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Abstract 
A regenerable sorbent based on manganese oxides impregnated on high surface 
area γ-alumina and supported onto cordierite honeycomb monolith was tested for 
elemental mercury capture in different gas environments. The sorbent was tested in 
air (reference case), nitrogen, and air with added CO2, CO, NO, SO2 and HCl. 
Results were analyzed in terms of the apparent initial Hg removal rate. In the 
absence of oxygen, the sorbent gradually deteriorated its performance. Both CO2 
and CO moderately worsened the Hg capture performance, while NO did not show 
any appreciable effect. The effect of all these species was reversible. On the other 
hand, SO2 adversely impacted on the sorbent performance and most importantly 
the Hg capture capacity was permanently deteriorated. No release of oxidized Hg 
was observed in tests containing the above components both during adsorption and 
desorption stages. When HCl was present in the gas stream the sorbent both 
adsorbed elemental Hg and catalyzed its heterogeneous oxidation giving an overall 
outstanding performance. During desorption only oxidized mercury was released.  
 
Introduction 
Transition metal oxides have been recently proposed as possible alternatives to 
activated carbon sorbents for elemental mercury capture from combustion flue gas 
[1,2]. Metal oxides appear to be promising candidates due to their relatively low 
cost and to several attractive features. In particular, they offer the possibility to be 
regenerated in order to achieve a cost-effective cyclic operation, and to capture 
mercury at higher temperatures (200–400°C) than activated carbon.  

Manganese oxides have been reported to have a good mercury capture 
potential [1,3-5]. Mn, due to its multiple possible oxidation states, is also well 
known to display a high activity for the partial or total oxidation of various 
hydrocarbons [1]. Mn can be expected to oxidize Hg0 in a similar way, and this 
feature may be beneficial since oxidized mercury species can be captured more 
effectively than elemental mercury.  

In a recent work a synthetic sorbent based on manganese oxides impregnated 
on high surface area γ-alumina and anchored as a thin layer onto commercial 
cordierite honeycomb monoliths was synthesized [6]. Honeycomb supported 
sorbents are well suited for flow-through exhaust gas treatment associated with a 
very low pressure drop. Elemental Hg capture experiments were carried out in a 
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lab-scale quartz reactor in air at temperatures ranging from 50 to 350°C to 
characterize kinetics and capacity of the sorbent. Results showed that the structured 
MnOx sorbent performed satisfactorily up to 300°C. TPD experiments after 
mercury uptake showed that the sorbent could be completely regenerated at a 
temperature as low as 500°C. 

In this work the same sorbent was tested under more realistic conditions, by 
using gas streams containing different species (CO2, CO, NO, SO2, HCl). In fact, 
some gaseous species typically present in combustion flue gas are well known to 
significantly influence both the homogeneous and the heterogeneous mercury 
chemistry at the temperatures of interest. For example, in a real flue gas containing 
SO2 and NO, there is the possibility of sorbent poisoning through formation of 
manganese sulfates or nitrates [1]. In addition, it has been previously shown that 
many oxides, carbons, and noble metals show activity for the catalytic oxidation of 
elemental mercury in the presence of flue gas halogen species such as HCl [7-9].  
 
Experimental 
Sorbent preparation. Sorbents based on MnOx supported on high surface area -
Al2O3 were prepared in the form of honeycomb monoliths. Commercial cordierite 
honeycomb monoliths (Corning) with a cell density of 400cpsi were selected due to 
their high specific exposed surface and extremely low pressure drops. Honeycomb 
samples were washcoated using a modified dip-coating procedure with a -Al2O3 
submicronic powder of roughly 200m2/g [10] and finally calcined in air at 550°C. 
MnOx precursor was deposited on the porous alumina washcoat through 
impregnation of monoliths with an aqueous solution of (CH3CO2)2Mn•4H2O. 
Impregnated samples were dried in microwave oven at 120°C and finally calcined 
at 550°C for 3h under flowing air. The impregnation process was repeated 2 times 
in order to achieve the target loading (12%w/w MnOx with respect to the active 
material). Details on the sorbent analytic characterization can be found in [6]. 
 
