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Abstract— Rare Earth Oxide (REOs) nanoparticle catalysts are used as Desulfurization Adsorbents. The nanoporosity of 
these catalysts may influence the diffusion characteristics that may affect the desulfurization absorption efficiencies. Positron 
annihilation lifetime spectrometer (PALS) is used to study the nanoporosity of metal oxide nanoparticle catalyst powders. 
Rare Earth Oxide (REOs) nanoparticle catalysts with Mn, Al, Ce, La, Fe, and Gd metal compositions were prepared using 
Evaporation Induced Self Assembly and Sol-gel methods to prepare catalyst granules followed by calcination and 
co-impregnation with Mn or Al. Different composition samples were examined by PALS before and after reaction, and after 
desulfurization. The positronium lifetime component provides the information on pore size (lifetimes) and concentration of 
pores (intensities). Al rich catalysts have larger nanopores with lesser concentration and higher fractional free volume (1.5 to 
2 times) compared to all other REO catalysts without Al. The pore concentration has increased after catalytic reaction 
resulting in an increase in fractional free volume. This could be due to low oxygen content observed in post reaction samples 
as some of the oxides might have reduced to metals during the reaction and forming new pores. Magne. 
 
Index Terms—Desulfurization, Magnetization, Nano-porosity. Positron lifetime, Rare earth catalysts. 
 
I. INTRODUCTION 
 
During a coal gasification process, sulfur present in 
the gas exiting the primary gasifier is transformed into 
H2S [1] to the level of ~ 150 ppmv [2], which must be 
removed as it causes deactivation of reforming and 
water-gas shift catalysts and poses serious 
environmental problems. During biomass gasification, 
the biomass is converted into gaseous compounds such 
as hydrogen, carbon oxides, methane and water at 
temperatures between 700-1100 K [3].  Rare-earth 
mixed oxides (REOs) have demonstrated [4] their 
multifunctionality in addressing energy-related 
challenges:  (a) cleanup of gasifier effluents in H2 
generation or syngas applications; (b) support 
materials for transition metal catalysts in exhaust gas  
Mn/Al cleanup, high temperature reforming and 
water-gas shift; (c) enhancing combustion efficiencies 
of gaseous and liquid fuels.   
 
The removal of tars from syngas generated in biomass 
or coal/biomass gasifiers plays an important role in 
syngas cleanup. Rare earth oxides (REOs, e.g., 
Ce/LaOx) mixed with transition metals (e.g., Mn, Fe) 
are synthesized by various methods and in some cases 
supported on a thermally stable alumina. These 
catalysts are applied to tar removal in the temperature 
range <1100 K using synthetic syngas mixtures with 
C10H8 as a tar model compound, both with and without 
H2S. Sorbents  studied  for  hot  gas  desulfurization  
are based  on  Ce/La/M  (M  =  transition metal)  
oxides  and  Ce/La/RE  (RE  = a third rare  earth)  
oxide [5, 6].  The nanoporosity of the rare earth oxide 
catalysts may influence the diffusion characteristics 
that may affect the desulfurization absorption  

 
efficiencies, tar reforming, and combustion 
efficiencies of gaseous and liquid fuels. Positron 
annihilation lifetime spectroscopy (PALS) can 
provide [7] information on vacancy defects and 
nanoporosity (pore size and concentration of pores). 
Bulk Mn is mostly paramagnetic, but it shows 
ferromagnetic character when a thin film is coated on 
semiconductors/metals even though the interacting 
metal is nonmagnetic [8, 9]. The exchange interaction 
at the interface provides ferromagnetism for Mn. 
Theoretical and experimental work has shown that the 
transition metal oxides compounds have a strong 
tendency towards phase-separation [10].  Very small 
changes in the induced strain cause large changes in 
the magnetic and magnetotransport properties of 
La1-xCax MnO3 films. The binary transition metal 
oxides are antiferromagnetic in bulk samples, but 
when the dimensions of the particle are small 
(<50nm), they show an enhanced magnetic moment 
due to imperfect surface moments as the size of the 
particle becomes comparable with the size of the 
magnetic unit cell [10]. Here, we study the (Mn, Al)/ 
Rare Earth Oxide (REOs) nano-catalysts using PALS 
for nanoporosity and magnetization studies to 
understand the changes in electron configurations.  
 
