature for Mn0.35Ce0.00Ti0.65 (black), 
Mn0.37Ce0.04Ti0.59 (orange), Mn0.33Ce0.07Ti0.60 (green), Mn0.30Ce0.19Ti0.51 (blue).



Supplementary Fig 2. TGA analysis of a) ammonium persulfate, b) Ti (IV) oxysulfate, c) Ce (IV) sulfate and d) Mn 
(II) sulfate.

Supplementary Fig 3. Mass spectrometry analysis of the gases coming out of the TGA analysis of the a) 
Mn0.35Ce0.00Ti0.65, b) Mn0.37Ce0.04Ti0.59 and c) Mn0.30Ce0.19Ti0.51 samples upon NH3-SCR reaction with SO2.



Supplementary Fig 4. Temperature-programmed desorption of NH3 for the a) Mn0.35Ce0.00Ti0.65 sample as fresh 
and b) upon SO2 deactivation. The orange line shows the evolution of N2O, which is coming from the partial 
oxidation of NH3 on the catalyst surface.

Supplementary Table 1. Total amount of NH3 and N2O release during NH3-TPD experiments. 

Samples NH3,
(µmol/g)

N2O,
(µmol/g)

Total,
(µmol/g)

Mn0.35Ce0.00Ti0.65 39.6 12.1 63.7

Mn0.35Ce0.00Ti0.65 after 
SO2

98.2 4.9 108



XPS analysis and results

To model the Mn(2p3/2) peaks of the catalysts, pure MnO, Mn2O3,MnO2 and MnSO4 samples 
were used as reference samples. 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. Manganese(II) oxide (99.99% - trace metal basis) and manganese(II) 
sulfate monohydrate (98+%) was acquired from Acros Organics (VWR). The fitting parameters 
data (FWHM and peak positions) obtained from the peak modelling of the standard samples 
were used for the calculation of the chemical state of manganese. Mn(2p3/2) spectra of the 
reference samples are plotted in Supplementary Fig 4. The fitting parameter data (FWHM and 
peak position) used for the calculation of the chemical states of manganese in the catalysts 
can be found in our previous publication4 

Supplementary Fig 5. Mn 2p spectra of a) MnO, b) Mn2O3, c) MnO2 and d) MnSO4



Supplementary Fig 6. Mn 2p spectra of Mn0.35Ce0.00Ti0.65, a) fresh and b) after SO2 deactivation. Mn0.37Ce0.04Ti0.59 
c) fresh and d) after SO2 deactivation. Mn0.30Ce0.19Ti0.51 sample as e) fresh and f) after SO2 deactivation. 



Supplementary Fig 7. Ce 3d spectra of Mn0.30Ce0.19Ti0.51 as a) fresh and b) upon SO2 deactivation.  
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