Experimental set-up and test procedures. Elemental mercury capture experiments 
were carried out isothermally in a lab-scale vertical down-flow quartz reactor, at 
temperatures ranging from 50°C to 350°C. The monolith (21 open channels, 
L=8mm) was wrapped with fibreglass wool and positioned inside the quartz reactor 
(ID=10mm) which was externally heated by an electrical tubular furnace. Inlet Hg 
concentrations variable in the range 50–250g/m3 were obtained passing a small 
flow of N2 (≤1Nl/h) over a mercury saturator placed in a thermostatic bath and then 
mixing with the main stream before entering the reactor. Gaseous flow rates were 
regulated by five independent Bronkhorst mass flow controllers and the total flow 
was set to 61Nl/h corresponding to a GHSV 3.6•105 h-1 based on monolith empty 
volume. Outlet elemental mercury concentration was measured continuously with a 
CVAA elemental mercury analyzer (Mercury Instruments VM3000). A reactor by-
pass line was also present to measure the baseline inlet Hg concentration when 
necessary. Selected experiments were carried out by inserting in the gas line before 
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the analyzer a bubbler containing a water solution of SnCl2 for the reduction of 
oxidized mercury to elemental mercury. 

Mercury TPD experiments were carried out to regenerate the sorbent in the 
same quartz apparatus after a series of mercury capture experiments. Desorption 
was carried out in air flow at 60Nl/h, ramping up to 500°C at 10°C/min. This 
temperature was selected in order to preserve initial properties of the material and 
was shown to guarantee complete Hg removal from the sorbent [6].  

 
Results and discussion 
Reference case (air). The Hg capture performance of the sorbent in air was 
thoroughly studied in our previous work [6]. It was shown that the Hg capture 
process displayed two characteristic time scales. On a short time scale (2-10min) 
the sorbent exhibited an initial Hg capture reactivity that was attributed to the 
formation of a relatively strong bond, typical of chemisorption (or chemical 
reaction). On a long time scale (40-50h) the adsorption rate decayed to a lower 
asymptotic level, and the limiting mechanism could be attributed to the formation 
of a MnHgOx mixed phase [5]. Since the determination of the initial reactivity is 
relatively easy and accurate, the comparison of the sorbent performance under 
different conditions is carried out in terms of the initial Hg removal rate. 

In [6] we showed that at each temperature the Hg capture rate was directly 
proportional to the mercury concentration. As a consequence, the initial reactivity 
analysis was carried out by assuming a first order kinetic expression. It was also 
assumed that the monolith could be modeled as an ideal plug flow reactor. By 
measuring the inlet and outlet mercury concentrations (as illustrated in detail in [6]) 
it was possible to calculate the initial kinetic constant at each temperature level. 

Figure 1A reports the calculated initial Hg capture rate constant as a function 
of the sorbent temperature for the reference case in air. At low temperatures the 
capture rate is controlled by intrinsic kinetics, showing a strong increase with 
temperature. At higher temperatures the influence of mass transfer becomes 
predominating, the capture rate increasing with temperature at a lower rate.  

After a series of adsorption tests, sorbent regeneration was obtained with TPD 
experiments. The MnOx sorbent started to significantly desorb elemental mercury 
roughly at 300°C, and peaked at 420°C, thus allowing complete regeneration.  
 
Tests without oxygen (nitrogen). Figure 1A also reports results of tests performed 
by mixing Hg with pure nitrogen. Results at low temperatures are similar to those 
obtained in air with only a slightly lower Hg removal rate. However, at higher 
temperatures the difference between the sorbent performance in N2 and in air 
increases. In these high-temperature tests in N2 it was noted that the Hg 
concentration slowly increased with time rather than reaching a steady level. These 
results suggest that when the Hg capture rate increases the manganese oxides are 
continuously reduced and so progressively lose their oxidizing ability, which 
cannot be restored since O2 is absent in the gas phase.  
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Figure 1. Initial Hg removal rate constant as a function of the sorbent temperature 
for tests under different gas environments. 