II. EXPERIMENTAL PROCEDURES 
 
A. Sample Preparation and Catalytic studies 
Rare Earth Oxide (REOs) nanoparticle catalysts with 
Mn, Al, Ce, La, Fe, and Gd metal compositions were 
prepared using Evaporation Induced Self Assembly 
and Sol-gel methods to prepare catalyst granules 
followed by calcination and co-impregnation with Mn 
or Al. In the Evaporation Induced Self Assembly 
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Synthesis below steps are followed. 1) A solution of 
metal acetate, water, and ethyl alcohol in 1:10:20 
molar ratios is mixed with 20 mole ethyl alcohol and 
0.025 g of Pluronic 123 template by stirring for 30 min 
at room temperature. 2) Few mL of 0.1 M ammonia is 
added to the solution in the amounts less than 1 mL 
per 20 mL solution (stop adding once precipitation 
starts occurring). 3) The solution is spread out in 
shallow dishes, placed in a desiccator with fresh 
calcium sulfate (Drierite) at the bottom, and waited for 
it to gel. 4) The gel is placed in a convection oven 
starting at around 40°C, gradually raising it to 100°C 
over the course of 2 days, and let it stay at 100°C for 
additional 2 days followed by calcination at 500°C for 
6 h in flowing of air. 
In comparative desulfurization and catalytic reaction 
experiments at high temperature (900 K) we 
performed reactions using a simulated effluent gas 
containing 0.1 % H2S, 24% H2, 32% CO2, 3.3 % H2O, 
balance N2. In some cases naphthalene (~0.5%) is 
used as simulated effluent and tar cracking during the 
adsorption cycle.   

 
B. Positron Annihilation Lifetime Studies 
A standard positron annihilation lifetime 
spectrometer (PALS) is used to study the vacancy 
defects and nanoporosity of Mn/Rare Earth Oxide 
(REOs) nanoparticle catalysts after reaction. A typical 
block diagram of PLS is shown in Fig. 1. The catalyst 
powder was placed either side of the 22Na source and 
the lifetime spectrum was collected. 
 

 
 
A typical Mn/REO positron lifetime spectrum is 
shown in Fig. 2 along with the time resolution 
function of the spectrometer run using 60Co 
gamma-ray source that emits two gamma rays 
simultaneously (zero time delay between the signals 
recorded in two detectors). This Gaussian curve is 
used to de-convolute the time resolution of the 
instrument.   A POSFIT computer program gave three 
lifetime components for all samples with relative 
intensities. The first lifetime component (τ1, I1) is 
mostly associated with the positrons annihilating in 

regular material, the second component (τ2, I2) with 
the positrons annihilating in lattice vacancy type 
defects and vacancy clusters, and the third component 
(τ3, I3) with the positronium (Ps) annihilation in pores, 
whereas the intensities (I-values) provide their relative 
concentrations. The third lifetime component is 
associated with positronium annihilation at free 
spaces, and its lifetime is proportional to the pore size 
and its intensity is proportional to the pore 
concentration.  
The τ3 and I3 values are used in a simple model [11, 
12] to estimate the fractional free-volume. 
 

 
 
Pore size R estimation:    
τ3

-1 = 2[1-R/Ro + {1/2π}sin(2πR/Ro)]; Where Ro = R + 
δR and δR = 1.66 Å 
And free volume fraction Fv by:  
Fv = C * Vf * I3; Where C (1/400) is a constant [11], 
and Vf is pore volume.  
C. Magnetization Studies 
Digital measurement systems (DMS-880A) vibrating 
sample magnetometer (VSM) was used to study the 
magnetic characteristics of the (Mn, Al)/REOs 
catalysts. The system is microprocessor controlled and 
auto ranges full-scale measurement from 0.04-4000 
emu with a sensitivity of about 5 µemu with 100 
averages. A maximum magnetic field of 13.5 kOe can 
be applied.   
The magnetic curves mostly consisted of 
paramagnetic with some ferromagnetic component. 
We separated the ferromagnetic component by taking 
the paramagnetic line slope from the higher end 
region of the applied magnetic field. The 
ferromagnetic character is presumed to be mainly 
coming from the exchange interaction at the interface 
for Mn with other oxides. The saturation 
magnetization is used to understand the electronic 
exchange interactions between the transition metal 
(Mn) and REO catalysts. 
 