 
The effect of CO2, CO and NO. Hg adsorption tests were performed at two CO2 
concentration levels, 15% and 70%, simulating combustion and gasification flue 
gases, respectively. Results of these tests are shown in Fig.1A. At all temperatures 
the performance of the sorbent was lower than in the air case, and worsened by 
increasing the CO2 concentration. One effect is certainly due to the decrease of the 
Hg diffusion coefficient (80% lower in CO2 than in air), but this cannot fully 
explain the performance drop. It is likely that at these large concentrations CO2 
exerts an inhibiting effect on the sorbent surface.  

The effect of a gas flow containing 200ppm CO is displayed in Fig.1B. Again, 
the performance of the sorbent was lower than in the air case. CO is known to have 
a reducing behavior, so that it is possible that it competes with Hg for the 
manganese oxidizing sites.  

Adsorption tests were also carried out with 600ppm NO as reported in Fig.1B. 
Results did not show any significant rate change with respect to the air case. 

It is worth to note that after all the above series of experiments the 
performance of the sorbent was fully recovered as checked by carrying out several 
tests in air between one series and the other. 

 
The effect SO2. Results of Hg adsorption experiments using 1000ppm SO2 (in air) 
are shown in Fig.1B. Sulfur dioxide is well known to be a poison for many classes 
of sorbents/catalysts; indeed we also observed a significant reduction of the sorbent 
performance with respect to the reference case. The decay of the performance at 
high temperatures was particularly evident. The reason is the progressive poisoning 
of the sorbent. This finding is in line with results reported by Kijlstra et al. [11] 
who demonstrated that manganese oxide catalysts quantitatively capture SO2, and 
that formation of surface MnSO4 is the main deactivation route. In addition, the 
formed sulfates decompose at about 1020K, explaining why the sorbent could not 
be regenerated in our desorption tests where the temperature was limited to 500°C.  

A B 
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Figure 2. Initial Hg removal rate constant as a function of the sorbent temperature 
for tests with HCl (left), and homogeneous Hg oxidation as a function of 

temperature for tests with 50ppm HCl in the empty reactor. 
 
The effect of HCl. Hydrogen chloride is reported to favor both homogenous and 
heterogeneous oxidation of mercury into HgCl2 [9]. The effect of this species was 
studied in tests with 50ppm HCl. Results of the tests are shown in Fig.2A. The first 
series of tests was performed by sending the outlet gas directly in the Hg analyzer 
(without SnCl2). The Hg removal performance was much better than that found in 
the air tests at all operating temperatures. This result suggested that in addition to 
Hg capture on the sorbent, a second Hg removal mechanism should be active, 
which could be Hg oxidation to HgCl2. This hypothesis was supported by the 
observation that during regeneration no Hg was desorbed from the sorbent. 

In order to check if homogeneous Hg oxidation could account for the above 
results we repeated the test series with the empty reactor under the same operating 
conditions. Figure 2B shows the Hg conversion measured in these tests. It is 
evident that negligible homogeneous Hg oxidation by HCl occurred below 200°C. 
As a consequence, homogeneous oxidation could not account for the observed 
results during Hg capture tests. 

The Hg capture experiments were then repeated by inserting a SnCl2 solution 
in the gas line before the Hg analyzer. In this way oxidized mercury could be 
reduced to elemental mercury and could be measured with the analyzer. Results of 
these tests are also reported in Fig.2A (with SnCl2). It is evident that the real Hg 
capture rate on the sorbent is much lower than that measured in the other test 
series, the difference being attributable to Hg oxidation to HgCl2. This means that 
the sorbent surface effectively acts as a catalyst for Hg oxidation. Interestingly, if 
the SnCl2 solution was used during the regeneration step, Hg desorption could be 
observed with a curve similar to those observed after the adsorption tests in air.  

These results indicate that when HCl is present in the flue gas the Mn-based 
sorbent captures Hg with a similar rate than in tests without HCl, but at the same 
time it also rapidly oxidizes Hg on its surface with a rate limited by Hg mass 
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transfer from the gas bulk to the active surface. Finally, after the HCl experiments 
the performance of the sorbent in air was fully restored. However, this restoration 
needed some time, most likely due to the time required to completely desorb HCl 
from the sorbent surface. 
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