III. RESULTS AND DISCUSSION  
 
A. Positron Annihilation Lifetime Results 
The positron lifetime results are shown in Table 1. 
The elemental composition of catalysts is determined 
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before and after catalytic reaction using a SEM-EDXS 
system. Sulfur adsorption in after reaction catalysts is 
evident by sulfur presence in after reaction samples 
only. The second difference is the oxygen content 
which is reduced in samples those subjected to the 
catalytic reaction. As the EDXS analysis gives relative 
compositions the metal elemental percentages are 
higher in after reaction catalysts. 
The positron annihilation lifetime results reveal slight 
variations in the pore structure as indicated by the 
third lifetime component, but there is a greater 
difference in the lattice vacancy type defect clusters 
indicated by the second lifetime component. For 
example: Mn 7.7, Ce 53.6, La 17.7, Gd 1, O 19.9 has 
one of the smaller vacancy clusters (0.397 ns) with 
higher concentration (69.5%), whereas Mn 6, Ce 67, 

O 17, Gd 1, S < 0.01, La 9 has larger clusters (0.426 
ns) with least concentration (42.94%). When we 
compare the pore structure (using τ3 and I3) among 
Mn rich nano-catalysts, Mn 7.5, Ce 76, O 17, S <0.01 
has larger pores (2.2 ns corresponds to ~ 6.1 Å pore 
size) whereas Mn 43, Ce 28, La 9, O 19, S <0.1  and 
Mn 8.1, Ce 57, La 19, Gd 1, S < 0.01, O 14.9  have 
smaller pores (1.86 ns corresponds to ~ 5.4 Å pore 
size). The pore size values are not absolute values as 
the model has some unknown parameters, but they can 
be used as comparative size and concentration 
distributions from sample to sample. The Al 
impregnated Rate Earth Oxide nano-catalysts have 
much larger pores compared to Mn impregnated 
REOs.   

 
 
Table 1: Positron Annihilation Lifetime results of Mn or Al Impregnated Rare Earth Oxide Nano-catalysts. 

 
 
The results also indicate that the pore size and the 
fractional free volume for Mn impregnated REOs 
samples are similar before reaction and after reaction 
with no remarkable change. The Al impregnated 
REOs samples have larger pores with lesser 
concentration compared to Mn impregnated REOs 
samples making the fractional free volume relatively 
comparable. The fractional free volume is 1.5 to 2 
times higher in Mn impregnated REOs samples 
compared to Mn impregnated REOs samples with the 
exception of Mn 7.5, Ce 76, O 17, S <0.01 sample. 

  
B. Magnetization Results 
The magnetic curves shown in Fig. 3 consisted of 
paramagnetic and ferromagnetic components. The 
ferromagnetic character is presumed to be mainly 
coming from the exchange interaction at the interface 
for Mn with other oxides. The ferromagnetic 
component is separated and the saturation 
magnetization (σ) values are compared in Table 2. The 
saturation magnetization mostly follows the order of 

Mn composition in these Mn/REO catalysts. Almost in 
all cases, higher magnetization is observed after 
reaction indication a strong electron configurational 
change due to the catalytic reaction.  

 

 
Fig. 3: Magnetization curves of Mn or Al impregnated Rare 

Earth Oxide nano-catalysts with applied field. 
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Al impregnated Al 43.4, Ce 8.1, O 43.2, Mn 0.1, Zr 5.2 
nano-catalyst showed remarkable saturation 
magnetization even before reaction compared to all the 
catalysts. This may be due to a synergetic interaction of 
Zr with the REOs. The magnetic coersivty (Hc) has no 
correlation with the composition of the nano-catalysts.  
 
Table 2: magnetization results of the ferromagnetic 

component of Mn or Al impregnated REOs. 

 
 
CONCLUSIONS 
 
Sulfur adsorption in after reaction REO catalysts is 
evident by sulfur presence observed by EDXS 
elemental analysis in after reaction samples only. The 
oxygen content is reduced in samples those subjected 
to the catalytic reaction.  
The positron lifetime results indicate that Al rich 
catalysts have larger nanopores with lesser 
concentration and higher fractional free volume (1.5 to 
2 times) compared to all other REO catalysts without 
Al.  
After reaction the concentration of pores increased 
may be due to reduction of some oxides and as a result 

the fractional free volume increased. 
The magnetic curves consisted of paramagnetic and 
ferromagnetic components. The ferromagnetic 
character is presumed to be mainly coming from the 
exchange interaction at the interface for Mn with other 
oxides. The saturation magnetization mostly follows 
the order of Mn composition in these Mn/REO 
catalysts. Higher magnetization is observed after 
reaction.  
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